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Abstract : A fine2grain sleep t ransist or insertion technique based on our simplif ied leakage cur rent and delay mod2
els is p rop osed t o reduce leakage cur rent . The key idea is t o model t he leakage current reduction p roblem as a

mixed2integer linear p rogramming (ML P) p roblem in order t o simultaneously place and size t he sleep t ransist ors
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1 　Introduction

Wit h tech nology stepp i ng i nt o t he submicron

region , p ower issues have al rea dy reached a bot2
t le neck i n t he design of p orta ble a nd wireless elec2
t ronic syste ms . The t otal p owe r dissip a tion con2
sists of dyna mic p ower , short ci rcuit p owe r , a nd

lea kage p owe r , a nd ca n t hus be exp ressed as

Ptotal = Pdynamic + Pleakage + Pshortcircuit

= ∑
N

i = 1

( 1
2
αi f C i V2

DD + I l , i VDD +αi fQshort , i VDD )

(1)

w here f is t he op e ration f reque ncy , VDD is t he

supp ly voltage , a nd N is t he num ber of gates . αi ,

C i , I l , i , a nd Qshort , i a re t he t ra nsition p roba bilit y ,

loa d cap acit a nce , lea kage cur re nt , a nd short ci r2
cuit cha rge of t he i2t h ga te , resp ectively . The be2
havior of t he s hort ci rcuit p owe r dissip a tion re2
mai ns at a round 10 % of t he t otal p owe r dissip a2
t ion [ 2 ] . Wit h t he develop me nt of f a brication tech2
nology , lea kage p ower dissip ation has become

comp a ra ble t o switchi ng p ower dissip a tion [ 3 ] . A t

t he 90 nm tech nology node , lea kage p ower may

ma ke up 42 % of t otal p ower [ 4 ] .

Fig. 1 　Fine2grain versus cluster2based S T insertion

(a ) Fine2grain gate level S T insertion ; ( b ) Cluster

based block level S T insertion

New tech niques a re necessa ry t o reduce lea k2
age p owe r . L ea kage cont rol met hods ca n be

broa dly categorized i nt o tw o mai n categories :

p rocess level a nd ci rcuit level tech niques [ 5 ] . A t

t he p rocess level , lea kage reduction ca n be a2
chieved by cont rolli ng t he di me nsions ( le ngt h ,

oxide t hickness , junction dep t h , etc . ) a nd dop i ng
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p rof ile i n t ra nsist ors . He re we talk a bout ci rcuit

design tech niques , na mely , a dap t body bias [ 6 ] ,

D V TS [ 7 ] , i np ut vect or cont rol [ 8 ] , dual2V t assign2
me nt [ 9 ,10 ] , a nd multi2t h res hold CMOS (S T i nse r2
t ion) .

A mong t hese , multi2t h reshold CMOS ( M TC2
MOS) is a valua ble tech nique f or re duci ng lea kage

p ower i n t he ci rcuit st a ndby mode . The M TCMOS

tec h nique consists esse ntially of p laci ng a sleep

t ra nsist or betwee n t he gates a nd t he p ower/

ground ( P/ G) net i n orde r t o p ut t he m i nt o sleep

mode w he n t he ci rcuit is in sta ndby. The most

p op ula r M TCMOS tech nique is ga ti ng t he p owe r

of siza ble blocks usi ng la rge sleep t ra nsist ors

w hich assumes t hat all gates have a f ixed slow2
dow n [ 11～15 ] . Howeve r , in rece nt yea rs t he use of

sleep devices a t t he gate level [ 1 ,16 ] ( Fig. 1 ( a ) ) ,

w hich has some a dva ntages ove r t he block level

design ( Fig. 1 ( b) ) , has raised some conce r n .

The existi ng lite rat ure on M TCMOS ci r2
cuits [ 11～15 ] p rese nt cluste r based met hods f or sleep

t ra nsist or i nse rtion a nd sizing. Ref e re nce [ 11 ]

f i rst gives out a mut ual exclusion met hod t o re2
duce t he a rea p e nalt y. Ref e re nces [ 12 ] a nd [ 13 ]

p rese nt seve ral heuristic tech niques f or ef f icie nt

ga te cluste ri ng a nd t ry t o mitigate t he ground

p roble m by int roduci ng a n a dditional p ower p e n2
alt y. I n Refs . [ 14 ] a nd [ 15 ] , a dist ributed sleep

t ra nsist or netw or k ( DS TN) app roach is p rop osed

w hich connects all t he sleep devices t o reduce t he

a rea p e nalt y.

