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ABSTRACT
Negativ e Bias T emp erature Instabilit y (NBTI) in PMOS

transistors has b ecome a ma jor reliabilit y concern in nanome-

ter scale design, causing the temp oral degradation of the

threshold v oltage of the PMOS transistors, and the dela y

of digital circuits. A no v el metho d to c haracterize the de-

la y of ev ery gate in the standard cell library , as a function

of the signal probabilit y of eac h of its inputs, is dev elop ed.

Accordingly , a tec hnology mapping tec hnique that incorp o-

rates the NBTI stress and reco v ery e�ects, in order to ensure

optimal p erformance of the circuit, during its en tire life-

time, is presen ted. Our tec hnique, demonstrated o v er 65nm

b enc hmarks sho ws an a v erage of 10% area reco v ery , and 12%

p o w er sa vings, as against a p essimistic metho d that assumes

constan t stress on all PMOS transistors in the design.

Categories and Subject Descriptors
B.8.2 [ P erformance and Reliabilit y ]: P erformance Anal-

ysis and Design Aids

General Terms
Reliabilit y , P erformance, Design

Keywords
Negativ e Bias T emp erature Instabilit y (NBTI), Signal Prob-

abilit y , T ec hnology Mapping, Area, Dela y

1. INTRODUCTION
With transistor scaling in to the sub-65nm tec hnology no de,

the impact of NBTI (Negativ e Bias T emp erature Instabil-

it y) on temp oral circuit p erformance has b ecome extremely

imp ortan t. NBTI can b e explained b y mec hanisms related

to the generation of in terface traps in PMOS transistors due

to the disso ciation of S i � H b onds along the o xide in ter-

face, and has b ecome a ma jor reliabilit y concern. The e�ects

of this phenomenon are maximized when the gate-to-source

v oltage, V

g s

, across a PMOS transistor equals � V

dd

, and is

accelerated b y elev ated op erating temp eratures. NBTI man-

ifests itself as an increase in the transistor threshold v oltage,
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causing the driv e curren t to decrease. This causes the logic

gates to slo w do wn, and the critical paths ma y no longer b e

able to sustain the required timing.

While there ha v e b een sev eral di�eren t ph ysical expla-

nations for the NBTI mec hanism, leading to v arious mo d-

els [1, 2, 3, 4, 5, 6, 7 ], most of them ha v e sho wn that the PMOS

transistor threshold v oltage rises logarithmically with time,

leading to ab out 25-30% increase in its v alue after 10 y ears.

The exten t of threshold v oltage degradation is strongly de-

p enden t on the amoun t of time for whic h the device has b een

stressed and relaxed, since the generation of traps under neg-

ativ e bias stress is follo w ed b y annealing of the traps during

reco v ery , (i.e., when the stress is relaxed). Circuit sim ula-

tions using these mo dels ha v e sho wn that NBTI causes the

dela y of digital circuits to w orsen b y ab out 10% [1, 8, 9].

A general solution to main taining optimal p erformance

under the in
uence of NBTI has b een to reduce the dela y of

the critical paths through the use of gate sizing [3, 9]. The

w ork in [9] form ulates a nonlinear optimization problem to

determine the optimal set of gate sizes required to ensure

that the circuit runs at its dela y sp eci�cation, after 10 y ears

of op eration. The w ork is based on a mo del for NBTI, that

ignores the e�ect of reco v ery , in computing the threshold

v oltage degradation. The mo del cum ulativ ely adds the time

for whic h the gates are stressed during their en tire lifetime,

and estimates the threshold v oltage degradation, assuming

that the gates are con tin uously stressed for that duration.

Hence, their results sho w that the increase in the circuit area

is rather w eakly dep enden t on the signal probabilities of the

no des, and assuming that all gates in the circuit are alw a ys

NBTI a�ected (w orst case design) do es not signi�can tly af-

fect the �nal solution. The authors consider the gate sizes

to b e con tin uous, and sho w that an increase in area of ab out

8.7%, as compared to a design that ignores NBTI e�ects, is

required to meet the target dela y .

