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Abstr a ct

This paper1 proposes a nov el m ethod ology for statisti-
cal leak age m inim ization of d igital c irc u its. A fu nction of
m ean and v ariance of the c irc u it leak age is m inim ized w ith
constraint on α-percentile of the d elay u sing phy sical d elay
m od els. S ince the leak age is a strong fu nction of the thresh-
old v oltage and gate length, consid ering them as d esign v ari-
ab les can prov id e signifi cant am ou nt of pow er sav ings. The
leak age m inim ization prob lem is form u lated as a multiv ari-

able conv ex op timization prob lem . W e d em onstrate that
statistical optim ization can lead to m ore than 37% sav ings
in nom inal leak age com pared to w orst-case techniq u es that
perform only gate siz ing.

I. In tr o d u ctio n

The leak age pow er has b ecom e a m ajor cau se of concern
d u ring the d esign of high perform ance nano-scale c irc u its.
F or ex am ple, it w as show n in [4] that for 30% v ariations
in the c irc u it d elay there can b e u p to 20X v ariations in
the leak age c u rrent. S caling has also resu lted in signifi cant
increase in the v ariations of the process and d esign param -
eters [1, 5, 3]. The m ost im portant of these v ariations are
the v ariations in the eff ectiv e channel length Le, and the
threshold v oltage Vth w hich are d u e to a lack of prec ise con-
trol in the lithography and channel d oping steps [5]. V aria-
tions in these tw o param eters hav e a signifi cant eff ect on the
su b -threshold leak age of a gate b ecau se of its ex ponential
d epend ency on these tw o param eters.

The prob lem of leak age red u c tion has b een ad d ressed at
the d esign stage b y v ariou s techniq u es su ch as transistor
stack ing [15], sleep transistor insertion [13], b od y b iasing [24,
16] and d riv ing the c irc u it into a m inim u m leak age sleep
state. The pow er sav ings ac cru ed b y these techniq u es can b e
fu rther su pplem ented b y gate siz ing, d u al-threshold v oltage
(Vth) and su pply v oltage (Vd d ) assignm ent [22, 12, 9, 11] and
Le b iasing [10]. How ev er, to the b est of ou r k now led ge, Le
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b iasing has not b een u sed in the past for leak age red u c tion
in the presence of v ariations.

The trad itional corner b ased d esign m ethod ology treats
the param eters as d eterm inistic q u antities and w astes ex pen-
siv e d esign resou rce in ord er to ensu re a large gu ard -b and
on the d esign freq u enc y as w ell as the pow er d issipation.
Instead , a m ore eff ectiv e m ethod ology is to m od el the v ari-
ations as rand om v ariab les b ecau se of the stochastic natu re
of the u nd erly ing v ariations. O nce this is d one, the statis-
tic s (su ch as m ean, v ariance etc .) of d elay as w ell as leak age
pow er of the c irc u it can b e ac c u rately estim ated u sing the
probability den sity fu n ction s (P DF s) of the param eters. A
nu m b er of su ch statistical analy sis techniq u es hav e b een pro-
posed recently [27, 20]. Althou gh the proposed techniq u es
pred ic t the c irc u it d elay or leak age ac c u rately , their relia-
b ility w ith respect to w hat is m anu factu red greatly d epend s
on the acc u rac y of the m od els u sed for the gate (and inter-
connect) d elay s and pow er [7]. W hile these m od els prov id e
fou nd ations for ac c u rate statistical analy sis, they are n eces-

sary for statistical optim ization techniq u es.

A nu m b er of statistical optim ization m ethod s hav e b een
proposed recently [23, 19, 21, 14]. [23] u ses a statistical tim -
ing analy sis tool to check the satisfi ab ility of the constraint
on som e percentile of the c irc u it d elay . It then u ses the sta-

tistical sen sitivities to select the gates to b e assigned high
Vth as w ell as to b e u p-sized . In [19], a u tility theoretic
approach is u sed to id entify a set of critical paths. The ex -
pected u tility of the critical nod es (nod es on critical paths) is
m inim ized su b ject to constraints on the ex pected d elay and
area. A rob u st c irc u it optim ization techniq u e is presented
in [17] w here the au thors form u late the prob lem of m ax im iz -
ing the tim ing param etric y ield as a geom etric optim ization
prob lem w ith gate sizes as the d ec ision v ariab les. In [2], the
prob lem of statistical leak age m inim ization u sing gate siz ing
is form u lated as a geom etric program m ing prob lem . The
area m inim ization prob lem is solv ed in [21] b y m od eling the
param etric v ariations u sing an u ncertainty ellipsoid .