Alt hough cluste r base d met hods re duce t he

a rea p e nalt y , t hey i nduce a la rge ground bounce

i n t he P/ G network w hic h has a dve rse ef f ects on

ci rcuit sp eed a nd noise im munit y [ 16 ] . W hat is

more , t he sleep t ra nsist or’s size is dete rmi ne d by

t he worst case cur re nt of t he cluste ri ng bloc k .

However , ide ntif yi ng t he w orst case is quite dif f i2
cult wit hout comp re he nsive si mulation [ 11 ] . The re2
f ore , it is ha rde r t o gua ra ntee ci rcuit f unctionalit y

f or la rge bloc ks wit h only one sleep t ra nsist or [ 1 ] .

The f i ne2grai n M TCMOS design met hodology

is discusse d i n Refs . [ 1 ] a nd [ 16 ] . I n Ref . [ 1 ] , a

f ine2grai n M TCMOS design met hodology a nd sev2
e ral design rules a re p rop osed. The aut hors also

ma ke a comp a rison betwee n local a nd global de2
vices . Ref e re nce [ 16 ] p rese nts a selective sleep

t ra nsist or inse rtion met hodology wit h bet te r utili2
za tion of ci rcuit slac k . They f i rst select w here t o

p ut t he sleep t ra nsist ors wit h a heuristic met hod

a nd t he n solve a n L P model t o op ti mize t he sleep

t ra nsist or size . The second step ca n give a n op ti2
mal size , but t he f i rst step may lea d t o a local op2
t i mal p oint . Furt he rmore , i n t he second step t hey

assume t he sleep t ra nsist or size is conti nuous ,

w hich is not t he real case .

This p ap e r p rese nts t h ree cont ributions t o

lea kage reduction t h rough f i ne grai n sleep t ra n2
sist or inse rtion .

(1) Our newly develop e d lea kage cur re nt a nd

delay models of a si ngle gate a re p rop osed , w hich

a re muc h si mp le r a nd more exact t ha n t he ones i n

t ra ditional f i ne grai n sleep t ra nsist or i nse rtion

st ra tegies .
(2) A f or mal mixe d2i ntege r li nea r model of

t he lea kage cur re nt re duction p roble m p rovides

t he designe rs wit h t he relation betwee n lea kage

cur re nt a nd ci rcuit const raints , a nd ma kes it p os2
sible t o si multa neously select a nd op timize t he

p lace t o p ut t he sleep t ra nsist ors a nd t he size of

t he sleep t ra nsist ors . The model ca n be solved

w he n t he ci rcuit slow dow n is not long e nough t o

p e rf or m t he conve ntional f ixed slow dow n based

sleep t ra nsist or i nse rtion . Eve n if t he ci rcuit p e r2
f or ma nce is not af f ecte d , our model ca n save a n

i mp ressive a mount of lea kage . Furt he r more , if

t he conve ntional f ixed slow dow n met hod ca n be

p e rf or med , our met hod still lea ds t o bet te r lea k2
age savi ng a nd a much s malle r t otal sleep t ra n2
sist or size .

(3) The model ca n be solve d wit h a disc rete

sleep t ra nsist or size const rai nt w hich is more p rac2
t ical i n real lif e .

2 　Preliminaries

Fi rst we def ine lea kage cur re nt a nd t he delay

model . A cell2based design f low wit h a give n cell

libra ry is used . We assume t ha t sleep t ra nsist ors

wit h va ria ble sizes , w hich a re dete rmi ne d by t he

p rocess tec h nology , a re used i n our f i ne2grai n

sleep t ra nsist or i nse rtion design . A com bi national

ci rcuit is rep rese nte d by a di rected acyclic grap h
(D A G) G = ( V , G) . A ve rtex v ∈V rep rese nts a

CMOS gate f rom t he give n libra ry , w hile a n edge
( i , j ) ∈E , i , j ∈V rep rese nts a con nection

f rom vertex i t o ve rtex j . We def i ne I l ( v ) ,

D ( v) as t he lea kage cur re nt a nd delay of ga te v

952
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resp ectively.

2. 1 　Leakage current model

The ave rage lea kage p ower dissip a tion

Pleakage ( G) of t he ci rcuit ca n be exp ressed as t he

p roduct of t he ave rage lea kage cur re nt a nd p owe r

supp ly voltage .