W e observ e that the ab o v e idea can b e readily used in

other transforms, suc h as tec hnology mapping, b y replacing

the nominal v alue of the dela ys of the gates in the standard

cell library , with the dela y under w orst case NBTI. The tar-

get frequency is giv en to the syn thesis to ol, and tec hnol-

ogy mapping can b e p erformed using these NBTI-a�ected

library cells to pro duce a circuit, whic h is structurally dif-

feren t from that obtained using the sizing algorithm in [9],

but is functionally equiv alen t, and meets the timing.

Ho w ev er, w e �nd the conclusion that the dela y is indep en-

den t of signal probabilit y do es not hold, under a mo del that

captures the healing of NBTI, on remo v al of the applied

stress. This happ ens frequen tly in a circuit: for example,

when the input signal to a CMOS in v erter c hanges from logic

0 to logic 1, the V

g s

stress is relaxed from � V

dd

to zero. The

reco v ery in threshold v oltage on remo ving the applied stress,

can b e explained b y ph ysical mec hanisms related to anneal-

ing of in terface traps, and reformation of S i � H b onds. Ex-

p erimen ts in [2, 7], and subsequen tly the mo dels in [1, 3, 4],

ha v e sho wn that considering the e�ect of annealing and re-



co v ery has a signi�can t b earing on the o v erall NBTI impact.

F urther, the w ork in [9] merely computes the fractional

increase in the area of eac h gate on an existing design, (im-

plying a library consisting of in�nitely man y sizes of eac h

gate), to coun ter the temp oral degradation caused b y NBTI.

Instead, our w ork relies on in tegrating the e�ects of NBTI

stress and reco v ery in to circuit design at a m uc h earlier

stage, i.e., during tec hnology mapping. Since a digital cir-

cuit consists of millions of no des with di�ering signal prob-

abilities, it is essen tial to estimate the dela y of the gates

in the library based on their input no de signal probabili-

ties, and use these dela y v alues during tec hnology mapping.

W e presen t a no v el mo del to estimate the dela y degradation

of ev ery gate in the standard cell library , as a function of

the signal probabilities of its input no des. Accordingly , our

pap er prop oses an approac h to mo dify the pro cess of tec h-

nology mapping, based on the signal probabilit y (de�ned as

the probabilit y that the signal is lo w

1

and denoted b y SP)

of the no des in the circuit. The SP v alues of the primary

inputs can b e determined, based on R TL-lev el sim ulations

and statistical estimates. The SP v alues at ev ery other no de

in the sub ject graph are calculated accordingly , and this in-

formation is used to c ho ose the b est gate to meet the timing

at eac h no de.

The e�ectiv eness of this sc heme is compared with the

w orst case NBTI library based syn thesis approac h, where

the dela y of ev ery gate in the standard cell library is re-

placed with its equiv alen t NBTI a�ected v alue, computed

b y assuming that the PMOS transistors are con tin uously

stressed, and tec hnology mapping is p erformed using this li-

brary . Our results indicate that an a v erage 10% reco v ery in

area can b e obtained using the SP based metho d, as opp osed

to the w orst case NBTI based metho d.

2. NBTI MODELING AND LIBRARY CHAR-
ACTERIZATION

In this section, w e presen t an o v erview of the NBTI mo del

used to calibrate the dela y of the gates in the standard cell

library . W e �rst c haracterize the threshold v oltage, denoted

b y V

th

, of the PMOS transistors, as a function of the n um-

b er of in terface traps, whic h is further dep enden t on the

probabilit y that the input to the PMOS device is lo w. W e

obtain a lo ok-up table of V

th

v ersus the signal probabilit y ,

SP , and use this lo ok-up table to estimate the threshold v olt-

age degradation of eac h PMOS transistor in the gate, based

on the no dal signal probabilities, and thereb y compute the

dela y of ev ery cell in the library . The dela y of eac h standard

cell in the library is precomputed as a function of the SP of

eac h input no de, and can b e referenced accordingly , during

tec hnology mapping.

The exten t of threshold v oltage degradation as a function

of the n um b er of in terface traps is calculated from [1] as:

� V

th

=

( m + 1) q N

I T

C

ox

(1)

where C

ox

is the o xide capacitance, N

I T

is the n um b er of

in terface traps, and m is the additional factor added due

to mobilit y degradation. The N

I T

computations are ap-

plicable to deterministic w a v eforms, whose exact nature of

stress and relaxation are kno wn. Ho w ev er, it is imp ossible

to predict the exact input pattern for digital circuits, since

the input w a v eforms are random in nature, and can merely

b e represen ted using statistical information, suc h as signal

probabilities and activit y factors or switc hing probabilities.