Introd u c ing Le and Vth as d ec ision v ariab les in the opti-
m ization prob lem instead of treating them fi x ed technolog-
ical param eters, increases the size of the feasib ility region.
This can prov id e signifi cant pow er sav ings that can not b e
achiev ed otherw ise. Also, since Vth and its v ariance is d epen-
d ent on Le, Le prov es to b e an ex trem ely eff ectiv e m ethod of
controlling the leak age v ariab ility . Instead of u sing a d u al-
Vth process, in w hich high Vth and low Vth are ty pically sep-
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arated b y ab ou t 50mV for sp eed imp rov ement and p ow er
red u c tion, w e u se a single Vth for the c irc u it. T he u se of
d u al-Vth p rod u ces ex tra p rocess corners and thu s, ex agger-
ates v ariab ility . S p ec ifi cally , some high Vth gates may b e
faster (and more leak y ) than some low Vth gates d u e to the
v ariation in Vth. T his p henomenon has led to many d esign
failu res, esp ec ially in low -p ow er ap p lications.

T he major contrib u tions of this w ork are as follow s:

1. B oth the m ean and the v ariance of the leak age are
minimized b y formu lating a statistical op timization
p rob lem w ith gate sizes, gate lengths and threshold
v oltage as d ec ision v ariab les.

2. E x p erimentally v erifi ed statistical mod els for the gate
d elay and gate leak age are u sed that tak e into ac cou nt
the v ariab ility in v ariou s d ev ice p arameters,

3. T he leak age minimization p rob lem is formu lated as a
m ultiv ariable conv ex optim ization p rob lem and an
op timal solu tion is ob tained .

S ection II formally d escrib es the p rob lem of statistical
leak age minimization. S ection III d escrib es the mod els u sed
for the gate d elay and gate leak age. T he transformation of
the op timization p rob lem into a conv ex op timization p rob -
lem is d escrib ed S ection IV. T he E x p erimental resu lts and
conc lu sions are ou tlined in S ection V and VI resp ectiv ely .

II. Probl e m F orm u l a tion

Let a c irc u it b e rep resented u sing a Directed Acy c lic
G rap h (DAG ) G = (N, E), w here N = {1, 2, .., n } is the
set of nod es and E = {(i, j) : i, j ∈ N} is the set of ed ges.
T he nod es corresp ond to the gates in the original c irc u it.
An ed ge eij = (i, j) rep resents that gate i fanou ts to gate j.

Let the p arameter sp ace for each gate i b e d efi ned as
ûi = (ui

1
, ui

2
, .., ui

r), w here r d enotes the nu mb er of p arame-
ters. In the p resence of p rocess v ariations, each of these p a-
rameters is a rand om variab le. Hence, if Ω d enotes the sp ace
of manu factu ring ou tcomes, ûi : Ω → R

r is a fu nction that
map s ev ery ou tcome ω ∈ Ω to a p oint in an r-d imensional
E u c lid ean sp ace. Hence, the p arameters for the manu factu r-
ing ou tcome ω are giv en b y ûi(ω) = (ui

1
(ω), ui

2
(ω), .., ui

r(ω)).
T he random param eters consid ered in this w ork inc lu d e
the gate length (Le,i) and threshold v oltage (Vth,i). Al-
thou gh all the gates in the c irc u it are assigned the sam e
Vth, the d ep end ence of Vth on Le,i as w ell as the rand om
variations cau se the threshold v oltage of each gate to b e d if-
ferent. As channel length Le b ecomes shorter, Vth ex hib its a
greater d ep end ence on Le and d rain b ias (DIB L). Larger Vd d

and smaller Le u su ally lead to sharp d egrad ation in Vth (i.e.,
Vth roll-off ). T he Vth,i of a gate can then b e rep resented as

Vth,i = Vtho + 0.05 − Vd d e
−δ L e,i . (1)

w here Vtho is the long channel Vth and δ is the DIB L co-
effi c ient. F or simp lic ity , Vtho and Le,i are mod eled as in-
d ep end ent normal rand om variab les. Also, wi and Vd d are
mod eled as a d eterministic q u antities. Henceforth, the ex -
p lic it d ep end enc y of û on the argu ment ω w ill not b e show n.