Pleakage ( G) = VDD ×I ( G) (2)

The ci rcuit ave rage lea kage cur re nt ca n be calcu2
la te d as t he sum of t he i ndividual gates’ave rage

lea kage cur re nt . The lea kage cur re nt of a CMOS

gate is dete rmi ne d by its st ruct ure a nd i np ut p a t2
te r n . We def i ne t he p roba bilit y of a gate v unde r

i np ut p at te r n IN as PB ( v , IN) . Thus t he lea kage

cur re nt of a gate v i n t he ci rcuit ca n be exp ressed

as :

I l ( v) = ∑
IN

I l ( v , IN) ×PB ( v , IN) (3)

w here I l ( v , IN) is t he lea kage cur re nt of gate v

under i np ut p at te r n IN .

I n our f ine2grai n sleep t ra nsist or i nse rtion de2
sign , t he lea kage of a gate i n t he ci rcuit is also de2
te r mi ned by w het he r t he sleep t ra nsist or is inse rt2
ed i nt o t his gate or not . For t he gates wit hout

sleep t ra nsist or , we c reate a lea kage ref e re nce ta2
ble f or I l ( v , IN) by si mulati ng all t he gates in t he

sta nda rd cell libra ry under all p ossible i np ut p a t2
te r ns . Thus t he lea kage cur re nt I w/ o

l ( v) ca n be

exp ressed as

I w/ o
l ( v) = ∑

IN

I l ( v , IN) ×PB ( v , IN) (4)

The subt h reshold lea kage cur re nts wit h sleep t ra n2
sist ors a re give n by Ref . [ 17 ] :

IST
l ( v) = μn Cox ( W/ L) v e1. 8 VT

2 e
Vgs - VTHhigh

nVT (1 - e
- Vds

VT )

(5)

w here μn is t he n2mobilit y , Cox is t he oxide cap ac2
i t a nce , V THhigh is t he high t h reshold voltage , V T is

t he t he r mal voltage , n is t he sub2t h res hold swi ng

p a ra mete r , ( W/ L ) v rep rese nts t he size of t he

sleep t ra nsist or i nse rted t o gate v. As we will ex2
p lai n below , V ds is t he voltage drop V x w hic h is

decided by ( W/ L ) v , a nd t hus t he rela tions hip

betwee n IS T
l a nd ( W/ L ) v is complicated . Here we

p rese nt our si mplif ied lea kage cur re nt IS T
l ( v )

model :

IS T
l = A ( v) + B ( v) ×( W/ L ) v (6)

w here A ( v) , B ( v) a re consta nts t hat a re decided

by t he gate t yp e .

Conside r two sta nda rd cells : a two2i np ut

N AN D a nd a f our2i np ut A N D wit h f ixed st ruct ure

a nd size i n t he give n libra ry . We a dd high t h resh2
old voltage sleep t ra nsist or t o t he gates , a nd com2
p a re t he lea kage cur re nt of t he gates wit h dif f e r2
e nt sleep t ra nsist or sizes . Ref e r ri ng t o our model ,

we ca n give t he A ( v) , B ( v) of t he N AN D2 a nd

A ND4 resp ectively : 1 . 31774 , 0 . 01128 ; 1 . 67104 ,

0 . 01514 .

Table 1 　Leakage current with different sleep transistor sizes in NAND2 and AND4

L eakage cur rent in NAND2 / pA L eakage cur rent in AND4 / p A

Hspice Our model Error Hspice Our model Error

w/ o S T 18 . 8938 N/ A N/ A 22. 67189 N/ A N/ A

W/ L = 1 1 . 333825 1 . 32902 - 0 . 36 % 1. 692819 1 . 68618 - 0 . 39 %

W/ L = 1 1 . 33615 1. 3403 0. 31 % 1. 695831 1 . 70132 0 . 31 %

W/ L = 1 1 . 3618 1 . 36286 0. 08 % 1. 730075 1 . 7316 0 . 09 %

W/ L = 1 1 . 407875 1 . 40798 < 0 . 01 % 1. 791681 1 . 79216 0 . 03 %

W/ L = 1 1 . 4988 1 . 49822 - 0 . 04 % 1. 914263 1 . 91328 - 0 . 05 %

　　N otice IST
l ( v) is still se nsitive t o t he i np ut

p a t te rn . The data show n in Ta ble 1 a re t he ave r2
age lea kage cur re nts assumi ng all t he i np ut p a t2
te r ns have sa me p roba bilit y. As s how n in Ta ble

1 , t he e r ror is less t ha n 0 . 39 % , a nd t he origi nal

lea kage cur re nt wit hout sleep t ra nsist or is at least

15 ti mes la rge r t ha n IS T
l ( v) . We esti mate eve ry

A ( v) a nd B ( v) f or all t he sta nda rd cells a nd f i nd

t hat , on ave rage , t he B ( v) ’s a re a round 1 % of

A ( v) , a nd t hus t he va ria tion ra nge of IS T
l ( v) is

a bout 15 % of A ( v) .