1

Con v en tionally , the signal probabilit y has b een de�ned as

the probabilit y that the signal is high. Ho w ev er, since NBTI

stress on PMOS devices is caused b y logic 0 signals, for

con v enience, w e de�ne SP as the probabilit y that the signal

is at logic zero.

Hence, these random w a v eforms are con v erted in to equiv-

alen t deterministic p erio dic rectangular signals [1] b y en-

suring that the signal probabilities of the random w a v eform

and that of the deterministic p erio dic w a v eform, i.e., the

cum ulativ e o�-times for b oth the w a v eforms are the same.

The metho d is explained in detail, and pro v en analytically

as w ell, for square w a v eforms, in [1], and is pictorially sho wn

in Fig. 1. F or con v enience p and q are c hosen to b e in tegral

v alues suc h that the time p erio d of this p erio dic w a v eform

is q t

0

, where t

0

is the time step v alue used for sim ulations,

and

p

q

, i.e., the signal probabilit y or the o�-time dut y cycle

of the p erio dic w a v eform, is equal to SP , where SP denotes

the signal probabilit y of the random w a v eform.

Random waveform

Equivalent periodic rectangular waveform 
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Figure 1: A random w a v eform (with signal proba-

bilit y = SP) and its equiv alen t p erio dic rectangular

w a v eform with the same stress dut y cycle (

p

q

= SP).

The ab o v e metho d estimates the n um b er of in terface traps

N

I T

, b y assuming that stress is applied on the PMOS device

for the p erio d b et w een nq t

0

and ( nq + p ) t

0

, and is follo w ed b y

relaxation from time ( nq + p ) t

0

to ( n + 1) q t

0

, for n = 0,1,2...,

as sho wn in the �gure. F rom [1], N

I T

at an y time j t

0

(where

j is a p ositiv e in teger) for this p erio dic w a v eform is giv en b y

the equation:

N

I T

( j t

0

) = s

j

N

I T

( t

0

) (2)

and s

j

for an y j = nq + i is giv en b y:

s

nq + i

=

8

<

:

( i + s

6

q n

)

1

6

0 < i � p

s

nq + p

+ s

nq

(

i � p

2 i

)

0 : 5

1+

(

i � p

2 i

)

0 : 5

p < i � q

(3)
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Figure 2: j V

th

j v ersus signal probabilit y (SP) for a

65nm PMOS transistor.

Using the ab o v e metho d, random w a v eforms at the gate

input no des are equiv alen tly represen ted as deterministic

w a v eforms with the same SP v alues, and the n um b er of in-

terface traps, and the V

th

v alues, after 3 � 10

8

seconds ( � 10

y ears) of NBTI stress and relaxation are computed, using

t

0

= 0.01s and q = 100 in the ab o v e equations. This pro-

cess is rep eated for di�eren t v alues of SP , (i.e., p ranging

from 0 to 100, suc h that SP (=

p

q

) v aries from 0 to 1,

in steps of 0.01) to obtain a plot of j V

th

j v ersus SP for a

65nm PTM transistor [10], as sho wn in Fig. 2. The nom-

inal v alue of j V

th

j is 0.365V, while the v alue of j V

th

j under

constan t NBTI stress, (also kno wn as static NBTI stress or



DC stress), is 0.456V. The curv e sho ws a steep rise near

SP = 0.01. Although SP = 0.01 corresp onds to 3 � 10

6

sec-

onds of stress, and appro ximately 3 � 10

8

seconds of relax-

ation cum ulativ ely , the stress e�ect is more dominan t than

the relaxation e�ect, and hence the amoun t of time for whic h

stress is applied in this case is su�cien tly large enough to

cause a signi�can t amoun t of trap build-up.

A lo ok-up table of V

th

v ersus SP is built for di�eren t v alues

of SP, ranging from 0 to 1. Clearly , SP = 0 corresp onds to

the case where there is no NBTI impact, and is referred to

as the nominal case, while SP = 1 corresp onds to the case

where the gate is under con tin uous DC stress, and hence

represen ts the w orst case NBTI.