T he c irc u it leak age and d elay u nd er this v ariational mod el
are also rand om variab les. Let IS d enote the su b -threshold
leak age of the c irc u it and Dp d enote the d elay of p ath p ∈ P,

w here P rep resents the set of p aths in the c irc u it. T he
stochastic leak age minimization p rob lem can now b e formu -
lated as follow s

min
ω∈Ω

IS(û1, û2, .., ûn, ω) (2)

su b . to P(Dp(û1, .., ûn, ω) ≤ Treq) ≥ α ∀ p ∈ P . (3)

w here P(X ≤ x) d enotes the p rob ab ility that the rand om
variab le X is less than or eq u al to x. α can b e consid ered to
b e a confi dence level. As the nu mb er of manu factu ring ou t-
comes ω can b e infi nite, it d oes not mak e sense to solv e the
op timization p rob lem for ev ery ω. Hence, a more relev ant
ob jectiv e w ou ld b e some statistic (su ch as m ean or variance)
of the leak age c u rrent. F igu re 1 show s the P DF of the leak -
age as a resu lt of minimiz ing only the mean or the v ariance
of the leak age. It can b e seen that minimizing only the ex -
p ected v alu e of the leak age resu lts in an increased nu mb er
of chip s hav ing low er freq u enc y (c u rv e B ). W hereas, mini-
miz ing ju st the v ariance w ithou t op timiz ing the mean leav es
a scop e of red u c tion in the leak age of the manu factu red c ir-
c u its (c u rv e C ). Hence the goal of max imiz ing the leak age
y ield can b e achiev ed b y minimiz ing a conv ex comb ination
of the sq u are of the mean and the v ariance of leak age. T hu s,
the new ob jectiv e b ecomes λ µ2(IS) + (1 − λ) σ2(IS), w here
µ and σ2 are the mean and v ariance of leak age. λ ∈ [0, 1]
controls the relativ e w eight of the mean and the v ariance of
the leak age in the ob jectiv e.

Fig . 1 . L e a k a g e R e d u c tio n

III. L e a k a ge a n d De l a y Mod e l s

A. S tatistical Leak age M o d e l

Let IS rep resent the su b -threshold leak age of a c irc u it. As
ex p lained ab ov e, the IS in the p resence of the v ariations is
rand om variab le. In this w ork the su b -threshold leak age of
a c irc u it is mod eled u sing the mod el show n in (4) [25].

IS =
∑

i∈N

Io

wi

Lk
e,i

e

(
−Vt h , i

S

)
, k > 1 (4)

w here Vth,i = Vtho + 0.05− Vd d (δ1 − δ2Le,i) w ith δ1 − δ2Le,i

b eing ap p rox imation of e−δ L e,i , δ1, δ2 > 0. Io is th nomi-
nal su b -threshold leak age and k and S are p ositiv e fi tting
p arameters. T he su mmation in (4) is ov er all the nod es in
the c irc u it. T he ab ov e mod el cap tu res the d ep end ence of
the su b -threshold leak age on the all the d ec ision v ariab les.
Also, the d ep end ence of Vth on Le and Vd d has b een tak en
into ac cou nt. T his mod el w as fi tted to the d ata from S P IC E
to ob tain the p arameters. F rom (4), w e see that the su b -
threshold leak age is inv ersely p rop ortional to the gate length
Le,i. S ince Le,i has b een assu med to b e a normally d is-
trib u ted rand om variab le, the ex p ectation of L−k

e,i d oes not
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ex ist. Hence, w e ap p rox imate the fu nction L−k
e,i b y w riting

it as e−k log Le,i and ap p rox imating log Le,i b y a q u ad ratic
fu nction of Le,i. T hu s, the su b -threshold leak age is

IS =
∑

i∈N

Io

wi

Lk
e,o

e

(

−(Vt h o +a1Le,i +a2L2
e,i

)

S

)