Thus we use a lookup ta ble t o model t he lea k2
age cur re nt of ga tes wit h no sleep t ra nsist or , a nd

li nea r equations t o model t he lea kage cur re nt of

ga tes wit h sleep t ra nsist ors . As we ca n see , our

lea kage cur re nt model f or a single ga te is ve ry

si mp le a nd accura te .

2. 2 　Delay model

In our f i ne2grai n sleep t ra nsist or i nse rtion de2

062
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sign , we have t o i nse rt sleep t ra nsist ors i nt o t he o2
rigi nal gates i n t he give n libra ry. As show n i n

Ref . [ 18 ] , t he delay of t he gate is af f ecte d by t he

sleep t ra nsist or inse rtion . The loa d dep e nde nt de2
lay D w/ o ( v) of gate v wit hout sleep t ra nsist ors

ca n be exp ressed as

D w/ o ( v) =
KCL VDD

( VDD - V THlow )α
(7)

w here CL , V THlow , α, a nd K a re t he loa d cap aci2
t a nce a t t he gate outp ut , t he low t hreshold volt2
age , t he velocit y sat ura tion index , a nd t he p ro2
p ortionalit y consta nt resp ectively. The p rop aga2
t ion delay DS T ( v) wit h t he p rese nce of sleep t ra n2
sist ors of gate v ca n be exp ressed as

DS T ( v) =
KCL VDD

( VDD - 2 V x - V THlow )α
(8)

w here V x is t he V ds of t he sleep t ra nsist or , w hich

is t he voltage drop f rom VDD t o t he vi rt ual VDD as

s how n i n Fig. 1 . We def i neΔD ( v) as t he dif f e r2
e nce betwee n D w/ o a nd DST ( v) :

ΔD ( v) = DS T ( v) - D w/ o ( v) (9)

Ref e r ring t o Eqs . (6～8) , we ca n get a n app roxi2
mate ΔD ( v) wit h negligible dif f e re nce using t he

Taylor se ries exp a nsion :
ΔD ( v) = DS T ( v) - D w/ o ( v) =

1 -
2 V x

VDD - V THlow

-α

- 1 D w/ o ( v)

=
Taylor

1 +α 2 V x

VDD - V THlow
+α(α+ 1) ×

( 2 V x

VDD - V THlow
) 2 + ⋯ - 1 D w/ o ( v)

≈ α 2 V x

VDD - V THlow
+α(α+ 1) ( 2 V x

VDD - V THlow
) 2 ×

D w/ o ( v)Δ
=

(ΓV x +
α+ 1
α

Γ2 V2
x ) ×D w/ o ( v)

(10)

　　We use a consta nt Г= 2α/ ( VDD - V THlow ) t o

si mplif y Eq . (9) si nce V THlow ,α, VDD a re all tech2
nology2dep e nde nt consta nts . We supp ose ION ( v)

is t he cur re nt f lowi ng t h rough t he sleep t ra nsist or

i n t he gate v duri ng t he active mode a nd ca n be

exp ressed as [ 16 ]

ION ( v) = μn Cox ( W/ L) v ( ( VDD - VTHhigh ) V x -
V2

x

2
)

≈μn Cox ( W/ L ) v ( VDD - V THhigh ) V x (11)

Thus t he voltage drop V x in gate v due t o sleep

t ra nsist or inse rtion ca n be exp ressed as

V x =
ION ( v)

μCox ( VDD - V THhigh )
× 1

( W/ L ) v

= Ψ( v) ×( W/ L ) - 1
v (12)

He re we use Ψ( v) t o si mplif y t he equation . From

a bove we ca n get ΔD ( v) as
ΔD ( v) =

ΓΨ( v) ×( W/ L ) - 1
v +

α+ 1
α

Γ2Ψ( v) 2 ( W/ L ) - 2
v

×D w/ o ( v) (13)

　　From Eq. (10) , we ca n see t ha t V x is slightly

la rge r t ha n t he act ual value , a nd t husΔD ( v) is a

lit tle bit la rge r t ha n t he actual value , w hich

ma kes it more f easible f or our model t o mai ntai n

t he ti mi ng const rai nts of t he ci rcuit .