Since the SP at a gate input, and hence the dela y, dep ends

on where the gate is placed in the circuit, a c haracterization

of gate dela y as a function of the input no de signal proba-

bilities, is necessary . This is ac hiev ed b y �rst computing the

threshold v oltage of eac h PMOS device in the gate as a func-

tion of the no dal SP v alues, and p erforming SPICE based

dela y sim ulations on the gate with the mo di�ed V

th

v alues.

Th us, the NBTI-a�ected dela y of eac h gate in the library

can b e c haracterized. W e pro vide an o v erview of the e�ect

of NBTI on di�eren t classes of logic gates, namely NAND,

NOR and in v erters, in the next subsection.

2.1 Inverters:
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Figure 3: NBTI impact on an in v erter and a t w o

input NAND gate after 10 y ears of op eration.

Since an in v erter consists of a single PMOS transistor

whose source is alw a ys connected to V

dd

, applying a logic

0 at the input no de corresp onds to the case of NBTI stress,

while applying a logic 1 corresp onds to relaxation.

Th us, giv en the SP v alue at the input no de, the V

th

of

the PMOS transistor can b e computed using the lo ok-up

table describ ed in the previous section. The rise dela y of

the in v erter can b e calibrated with resp ect to the V

th

of the

PMOS transistor through SPICE sim ulations, and the plot

of dela y after 10 y ears of op eration, v ersus SP , is sho wn in

Fig. 3(a). The results indicate that the rise dela y increases

linearly with SP . The steep rise near SP = 0 follo ws from

the shap e of the V

th

-SP plot in Fig. 2, where the threshold

v oltage rises sharply initially . The fall dela y dep ends on

the V

th

of the NMOS transistor, and hence largely remains

una�ected.

2.2 NAND Gates:
The b eha vior of NAND gates is similar to that of in v erters

since they consist of a single PMOS transistor b et w een the

output no de and V

dd

. The SP of no de I

i

, denoted as SP

i

,

determines the V

th

of the PMOS transistor connected to

that no de only

2

. Accordingly , the rise dela y D

i

of the gate,

de�ned as the dela y of the transition from input no de I

i

to

2

The w orst case rising transition of a NAND gate from I

k

to O o ccurs with I

1

= I

2

= .. = I

k � 1

all at V

dd

, i.e., the

PMOS devices are all o�. Hence, D

k

dep ends on SP

k

only .

the output no de O, is a function of SP

i

, as sho wn in Fig.

4(a). The rise dela y of a t w o input NAND gate after 10 y ears

of op eration, as a function of the input SP , is plotted in Fig.

3(b). The upp er curv e plots the dela y D

2

from no de I

2

to

the output no de O, as a function of SP

2

, while the lo w er

curv e plots the dela y D

1

from no de I

1

, as a function of SP

1

.

The shap e of the plot is similar to that of the in v erter curv e

sho wn in Fig. 3(a). The fall transition o ccurs through the

NMOS device stac k and is largely una�ected b y NBTI.
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Figure 4: Sc hematic of (a) a k � input NAND, and

(b) a t w o input NOR.

2.3 NOR Gates:
Unlik e the NAND gates or the in v erters, whic h consist of a

single PMOS device b et w een V

dd

and the output no de, NOR

gates consist of PMOS stac ks, and hence the steady states of

the in termediate no des determine whether eac h individual

transistor is under negativ e bias stress or relaxation. The

analysis for t w o input NOR gates is presen ted b elo w:
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Figure 5: Rise dela y of a t w o input NOR gate v ersus

SP

i

, taking in to accoun t the NBTI e�ect, after 10

y ears of op eration. The curv es plot dela y v ersus SP

2

for SP

1

= [0, 0.33, 0.67, 1].