, k > 1 (5)

w here a1 and a2 are some constants. T he ac c u rac y of the
ab ov e ap p rox imation is show n in fi gu re 2 w hich show s the
v ariation of su b -threshold leak age w ith Le,i. T he p arameters
Vth o and Le,i are mod eled as Vth o = VT o + Vξ w here, VT o is
the d esigner sp ec ifi ed v alu e of the threshold v oltage and Vξ is
a zero mean normal rand om variab le N(0, σ2(VT o)). Notice,
that the v ariation in the threshold v oltage is d ep end ent on
the sp ec ifi ed v alu e of VT o. T he v ariations in Vth o are mod eled
u sing the P elgrom’s mod el [18] as

σ2(Vth ,i) =
k

Le,iwi

. (6)

S imilarly , the gate length is also mod eled as Le,i = Lo,i+Lξ,i

w here Lξ,i is a zero mean normal rand om variab le N(0, σ2
L).

T he v ariations in the gate length are assu med to b e ind e-
p end ent of the sp ec ifi ed v alu e of the gate length. Hence, the
su b -threshold leak age of the c irc u it can b e w ritten as

IS =
∑

i∈N

I ′o,ie

(

−(Vξ+(a11+a12Vd d )Lξ,i +a2L2
ξ, i

)

S

)

, k > 1 (7)

w here

I ′o,i = Io

wi

Lk
e,o

e

(

−(VT o +(a11+a12Vd d )Lo , i +a2L2
o , i

)

S

)

, k > 1 (8)

Now , I ′o,i is a d eterministic fu nction of the assigned p arame-
ters. Also, as the u nd erly ing c irc u it p arameters Vξ and Lξ,i

are assu med to b e statistically ind ep end ent, the mean of the
leak age can b e comp u ted as show n in (9).

E[IS ]=
∑

i∈N

I ′o,iE

[

e

(

−Vξ
S

)

]

E

[

e

(

−((a11+a12Vd d )Lξ,i +a2L2
ξ, i

)

S

)

]

(9)

T he ex p ectation of the tw o fu nctions d ep end ent on the Vξ

and Lξ,i can b e ob tained b y comp u ting the ex p ectation of a
rand om variab le U that is an ex p onential fu nction of a zero
mean normal rand om variab le W ∼ N(0, σ2

W ). T hu s the
tw o fu nctions in (9) hav e a general form U = ex p (−(W +
aW 2)/b). T ab le I giv es the v alu es of a and b for the fu nctions
hav ing an ex p onential d ep end ence on Vξ and Lξ,i in (9).

S ince the leak age has an ex p onential d ep end ency on a lin-
ear fu nction of Vξ, for the Vξ d ep end ent term, a = 0 in
the general form ab ov e. T he mean of U can b e comp u ted
u sing (10).

T ABL E I

Values of a an d b for th e fun ction s d ep en d en t on Vξ an d Lξ,i

P arameter a b

Vξ 0 S

Lξ,i

a2

(a11 + a12Vd d )

S

(a11 + a12Vd d )

E[U ] =

(

1 +
2a

b
σ2

W

)−
1
2

· ex p

(

σ2
W

2b2 + 4σ2
W ab

)

(10)

T he second moment of U can also b e comp u ted from (10)
b y rep lac ing b b y b/2. S imilarly , the second moment of the
leak age can b e comp u ted b y comp u ting the ex p ectation of

I2
S =

∑

i,j∈N

I ′o,iI
′

o,j e

(

−(2Vξ+(a11+a12Vd d )(Lξ,i +Lξ,j)+a2(L2
ξ, i

+L2
ξ,j

))

S

)

,

(11)
T he p roced u re for comp u ting the ex p ectation of the ab ov e
fu nction E[I2

S ] is analogou s to the step s follow ed in com-
p u ting the mean of the leak age. Using the second mo-
ment of the leak age, the v ariance can b e comp u ted u sing
σ2(IS) = E[I2

S ] − (E[IS ])2. T he ob jectiv e fu nction of the
leak age minimization p rob lem can now b e ob tained u sing
the mean and the v ariance of the leak age.

B. Statistical Delay M o d e l

In the p resence of p rocess v ariations, the gate d elay s are
rand om variab les. F or this w ork , w e u se the p hy sical d elay
mod el p rop osed in [7]. Assu ming that the transistors op erate
in the satu ration mod e, the p rop osed mod el can b e simp lifi ed
into the form show n in (12).