3 　MLP model construction

We now const ruct a n ML P model f or t he si m2
ulta neous p lace me nt a nd sizing of sleep t ra n2
sist ors . The re a re only tw o states f or eac h gate v :

wit h sleep t ra nsist or a nd wit hout sleep t ra nsist or .

We t he ref ore def i ne a bi na ry va ria ble S T ( v) t o

rep rese nt gate v’s sleep t ra nsist or sta te , w here

S T ( v) = 1 f or a gate v wit h a sleep t ra nsist or in2
se rted a nd S T ( v) = 0 f or a gate v wit hout a sleep

t ra nsist or .

3. 1 　Objective function

We use Eq. (3) as a basis t o const ruct t he ob2
jective f unction . N ote t hat t he lea kage cur re nt of

ga te v , I l ( v) , ca n be w rit te n as

I l ( v) = I w/ o
l ( v) ×(1 - S T ( v) ) + IS T

l ×S T ( v)

(14)

Theref ore we rep rese nt t he t otal lea kage cur re nt

by

I ( G) =

∑
v ∈V

( I w/ o
l ( v) ×(1 - S T ( v) ) + IS T

l ×S T ( v) )

(15)

Ref e r ri ng t o Eqs . ( 3 ) a nd ( 5 ) , we ca n rep lace

Equation (13) wit h

I ( G) = ∑
v ∈V

　
　∑IN

I l ( v , IN) ×PB ( v , IN) ×[ 1 - S T ( v) ] +

　
　

[ A ( v) + B ( v) ×( W/ L ) v ] ×S T ( v)

(16)

w here S T ( v ) a nd ( W/ L ) v a re t he va ria bles

w hich dete rmi ne w here t o p lace a nd how t o size

t he sleep t ra nsist or resp ectively .

3. 2 　Timing constraints

Fi rst we conside r t he p ri ma ry i np ut ( PIs) a nd

162
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outp ut ( POs ) gates of t he ci rcuit . The a r rival

ti mes t a of all t he PIs a re set t o ze ro , w hile t he

requi re d ti mes of all t he POs a re less t ha n t he o2
ve rall ci rcuit delay Treq .

t a ( m) = 0 , 　m ∈PI (17)

t a ( n) + D ( n) Φ Treq , 　n ∈PO (18)

The n we notice t ha t t he sum of gate v’s a r rival

ti me a nd its delay must be less t ha n or equal t o t he

a r rival ti me of gate v’s f a nout gates . That is t o

say , Π ( i , j ) ∈E , i , j , ∈V , we ca n de rive t he

const rai nt as :

t a ( i) + D ( i) Φ t a ( j) (19)

Si nce we have al rea dy i nduce d t he def i nition of

S T ( v) , we ca n rew rite t he delay of ga te v as

D ( v) = D w/ o ( v) +ΔD ( v) ×S T ( v)

= D w/ o ( v) +ΓΨ( v) D w/ o ( v) ×( W/ L) - 1
v ×S T( v)

+
α+ 1
α

Γ2Ψ( v) 2 Dw/ o ( v) ×( W/ L) - 2
v ×S T( v)

(20)

3. 3 　Linearization constraints

First we def ine va ria ble W ( v) f or each gate ,

w here WL ( v) = ( W/ L ) v = 2 W ( v) , WL N ( v) =
( W/ L ) - 1

v = 2 - W ( v)
, WL N2 ( v ) = ( W/ L ) - 2

v =

2 - 2 W ( v)
, a nd W ( v) ∈[ 0 , Wmax ] . We use a si mila r

p iecewise li nea r app roxi mation tec h nique i n Ref .