Let us consider a t w o input NOR gate represen ted as O

= I

1

+ I

2

, whose sc hematic is sho wn in Fig. 4(b). The

probabilit y that the upp er PMOS transistor, i.e., the one

connected to I

2

in Fig. 4(b) is under stress is simply

p (I

2

) = SP

2

(4)

since its source is alw a ys at V

dd

. Ho w ev er, the probabilit y

that the lo w er transistor is NBTI a�ected is giv en b y

p (I

1

) = SP

1

� SP

2

(5)

since the probabilit y of its source b eing at V

dd

dep ends on

the probabilit y that the gate input at I

2

is 0. Th us, stac king

reduces the impact of NBTI.

The dela y of a t w o-input NOR gate as a function of the

input SP v alues is sho wn in Fig. 5. The w orst case rise dela y

after 10 y ears of op eration, is computed as the dela y from

no de I

2

to the output no de. The dela y dep ends on the V

th

of
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Figure 6: Results of tec hnology mapping for C17 b enc hmark: (a) sho ws the result for nominal syn thesis,

whic h results in a circuit that fails with aging, while (b) sho ws the result for w orst case NBTI syn thesis, and

(c) indicates the result for SP based syn thesis. Note that \a" represen ts the minim um size for a particular

gate and \b", \c", \d", etc. represen t gates of higher sizes.

all transistors in the stac k, and is hence plotted as a function

of b oth SP

1

, and SP

2

. When SP

2

= 0, there is no trap build-

up for the PMOS transistor connected to no de I

2

, and the

probabilit y that its drain is at V

dd

is zero. Consequen tly , the

source of the transistor at no de I

1

is nev er at V

dd

, and there

is no trap build-up for the PMOS device connected to I

1

as

w ell. Hence, the rise dela y is equal to its nominal v alue. F or

the remaining cases, the rise dela y increases as a function

of SP

1

and SP

2

, as sho wn in the �gure. It is eviden t from

the ab o v e expressions that pin reordering can b e p erformed

to ensure that the no des with higher SP v alues are placed

closer to the output no de, thereb y minimizing the o v erall

dela y degradation of the gate. The analysis for three-input

NOR gates can b e p erformed similarly , and is omitted due

to space constrain ts.

F or complex gates, a com bination of the analysis for NAND

and NOR gates is p erformed to c haracterize the dela y as a

function of the input signal probabilities. The next section

describ es the logic syn thesis mec hanism using the ab o v e li-

brary c haracterization, and the results obtained.

3. NBTI-AWARE TECHNOLOGY MAPPING
In this section, w e describ e the pro cess of tec hnology map-

ping using the smallest ISCAS85 b enc hmark C17, as an ex-

ample. The b enc hmark consists of �v e inputs i0, i1, i2, i3,

and i4. There are t w o primary outputs, y9 and y10. The

logic function computed b y this circuit is giv en as follo ws:

y9 = (i1 + i4 ) � ( i2 + i3 )

y10 = i0 � i2 + i1 � ( i2 + i3) (6)

The sub ject graph for C17 obtained through SiS [11], us-

ing a NAND2-NOT represen tation. T ec hnology mapping

is then p erformed, using a 65nm PTM [10] based standard

cell library , consisting of 10 NOT gates, 6 NAND2 gates,

6 NOR2 gates, 5 NAND3 gates, 3 NOR3 gates, 3 A OI22

gates, 3 A OI12 gates, 3 O AI22 gates, and 3 O AI12 gates of

v arying sizes. A large library set consisting of di�eren t gates

of v arying sizes is c hosen, to pro vide the syn thesis to ol with

di�eren t options to implemen t a giv en logic cone. The dela y

of eac h of these gates in the library is prec haracterized as

a function of their input signal probabilities, at eac h of the

original data p oin ts. The o v erhead in prec haracterizing the

library dep ends on the original n um b er of corners at whic h

the dela y w as c haracterized, and can b e reduced b y using

linear mo dels with resp ect to the signal probabilities, whic h

pro vide an accurate �t, as can b e observ ed from Figs. 3(a),

3(b), and 5.

During tec hnology mapping, the logic cone for eac h no de

can b e implemen ted in v arious structurally di�eren t w a ys, to

realize the same functionalit y . The mapping to ol computes

the area and the dela y of eac h of these realizable structures,

using data from the standard cell library , and p erforms a

\b est matc h" searc h o v er the candidate gates, based on the

optimization constrain ts (minim um area, minim um dela y , a

linear com bination of b oth, etc.). The b est matc h is re-

tained and the corresp onding input binding is preserv ed.