E[di] = α

(

β1

wi

+ β2

)

Le,iVd d

(Vd d − Vth ,i)2

(

1 +
(Vd d − Vth ,i)

γ Le,i

)

(12)

T he p arameters for these mod els are ob tained b y p erform-
ing S P IC E simu lation and b y fi tting these mod els to S P IC E
d ata. T he ac c u rac y of the mean of the d elay is show n in F ig-
u re 3. T he av erage error comp ared to the d ata from S P IC E
simu lations is arou nd 3-4% ov er ±25% range of Le,i for d if-
ferent v alu es of the su p p ly v oltage and threshold v oltage.
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Althou gh the general form of the mean d elay is not a lin-
ear fu nction of the d ev ice p arameters, for the v alu es of the
p arameters in the satu ration mod e (Vd d ∈ [0.8, 1.2]) the d e-
lay can b e safely assu med to hav e linear d ep end ence of these
p arameters [7] (F igu re 3 su p p orts the linear d ep end ence on
Le). T hu s, the d elay can b e mod eled as a normal rand om
variab le w ithou t hav ing a signifi cant imp act on the acc u rac y .



Und er this assu m p tion, the p rob ab ilistic constraint in (3) is
eq u iv alent to

zα(Dp) = E[Dp] + zασ(Dp) ≤ Tr eq (13)

If the gate d elay s are totally correlated , the ab ov e constraint
can b e translated in term s of the mean and the standard

deviation of the gate d elay s as show n in (14).

zα(Dp) =
∑

i∈p

E[di] + zα

∑

i∈p

σ(di) ≤ Tr eq (14)

w here di is the d elay of a gate on p ath p ∈ P . T hu s the
p rob lem red u ces to ob taining the ex p ressions for the v ariance
of the ind iv id u al gate d elay s. F or a p artic u lar gate, at a
higher v alu e of Vth and fi x ed Vd d , the sensitiv ity of the gate
d elay to Vth is v ery high. Instead at a low er v alu e of the
Vth, the gate d elay is m ore sensitiv e to the Vd d com p ared
to Vth. Hence the v ariation in the d elay is m ore for larger
v alu es of the Vth (higher d elay ), althou gh the v ariations in
Vth m ight b e sm all at higher v alu es of Vth. T hu s, in this
w ork , the v ariance of the d elay is com p u ted u sing the m od el
show n in (15).

σ(di)

E[di]
= kσ(E[di])

ζ (15)

w here ζ and kσ are fi tting p aram eters. T he α-p ercentile of
the d elay can now b e com p u ted as zα(di) = E[di] + zασ(di)
u sing the m od els d esc rib ed ab ov e.

IV. Co n v e x O p tim iz a tio n

A fu nction f of v ariab le x ∈ R
+n is a p osy nom ial if it has

the form
f(x) =

∑

j

βj

n∏

i=1

x
αij

i (16)

P osy nom ials hav e a u sefu l p rop erty that they can b e trans-
form ed into conv ex fu nctions u sing the transform ation xi =
eyi . Also, an ex p onential fu nction of p osy nom ials can b e
transform ed into a conv ex fu nction [6]. S ince the ob jectiv e
fu nction, w hich is a com b ination of the m ean and the v ari-
ance of the leak age, is a su m of ex p onential fu nctions of
posynomials, the ob jectiv e fu nction in the form u lated op ti-
m ization p rob lem is conv ex .

In its original form , the ex p ected d elay is not a p osy no-
m ial. How ev er, it can b e transform ed into a p osy nom ial b y
introd u c ing the follow ing ineq u ality in the set of constraints

1

Vd d − Vth,i

≤ ti (17)

and rep lac ing Vd d −Vth,i b y t−1

i in (12). T he ineq u atily giv en
in (17) is eq u iv alent to

t−1

i + Vtho + δ2Vd d Le,i ≤ (1 + δ1)Vd d − 0.05. (18)

S ince δ1 > 0 and Vd d ≥ 0.8, the RHS of this ineq u ality is
p ositiv e. Hence, it is a v alid p osy nom ial ineq u ality . As a
resu lt of this ineq u ality b eing a v alid p osy nom ial ineq u atily ,
the leak age m inim ization p rob lem can b e transform ed into
a conv ex op tim ization p rob lem . C onv ex op tim ization p rob -
lem s are p op u lar b ecau se effi c ient algorithm s ex ist to solv e
them [26] as a locally op tim al solu tion is also glob ally op ti-
m al. In this w ork , the conv ex op tim ization p rob lem is solv ed
u sing the op tim ization p ack age LANC E LO T [8]. T he m od -
els u sed in the op tim ization corresp ond to the 90nm tech-
nological nod e. T he range of the p aram eters, their nom inal
v alu es and v ariances (w here ap p licab le) are giv en in T ab le II.