[ 19 ] t o li nea rize t hese exp one ntial exp ressions

wit h inequalities :

WL ( v) Ε 2 k ×W ( v) + (1 - k) ×2 k ,

k = 0 ,1 , ⋯, Wmax

WL N ( v) Ε - 2 k ×W ( v) + (1 - k) ×2 k ,

k = - Wmax , - Wmax + 1 , ⋯,0

WL N2 ( v) Ε - 2 k ×2 W ( v) + (1 - k) ×2 k ,

k = - 2 Wmax , - 2 ( Wmax + 1) , ⋯,0

Secondly , i n Eqs . (15) a nd (19) , a set of ite ms t o

be li nea rized is

WS ( v) = ( W/ L ) v ×S T ( v) = WL ( v) ×S T ( v)

WSN ( v) = ( W/ L ) - 1
v ×S T ( v) =

WL N ( v) ×S T ( v)

WSN2 ( v) = ( W/ L ) - 2
v ×S T ( v) =

WL N2 ( v) ×S T ( v)

w here WL ( v) , WL N ( v) , WL N2 ( v) a re real

va ria bles w hile S T ( v) is bi na ry. As i n Ref . [ 19 ] ,

C = BA w here A is a bi na ry va ria ble a nd M is a n

upp er bound of B , is li nea rize d as f ollows :

0 Φ C Φ B

C Φ MA

C Ε B - M (1 - A)

　　Si nce W ( v) ∈[ 0 , Wmax ] , WL ( v) , WL N ( v) ,

a nd WL N2 ( v) all have upp e r bounds . This com2
p letes our ML P model f or lea kage mi ni miza tion .

The ge ne ral f or m of our ML P model is give n i n

Fig. 2 .

Minimize :
I ( G) = ∑

v ∈V

　
　
∑
IN

I l ( v , IN) ×PB ( v , IN) ×[ 1 - S T ( v) ]

　
　

+ A ( v) ×S T ( v) + B ( v) ×WS ( v)

Subject to :
{ Timi ng const rai nts}

t a ( m) = 0 , 　m ∈PI

t a ( n) + D ( n) Φ Treq , 　n ∈PO

ta ( i) + D ( i) Φ ta ( j) , 　Π( i , j) ∈E , i , j ∈V

D ( v) = D w/ o ( v) +ΓΨ( v) D w/ o ( v) ×WSN ( v)

α+ 1
αΓ2Ψ( v) 2 D w/ o ( v) ×WSN2 ( v)

{L i nea rization const rai nts f or WL ( v) , WL N ( v) ,

WL N2 ( v) , WS ( v) , WSN ( v) , WSN2 ( v) }

{ V a ria ble bounds}

0 Φ W ( v) Φ Wmax , 　v ∈V

S T ( v) a re bina ry va ria bles

Fig. 2 　ML P model f or leakage minimization

3. 4 　MLP model with discrete size constraint

In our ML P model p resented in Fig. 2 , W ( v) is

t reate d as a conti nuous real va ria ble , w hich is not

t he real case . The ref ore we a dd a const rai nt t ha t

t he W ( v) ’s must be i ntege rs , w hich mea ns t he

sizes of t he sleep t ra nsist ors a re p owers of two. It

is clea r t hat we ca n c ha nge t he const rai nts t o f it

ot he r discrete conditions of t he sleep t ra nsist ors’
sizes . We na me t he ML P model wit h conti nuous

size const rai nts ML P2C , a nd t he ML P model wit h

i ntege r size const rai nts as ML P2D .

4 　Implementation and experimental
results

　　We use ISCAS85 be nc h ma rk ci rcuits t o evalu2
ate our ML P model . The netlists a re synt hesized

usi ng t he synopsys design compile r a nd a TSM C

01 18μm sta nda rd cell libra ry. The lea kage cur re nt

ref e re nce ta ble is ge ne ra ted by HS PI C E wit h a

TSM C 0. 18μm CMOS p rocess a nd a 1 . 8V supp ly

condition . The values of va rious t ra nsist or p a ra m2
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ete rs have bee n ta ke n f rom t he TSM C libra ry.

For all t he gates i n t he ci rcuit , V THhigh = 500mV ,

V THlow = 300 mV , ION = 200μA . The exp e rime nts

a re set up wit h a sp ecialize d static ti mi ng a nalysis
(S TA) t ool [ 10 ] t o aut omatically ge ne rate t he ti m2
i ng inf ormation . The ML P models ca n be solved

by va rious L P solve rs . Here we use a n L P solve r

na med lp _solve [ 20 ] . We assume Wmax = 4 , t hat is

t o say :1 Φ ( W/ L ) v Φ16 , cor resp ondi ng t o a least

delay va ria nce of 6 %. Thus f or 0 % , 3 % , a nd 5 %

circuit slow dow ns , we ca nnot get a valid solution

t h rough t he conve ntional f ixed slow dow n met h2
od . O n t he ot he r ha nd our ML P model ca n save

lea kage cur re nt by a n i mp ressive a mount . W he n

t he p e rf or ma nce slow dow n is 7 % a nd 9 % , t he

conve ntional f ixe d slow dow n met hod is i mple2
me nted wit h a la rge r a rea p e nalt y a nd less lea kage

cur re nt is saved comp a re d wit h our ML P2C mod2
el .