This pro cedure is rep eated o v er all no des in the co v ering

phase, in a primary output to primary input order, suc h

that the fan-out no des for a particular no de are syn thesized

b efore mapping the no de itself. This step is follo w ed b y

global area reco v ery , and fanout-optimization, during whic h

the gate sizes are altered. A bu�er insertion step is also p er-

formed to further optimize the circuit (This step do es not

c hange the SP v alues of the existing no des.). Three di�eren t

ob jectiv es are used to syn thesize the circuits, namely:

� Nominal Syn thesis : T ec hnology mapping is realized

using the nominal timing library , where the dela y of

eac h gate at time t = 0 is used. It m ust b e noted

that circuits designed using this metho d fail w ell b efore

their lifetime, due to the NBTI induced temp oral dela y

degradation.

� W orst case NBTI Syn thesis : T ec hnology mapping

is p erformed using the NBTI-a�ected timing library ,

where the w orst case dela y of eac h gate computed after

10 y ears of con tin uous NBTI stress, is used, instead of

the nominal dela y v alues.

� SP based Syn thesis : T ec hnology mapping is p er-

formed using the SP information at eac h no de to c ho ose

the gate with the least area o v erhead to meet the tim-

ing requiremen t. The dela y of the gates in the library

as a function of SP , is precomputed in the form of lin-

ear b est �t-curv es.

The input parameters to the syn thesis to ol and the results

of tec hnology mapping, for eac h of these three cases for a

giv en target dela y , are describ ed b elo w, using C17 as the

test circuit. The target dela y is c hosen as 70ps for this case.

3.1 Nominal Synthesis
This corresp onds to the case where the nominal dela y of

eac h gate is used during tec hnology mapping. The �nal re-

sult of the syn thesizer is sho wn in Fig. 6(a). The area of the

circuit, computed as the sum of the widths of all transistors,

is 7.4 � m, and all the gates used in the circuit for mapping

are minim um sized (of size \a"). The nominal syn thesis

metho d is considered for comparison purp oses only , since



circuits designed using this sc heme are not NBTI-toleran t

and fail to meet the timing after a certain p erio d of time,

due to the temp oral degradation caused b y NBTI.

3.2 Worst case NBTI Synthesis
In this case, the rising dela ys of the gates in the library

are replaced b y their NBTI-a�ected v alue, after 10 y ears of

con tin uous stress, while the falling dela ys remain unaltered.

SPICE sim ulations are p erformed with the V

th

v alue corre-

sp onding to constan t DC stress in the V

th

-SP lo ok-up table,

(i.e., V

th

= 0.456V), and the corresp onding dela ys are used

in the timing library , instead of the nominal v alues. Ex-

p ectedly , larger sized gates m ust b e used to meet the timing

required, resulting in higher area as compared with the nom-

inal case. The mapp ed circuit for C17 is sho wn in Fig. 6(b).

The size of eac h gate is sho wn in the �gure, and it is eviden t

that the gates along the critical path m ust b e appropriately

sized to meet the timing constrain ts. The �nal area of the

circuit is 11.6 � m.

3.3 SP based Synthesis
F or the SP based syn thesis, it is vital to propagate the

SP information across all no des based on the logic function

b eing realized. This step is p erformed on the sub ject graph

in SiS, whic h consists of a NAND2-NOT based decomp o-

sition of the circuit. The SP for the primary inputs are

assigned initial v alues, determined b y R TL lev el sim ulations

and statistical estimates (0.5 in our case), and these v alues

are propagated along the v arious no des in the sub ject graph

in a PI-PO (primary input-primary output) order. During

tec hnology-mapping, the SP v alues of the no des are passed

to a function that determines the dela y of the v arious logic

structures that realize the logic cone. The b est-dela y matc h

is subsequen tly obtained and the corresp onding gate that

has the minim um NBTI-impact is c hosen. The ab o v e step

is rep eated globally , un til all no des ha v e b een mapp ed to

their b est matc hes. The �nal mapp ed circuit for C17 is

sho wn in Fig. 6(c). The area for this case is 9.8 � m. The

SP based syn thesis requires 15% less area as compared with

the w orst case NBTI syn thesis, for a particular target dela y .