Fig . 4 . E x p e rim e n ta l c irc u it fo r th e o p tim iz a tio n p ro b le m

T ABL E II

Cir cu it pa r a m e te r s f o r th e 9 0 n m te ch n o l o gica l n o d e

Le,i (nm ) Vtho(V ) W (size)

M ean 55.0 0.30 -
S td .Dev 5.5 0.01 -

Up p er B ou nd 70.0 0.40 10
Low er B ou nd 55.0 0.15 1

T ABL E III

Im pa ct o f in cl u d in g Vth a s a d e cisio n v a r ia bl e . Re su lts f o r

d e l a y = 0 .3 4 9 n s

Vth(V) Area Leak age (fA/ns)
M ean Var. (X10−2)

A (B efore) 0.30 32 0.19 8.74
B (After) 0.28 12.9 0.14 4.56
Diff (% ) - 59.0 26 47.8

V. E x p e r im e n ta l Re su lts

A. S im u ltan eou s Vth an d G ate S iz in g

In this section w e d isc u ss the sav ings that can b e ob tained
b y com b ining threshold v oltage selection and gate siz ing ov er
sim p le gate siz ing. F or d em onstration, w e selected a chain
of 10 NAND gates (sim ilar to that in F igu re 4) and p er-
form ed gate siz ing on the c irc u it w ith eff ectiv e gate length
and the threshold v oltage fi x ed to their nom inal v alu es as
show n in T ab le II. Also, Vd d w as fi x ed to 1. T he chain of 10
NAND gates is now op tim ized b y m inim iz ing the com b ina-
tion of m ean and v ariance of leak age b y consid ering Vth and
gate sizes as d ec ision v ariab les. C om p ared to earlier w ork s
on gate siz ing and threshold v oltage assignm ent, this w ork
p erform s statistical op tim ization and m od els the p rob lem as
a conv ex op tim ization and hence can gu arantee the op tim al-
ity of the solu tion w hile b eing effi c ient. Vth is treated as a
continu ou s v ariab le for the c irc u it as b od y b iasing can p ro-
v id e signifi cantly high lev el of granu larity to achiev e a giv en
threshold v oltage [24].

W e start w ith a c irc u it op tim ized u sing only gate siz ing
w ith the rest of the p aram eters assigned to their nom inal
v alu es giv en in T ab le II. W e inv estigate the eff ect of chang-
ing the v alu es of v ariou s p aram eters on d iff erent c irc u it at-
trib u tes su ch as area and leak age w ith the d elay constraint
b eing fi x ed . It shou ld b e noted that if the d elay constraint
Tr eq is the m inim u m feasib le d elay Tr eq,min at the nom i-
nal v alu es of threshold v oltage Vth,nom and su p p ly v oltage
Vd d ,nom, then the op tim al threshold v oltage V ∗

th in the c irc u it
op tim ized w ith b oth Vth and w w ill b e low er than Vth,nom

b ecau se d ec reasing the Vth d ec reases the d elay .
T ab le III su m m arizes the v alu e of the p aram eters and the

c irc u it attrib u tes b efore and after the op tim ization. T he
v alu e of zα is tak en to b e 3, w hich corresp ond s to 99% tim -
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ing y ield . T he initial c irc u it A is ob tained b y p erform ing
only gate siz ing w ith Vth and Vd d fi x ed to 0.3V and 1V re-
sp ectiv ely . T he second c irc u it B is op tim ized b y treating
b oth the gate sizes and the threshold v oltage as d ec ision
v ariab les w ith Vd d fi x ed to 1V. As can b e seen from the ta-
b le, the c irc u it B has b oth low er area, low er m ean leak age
and low er v ariance of the leak age for the sam e v alu e of the
c ritical d elay . B y introd u c ing Vth into the p rob lem , w e can
get sav ings of u p to 59% in the area and sav ings of 26% in
the m ean leak age. T hu s w e hav e signifi cantly im p rov ed the
leak age p aram etric y ield w ithou t sac rifi c ing the tim ing y ield .
Also, since the area of the c irc u it has red u ced , it w ill lead to
higher d efect lim ited y ield . T hu s v ary ing Vth is an eff ectiv e
m ethod for op tim iz ing leak age.