Table 2 　L eakage current saving t hrough ML P2C model and f ixed2slowdow n met hod

ISCAS85

benchmar k circuits

Original

I leak/ pA

0 %

ML P2C/ pA

3 %

ML P2C/ p A

5 %

ML P2C/ p A

7 %

ML P2C/ pA

7 % fixed2
slowdown/ pA

9 %

ML P2C/ pA

9 % fixed2
slowdow n/ p A

C432 5874. 30 2177 . 01 541 . 24 302 . 50 251. 97 284 . 04 249 . 617 273 . 74

C499 24680 . 41 10295 . 4 698 . 04 376 . 29 367. 28 400. 314 363. 54 387 . 88

C880 11636 . 60 1237 . 92 765 . 195 633 . 96 591. 67 679 . 20 589. 75 655 . 85

C1355 14793 . 67 5625 . 89 1149. 33 856 . 96 834. 85 917 . 86 821. 95 884 . 46

C1908 28369 . 39 3199 . 31 1558. 53 1344 . 22 1334 . 86 1537. 64 1329 . 39 1482. 11

C2670 43212 . 81 3382 . 23 2124. 93 2000 . 58 1995 . 78 2304. 83 1992 . 74 2226. 86

C3540 51098 . 54 4326 . 21 3078. 78 2627 . 25 2619 . 62 3018. 22 2613. 9 2913. 15

C5315 71369 . 01 5142 . 03 4127. 72 3759 . 77 3633 . 8 4186. 75 3626 . 29 4044. 78

C6288 53758 . 63 10760 5011. 99 3957 . 93 3606 . 19 4042. 71 3563 . 75 3893. 56

L ea kage saving N/ A 79. 75 % 93 . 56 % 94. 99 % 95 . 24 % 94 . 61 % 95. 28 % 94 . 80 %

Table 3 　Comp arison between ML P2C and fixed2slowdow n

ISCAS85

benchmar k

circuits

7 % ML P2C 7 % Fixed2 slowdown 9 % ML P2C 9 % Fixed2 slowdown

I leak/ p A
S T area

( W/ L)
I leak/ p A

S T area

( W/ L)
I leak/ p A

S T area

( W/ L)
I leak/ p A

S T area

( W/ L)

C432 251. 97 714. 27 284. 04 2317. 714 249 . 617 596. 4515 273. 74 1802. 67

C499 367. 28 1146 . 2072 400 . 314 2797. 714 363. 54 959. 1344 387. 88 2176

C880 591. 67 876. 1366 679. 20 5252. 571 589. 75 780. 1343 655. 85 4085 . 333

C1355 834. 85 3364. 689 917. 86 7515. 429 821. 95 2719. 648 884. 46 5845 . 333

C1908 1334 . 86 2354. 592 1537 . 64 12493 . 71 1329 . 39 2081. 361 1482 . 11 9717 . 333

C2670 1995 . 78 2088 . 2674 2304 . 83 17540 . 57 1992 . 74 1936 . 51 2226 . 86 13642 . 67

C3540 2619 . 62 3370 . 65 3018 . 22 23300 . 57 2613 . 9 3160. 092 2913 . 15 18122 . 67

C5315 3633 . 8 4293 . 24 4186 . 75 31940 . 57 3626 . 29 3917 . 95 4044 . 78 24842 . 67

C6288 3606 . 19 11732 . 626 4042 . 71 33558 . 86 3563 . 75 9610 . 65 3893 . 56 26101 . 33

Average saving 95 . 24 % 74 . 79 % 94 . 61 % N/ A 95 . 28 % 72 . 40 % 94 . 80 % N/ A

As s how n i n Ta ble 2 , t he ML P2C model ca n save

lea kage by 79 . 75 % wit hout aff ecti ng t he ci rcuit

p e rf or ma nce is not . Whe n t he ci rcuit slow dow n is

3 % a nd 5 % , t he n 93 . 56 % , 94 . 99 % of t he lea k2
age is saved resp ectively t h rough our ML P2C mod2
el . As we ca n see , our ML P2C model ca n save

more lea kage i n t he 5 % ci rcuit slow dow n condi2
t ion t ha n t he f ixe d slow dow n met hod ca n wit h a