The exp erimen tal results for the SP based and w orst case

syn thesis metho ds, obtained o v er di�eren t ISCAS85 and

LGSYNTH b enc hmarks, are presen ted in the next section.

4. RESULTS
This section presen ts the results of tec hnology mapping

using a PTM [10] 65nm tec hnology no de based library , for

the w orst case NBTI, and SP based syn thesis. The results

are sho wn for some ISCAS85 and LGSYNTH b enc hmarks

in T able 1. The target dela y for eac h b enc hmark is set suc h

that it lies in the region of the area-dela y curv e where the

p ercen tage c hange in the area is comparable with the p er-

cen tage c hange in the dela y , thereb y pro viding scop e for op-

timization. The area (calculated as the sum of the transistor

widths of all gates) and the sum of activ e p o w er (computed

using the form ula P = f C

L

V

2

dd

� , where f = frequency of

op eration, C

L

= loading capacitance, V

dd

= supply v oltage,

and � = activit y factor or switc hing probabilit y), and leak-

age p o w er (computed using the form ula L = ( I

sub

+ I

g ate

) V

dd

o v er all input com binations, where I

sub

is the subthreshold

curren t, and I

g ate

is the curren t due to gate-leak age), are

rep orted for eac h circuit. The columns titled \Sa vings" es-

timate the amoun t of area or p o w er that can b e reco v ered

using the SP based syn thesis as against using the w orst case

NBTI syn thesis. Most b enc hmarks result in b etter area and

p o w er when syn thesized using the SP based metho d, as op-

p osed to the w orst case NBTI syn thesis. Although, tec hnol-

ogy mapping w as p erformed to obtain a circuit with mini-

mal area, the ob jectiv e function can b e mo di�ed to minimize

the activ e p o w er, leak age, etc. The table sho ws an a v erage

of 10% reco v ery in area and an a v erage of 12% sa vings in

p o w er (activ e + leak age) for the b enc hmarks, due to sig-

ni�can t reduction in the total device size, and capacitance.

The results indicate that considering the SP v alues during

tec hnology mapping has a signi�can t b earing on the circuit

generated during logic syn thesis.

The area v ersus dela y curv e for v arying target dela y v alues

is sho wn for the SP based syn thesis and w orst case NBTI

syn thesis metho ds for the LGSYNTH b enc hmark b1 in Fig.

9. It m ust b e noted that the �gure only sho ws the cen tral

linear region of the area-dela y curv e, where the p ercen tage

c hange in area is comparable with the p ercen tage c hange

in the dela y . The target dela y of the circuits is c hosen to

lie in this region, since e�cien t area-dela y trade-o�s can

b e ac hiev ed here. Bey ond this region, either the area or

the dela y o v erhead is large, thereb y leading to a sub optimal

design. The upp er curv e represen ts data for the w orst case

NBTI syn thesis, while the lo w er curv e corresp onds to SP

based syn thesis. In this region, clearly the area of the SP

based syn thesis metho d is less than the area of the w orst case

NBTI library based metho d b y ab out 10%, for an y target

dela y . Accordingly for a target dela y of 108ps, 11% area

sa vings can b e obtained as seen from the �gure.
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Figure 7: Area-dela y curv e for the b enc hmark b1.

In order to obtain a comparison of the reliabilit y of the cir-

cuits syn thesized using the three metho ds, namely nominal,

w orst case NBTI, and SP based syn thesis, timing sim ula-

tions are p erformed on eac h of the three syn thesized circuits

on all b enc hmarks, at v arious time stamps. The threshold

v oltage at eac h time time stamp is computed, and the gate

dela ys are c haracterized to obtain a library that corresp onds

to the NBTI induced degradation on the standard cells, at

the giv en time stamp. The SP of all primary inputs are as-

signed to b e 0.5, and the SP v alues at the in termediate no des

are calculated through Mon te Carlo sim ulations, based on

the metho d in [12]. Accordingly , the arriv al times at the pri-

mary output no des at di�eren t time stamps are computed.