F igu re 5 show s the trad e-off of leak age and d elay as a re-
su lt of v ary ing only sizes com p ared to sim u ltaneou s Vth selec -
tion and gate siz ing. G S corresp ond s to the d esign m ethod -
ology u sing only gate sizes as d ec ision v ariab les. As can b e
seen from the fi gu re, p oint A corresp ond s to the m inim u m
p ossib le d elay that can b e achiev ed u sing G S only . How -
ev er, if the Vth is introd u ced as an ad d itional v ariab le (w ith
a low er b ou nd = 0.25V) in the op tim ization, the feasib le re-
gion is inc reased (b ecau se Vth can b e changed ) and w e get a
red u c tion in the ob jectiv e fu nction (p oint B ). At p oint B , the
threshold v oltage is low er than that at p oint A and the area
of the c irc u it corresp ond ing to p oint B is low er than that of
the c irc u it corresp ond ing to p oint A. Also, from p oint B to
p oint C , the threshold v oltage p rov es to b e the m ost eff ectiv e
m ethod of red u c ing the c irc u it d elay . F or ev ery op tim al c ir-
c u it b etw een p oint B and p oint C , only the Vth is d iff erent,
the area of all the c irc u its corresp ond ing to p oints b etw een
B and C is the sam e.

At p oint C , the Vth reaches its low er b ou nd of 0.25V. S ince
the threshold v oltage cannot d ec rease any fu rther, to achiev e
the c ritical d elay , gate sizes hav e to b e inc reased and thu s the
op tim al c irc u its b etw een C and D hav e only d iff erent area
and their Vth is fi x ed to the m inim u m v alu e. How ev er, if the
Vth w ere allow ed to d ec rease fu rther than 0.25V, w e w ou ld
hav e ob tained op tim al c irc u its hav ing low er m ean leak age as
show n b y the c u rv e b etw een the p oints C and E .

B. Simultan eous Vth, Le an d Gate Sizin g

T his section d isc u sses the eff ect of introd u c ing eff ectiv e
gate length and Le as d ec ision v ariab les in the op tim ization
along w ith Vth and gate sizes. S ince the leak age has an ex p o-
nential d ep end ence on Le, it is an eff ectiv e factor for leak age

T ABLE IV

Cir cu it pa r a m e te r s f o r o p tim iz e d cir cu it w ith d if f e r e n t

m e th o d s f o r 9 9 -p e r ce n til e cir cu it d e l a y o f 3 4 9 p s

Vth(V) Le (nm ) Area Leak . (fA/ns)
M ean Var. (X10−2)

G S 3.0 54.8 32.0 0.19 8.74
G S V 2.8 54.8 12.9 0.14 4.56
G S VL 1.71 70.0 13.2 0.12 1.49
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red u c tion. W e now show that Le b iasing p rov id es signifi cant
leak age sav ings com p ared to the leak age sav ings ob tained b y
sim u ltaneou s Vth and gate siz ing. T ab le IV show s the p a-
ram eters for the op tim al c irc u it ob tained b y only gate siz ing
(G S), gate siz ing and Vth assignm ent (G SV ) and gate siz -
ing, Vth and Le b iasing (G SV L) w ith a 99-p ercentile d elay
of 349p s and Vd d fi x ed to 1V. C hanging the Le from a fi x ed
v alu e to a v ariab le cau ses the Le to b e assigned to its m ax -
im u m v alu e if the d elay constraint is not v ery tight. T he
inc rease in Le is show n in the third row and third colu m n of
the tab le. At this v alu e of Tr eq, all the gates in the c irc u it
hav e sam e Le. S ince, inc reasing the Le inc reases the d e-
lay , the inc rease in the d elay is com p ensated b y d ec reasing
the v alu e of Vth as show n in the second colu m n of G S VL.
T hu s the area of the c irc u it d oes not need to b e inc reased .
Hence, the ov erall eff ect is that the m ean of the leak age re-
d u ces b y arou nd 15% w ith the area inc reasing b y only 2% .
Another im p ortant thing to b e noticed is that the v ariance
of the leak age d ec reases consid erab ly . T his is p artly d u e to
the fact that the v ariance of the threshold v oltage red u ces
w ith inc rease in Le as a resu lt of P elgrom ’s m od el. T hu s
the leak age p aram etric y ield im p rov es signifi cantly w ithou t
hav ing a negativ e im p act on the tim ing y ield or the area of
the c irc u it.