7 % or 9 % ci rcuit slow dow n . However , t he

dif f e re nce of t he saved lea kage betwee n our mod2
el a nd t he conve ntional f ixed slow dow n met hod is

not as la rge as t ha t me ntioned i n Ref . [ 16 ] . I n

our exp e ri me ntal results , t he dif f e re nce of lea k2
age save d betwee n our ML P2C model a nd t he

f ixe d slow dow n met hod unde r t he sa me circuit sl2
ow dow n condition is wit hi n 11 %. That is caused

by t he dif f e re nt lea kage cur re nt models . W he n

t he p e rf orma nce slow dow n is la rge r t ha n 6 % , our

ML P2C model ca n get a n op ti mal result wit h all

t he S T ( v) = 1 , w hich lea ds t o t he sa me result as

op ti mal sizi ng wit h sleep t ra nsist ors p laced eve ry2
w here [ 16 ] .
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I n Ta ble 3 , we comp a re t he a rea p e nalt y be2
twee n t he ML P2C model a nd t he f ixed slow dow n

met hod. As we me ntioned a bove , t he dif f e re nce

i n lea kage saved is not ve ry la rge . However , our

ML P2C model ca n achieve a much s malle r sleep

t ra nsist or a rea p e nalty . Wit h a 7 % ci rcuit slow2
dow n , our ML P2C model saves sleep t ra nsist or a r2
ea by 74 . 79 % comp a red t o t he f ixed slow dow n

met hod.

W he n t he ci rcuit slow dow n is below 6 % , not

all t he gates in t he ci rcuit ca n use t he sleep t ra n2
sist or sche me , a nd t hus a M TCO MS gate may

drive a t ra ditional CMOS gate , w hich ca n p ut t he

outp ut of t he M TCMOS int o a f loati ng gate . We

also use a lea kage f eedback gate st ruct ure [ 21 ] i n or2
de r t o avoid f loa ting states . Mea nw hile t he results

f or t he a rea p e nalt y i mp osed by t he f i ne2grai n

sleep t ra nsist or i n Ref . [ 16 ] s how t hat t he a rea

p e nalt y is just a round 5 % t hrough a sta nda rd cell

p lace me nt met hodology.

5 　Conclusion

We have p rese nte d a mixe d i ntege r linea r

p rogra m mi ng model t o si multa neously p lace a nd

size t he sleep t ra nsist or i n our f i ne2grai n sleep

t ra nsist or design t o mi nimize t he lea kage cur re nt .

N ovel lea kage cur re nt a nd delay models of t he

f ine2grai n sleep t ra nsist or design a re p rese nted i n

orde r t o build up t he ML P model . Our ML P mod2
el ca n mi ni mize t he lea kage cur re nt t o a bout

791 75 % wit hout aff ecti ng t he ci rcuit p e rf or m2
a nce . O ur exp e ri me ntal results s how t hat t he

ML P2C model ca n achieve save lea kage by

931 56 % a nd 941 99 % w he n t he ci rcuit slow dow n is

3 % a nd 5 % , resp ectively. The ML P2C model also

ac hieve on ave rage a n a rea p e nalt y 74 . 79 % less

t ha n t he conve ntional f ixe d slow dow n met hod

w he n t he ci rcuit slow dow n is 7 %.
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降低泄漏电流的细粒度休眠晶体管插入法 3

杨华中 　汪 　玉 　林 　海 　罗 　嵘 　汪 　蕙

(清华大学电子工程系 , 北京 100084)

摘要 : 首先给出一种泄漏电流和延时的简化模型 ,并且在此基础上提出了一种降低泄漏电流的细粒度休眠晶体管
插入法. 该方法的核心是利用混合整数线性规划方法同时确定插入细粒度休眠晶体管的位置和尺寸. 从实验结果
可以发现 ,由于这种方法更好地利用了电路中的延时余量 ,所以在电路性能不受影响的情况下可以减小 79175 %的
泄漏电流 ;并且在一定范围内放宽电路的延时约束可以更大幅度地降低泄漏电流. 与传统的固定放宽延时约束的
方法相比较 ,当延时约束放宽 7 %时 ,这种方法可以节约 74. 79 %的面积.

关键词 : 泄漏电流 ; 细粒度 ; 休眠晶体管 ; 延时模型 ; 混和整数线性规划
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