The results for C432 are sho wn in Fig. 12. The top most

curv e sho ws the results for the nominal case, while the b ot-

tom most curv e sho ws the results for the w orst case NBTI

syn thesis case, and the middle curv e sho ws the results for

the circuit designed using SP based syn thesis metho d. The

results sho w that the dela y of the b enc hmarks increases with

time logarithmically , and the three curv es run almost paral-

lel to one another.

Since the target dela y for C432 is desired to b e 790ps,

w e assume that the circuits are no longer functional if the

arriv al time exceeds the target dela y . Although the area of

the circuit syn thesized using the nominal case is less than

that using the SP based syn thesis metho d, the circuit b e-

comes dysfunctional after 4 � 10

4

s, ( � half a da y), rendering

it practically useless, whereas the circuit syn thesized using

the SP based metho d can sustain timing degradation up

to 10 y ears. The circuit syn thesized using the w orst case

NBTI syn thesis metho d is reliable for o v er 10 y ears, but this

metho d o v erestimates the exten t of temp oral degradation,

and hence leads to a design that requires higher area and

p o w er. Th us, using the SP based syn thesis metho d leads



T able 1: Results of T ec hnology Mapping for ISCAS85 and LGSYNTH b enc hmarks

Benc hmark
T arget Dela y (ps)

W orst case NBTI Syn thesis SP based Syn thesis

Area ( � m) P o w er ( � W) Area ( � m) % Sa vings P o w er ( � W) % Sa vings

C17 70 11.3 0.8 9.8 12% 0.7 10%

C432 790 594.3 57.2 548.4 8% 52.7 8%

C499 648 1192.9 57.1 1075.7 10% 52.2 9%

C880 610 636.2 121.7 588.5 7% 107.8 11%

C1355 735 1282.2 122.0 1051.8 18% 99.2 19%

C1908 860 1234.6 122.5 1191.7 3% 117.2 4%

C2670 765 1347.1 127.7 1337.9 1% 127.5 0%

C3540 1100 2569.8 256.4 2057.4 20% 206.2 20%

C6288 3200 4356.2 448.0 3817.5 28% 387.4 14%

C7552 990 4009.9 409.0 3858.4 4% 394.2 4%

ma jorit y 110 19.2 1.6 16.4 14% 1.2 25%

b1 108 27.1 2.8 24.0 11% 2.2 23%

deco d 151 143.4 11.9 118.9 17% 9.2 22%

cordic 297 162.9 13.1 152.1 7% 12.6 4%

alu2 923 760.2 74.3 691.3 9% 65.5 12%

ap ex6 365 1080.9 98.0 1044.2 3% 90.2 8%

des 620 8738.4 891.0 8657.1 1% 866.0 3%

alu4 940 1498.6 149.0 1302.1 13% 126.2 15%

to o large 545 1582.1 153.4 1511.0 4% 140.7 8%

vda 480 2088.0 243.1 1966.7 6% 222.6 8%

Av erage 10% 12%
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Figure 8: T emp oral degradation of C432.

to an optimized circuit that minimizes the area and p o w er

o v erhead to ensure enhanced reliabilit y up to 10 y ears.

5. CONCLUSION
NBTI has no w b ecome an imp ortan t reliabilit y concern in

circuit design. Its deleterious e�ect on the PMOS transis-

tors has caused circuit dela ys to w orsen b y ab out 10%, after

10 y ears of op eration, thereb y forcing designers to relax the

target frequency of op eration, or seek solutions to sustain

optimal p erformance. Our w ork prop oses a metho d to p er-

form tec hnology mapping, b y taking in to accoun t the exact

NBTI e�ect, and its dep endency on the amoun t of time for

whic h the gate has b een stressed and relaxed. The dela y of

the gates in the standard cell library is represen ted as a func-

tion of the input no de signal probabilities, and this informa-

tion is used to p erform optimization during tec hnology map-

ping. Accordingly , circuits are syn thesized to ensure optimal

p erformance during the en tire lifetime of around 10 y ears,

despite NBTI induced temp oral degradation. The results of

this SP based NBTI-a w are syn thesis sc heme are compared

with a w orst case NBTI library based syn thesis, and the

area-p o w er sa vings that can b e ac hiev ed are rep orted. Our

exp erimen tal results indicate that an a v erage of 10% sa vings

in area and around 12% sa vings in p o w er can b e ac hiev ed

using this metho d.
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