F igu re 6 show s the leak age-d elay trad e-off for the tw o
m ethod s G S V and G S VL. In G S V, w hen the d elay is re-
d u ced , the Vth has to b e red u ced to m eet the tim ing con-
straint and thu s the leak age inc reases. Instead , in G S VL,
w hen the d elay constraint is loose, the assignm ent of m ax -
im u m v alu e of Le to all the gates in the c irc u it p rov id es a
leak age op tim al d esign. S ince inc reasing Le inc reases the
d elay as w ell, Vth has to b e red u ced to satisfy the d elay con-
straint. Hence, Vth for G S VL is low er than the Vth ob tained
after p erform ing G S V for the sam e d elay constraint. T hu s,
as show n in F igu re 6, from p oint A to p oint B , the inc rease
in Le is com p ensated b y the red u c tion in Vth and the area
rem ains constant. At p oint B , the op tim al d esign has the



TABL E V
Ar e a -L e a k a ge tr a d e -o f f a s a r e su lt o f in cl u d in g Le in th e O p tim iz a tio n

Delay (p s) Area Leak age (10−1) (fA/ns) S td . Dev . Leak age (10−1) (fA/ns)
G S V G S VL G S V G S VL G S V G S VL

289 13.54 24.83 13.2 10.3 18.73 12.00
299 13.42 24.89 8.67 6.95 12.25 7.64
309 13.42 23.94 5.81 4.98 8.21 5.25
319 13.21 18.32 3.98 3.41 5.63 3.53
329 13.12 14.78 2.78 2.41 3.93 2.45

minimu m valu e of th e Vth = 0.15V . Hence, b ey ond p oint
B Vth cannot b e d ec reased . T h u s th e d ec rease in c irc u it
d elay is ach iev ed b y red u c tion in Le as w ell as inc rease in
th e gate sizes. T h e leak age sav ings in th e mean leak age b y
inc lu d ing Le in th e op timization is arou nd 20% more th an
th at ob tained u sing ju st G S V and arou nd 37% comp ared
to G S . T h e sav ings only inc rease as th e d elay constraint is
tigh tened .

T ab le V comp ares th e area, mean and th e stand ard d ev ia-
tion of th e leak age of th e op timized c irc u it ob tained b y u sing
G S V and G S VL for d iff erent v alu es of th e req u ired time. W e
see from colu mn 3 th at th e leak age red u c tion is ob tained b y
u sing G S VL b u t at th e cost of th e inc reased area. F rom
colu mns 5 and 7, w e see th at th e mean of th e leak age and
th e stand ard d ev iation of th e leak age of th e op timal c irc u it
ob tained u sing G S VL is mu ch low er th an th at of a c irc u it
ob tained u sing only G S V.

VI. Co n cl u sio n s

In th is p ap er, w e p resented a nov el meth od ology for si-
mu ltaneou sly v ary ing th e th resh old v oltage, gate sizes and
th e gate length of a c irc u it to ach iev e a minimu m leak age
c irc u it. W e inc lu d ed th e eff ect of v ariou s p rocess v ariations
on d iff erent c irc u it p arameters. A fu nction of b oth mean and
v ariance of th e leak age w as minimized w ith constraints on
th e α-p ercentile of th e c irc u it d elay . Also, to th e b est of ou r
k now led ge, th is is th e fi rst w ork to inc lu d e Le as a meth od to
red u ce leak age v ariab ility . W e sh ow ed th at simu ltaneou sly
u sing Vth, gate sizes and Le p rov id e signifi cant imp rov ement
in th e leak age p arametric y ield . W e also d emonstrated th at
w e can ob tain a consid erab ly b etter c irc u it in terms of leak -
age and area b y introd u c ing Le and Vth as d ec ision v ariab les
in th e op timization p rob lem in ad d ition to th e gate sizes.
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