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Abstract— Negative Bias Temperature Instability (NBTI) in PMOS
transistors has become a major reliability concern in preset-day digital
circuit design. Further, with the recent usage of Hf-based mgh-k di-
electrics for gate leakage reduction, Positive Bias Tempature Instability
(PBTI), the dual effect in NMOS transistors has also reachedsignificant
levels. Consequently, designers are required to build in dstantial guard-
bands into their designs, leading to large area and power ovlBeads, in
order to guarantee reliable operation over the lifetime of achip. We
propose a guard-banding technique based on adaptive body &8 (ABB)
and adaptive supply voltage (ASV), to recover the performane of an
aged circuit, and compare its merits over previous approachs.

I. INTRODUCTION

NBTI (Negative Bias Temperature Instability) in PMOS desc
has become a key reliability issue in sub-130nm technododiBT]I
manifests itself as an increase in the PMOS transistor tibtes

trade-offs. Forward Body Bias (FBB) can be used to speed up a
circuit [8], by reducing thé/, thereby using up the available slack
in the leakage budget. Further, the amount of FBB can berdated
adaptively based on the exact temporal degradation of theitiand
hence requisite amounts of body bias can be applied, tolgxaeet

the target specifications under all conditions.

The main advantage of this scheme is that the performanceean
recovered with a minimal increase in the area overhead apa@u
with “one-time” approaches such as sizing and synthesisleN®]
demonstrated that ABB could be used to recover the circoinfr
voltage and temperature variations, as well as aging, ouk vgathe
first comprehensive CAD solution to take advantage of thecgtoh
in leakage due to bias temperature instability (BTI). We destrate
how ABB can be used to maintain the optimal performance of the

voltage V;, with time, thereby causing circuit delays to degradéirCUit over its lifetimetjz, by determining the PMOS and NMOS

temporally, and exceed their specifications. A correspandind dual
effect, known as Positive Bias Temperature Instability TRH1]-
[3] is seen for NMOS devices, when a positive bias stress ptieap

body bias values (and supply voltage) required at all timatpo
Both the sizing [5] and synthesis [6] approaches have sh@wn r
ductions in the area and power overhead in using a signahpiiity

across the gate oxide of the NMOS device. Although the impae{ofjle to determine the delay .of the circuit, inside the mig'ation
of PBTI is lower than NBTI [2], PBTI is increasingly becoming€ngdine, as opposed to computing the worst-case delay dagracf

important in its own right, particularly with the use of Héaked
dielectrics in the gate-oxide for leakage reduction [1], [3

the circuit, based on [4]. However, it is not possible to catepthe
asymptotic signal probabilities, over the entire lifetimgeration of

Previous approaches to guard-banding a circuit and erg;surirrli‘e circuit, in an accurate manner. Further, any such signodlability

optimal performance over its lifetime, such as sizing [4], [and
synthesis [6] can be classified as “one-time” solutions théd
appropriate guard-bands at design time. These methodenezally
formulated as optimization problems of the type:

Minimize o Area + 3 Power

s.t. D(0 <t < tjfe) < Dspec 1)

based framework must guarantee a reliable operation utideoik-
load conditions. Hence, we consider a worst-case delayadation
based model to determine the temporal delays of the circuit.
Adaptive control systems can be implemented using a dritica

path replica based approach, or a look-up table based tpehnas
described in detail in [10]. Comparing these two methods,nai
that the critical path replica based approach has sevenithtions.
Hence, we propose to use a look-up table consisting of thienapt

wherea and 3 are weights associated with the area and the powsbdy bias and supply voltages, indexed by the time of stréskeo
objectives, respectively, whil®specis the specified target delay, thatcircuit. Accordingly, we propose an algorithm to compute &ntries

must be met at all times, up to the lifetime of the circujte .

of the look-up table, such that the delay of the circuit is raet

Under the framework of (1), both the synthesis and sizind- optall time points, and the power overhead is minimized. Ouultes
mizations lead to an increase in area and power, as compaite@ w indicate that this method can be used as a viable alterratiene-

nominally designed circuit that is guaranteed to meet tleeifipation
at design time. The work in [6] argues that synthesis can feadea
and power savings, as compared with sizing optimizatidmsieby
resulting in a lower amount of guard-band. However, guamding
(through sizing or synthesis) is performed during designmeti and
is a one-time fixed amount of padding added into the circuithiz
form of gates with a higher drive strength. Inevitably, thjgproach
results in large positive slacks during the initial stagé®meration
of the circuit, and therefore a larger than necessary ardagpawer
overhead, in comparison with a circuit designed to exactietrhe
specifications, at every time point, during its operation.

time” solutions such as synthesis, or sizing, thereby tiesuiin a
very small area overhead.
Il. PROBLEM FORMULATION

We begin this section by determining the impact of NBTI on the
delay and leakage of digital circuits. We then explore theeipial
of FBB to recover performance, subject to power constraiatsl
formulate an optimization problem, accordingly.

A. Impact of BTl on Delay and Leakage
The Reaction-Diffusion framework [11], [12] has widely begsed

We also note that while both NBTI and PBTI cause the transistto determine the long-term impact of NBTI on the thresholttage

threshold voltages to increase, resulting in IargeJ delbigher V3,
also implies lower subthreshold leakagg,f < e Rt ). Therefore,

both NBTI and PBTI cause the leakage of the circuit to de@ead Ven (1)

with time, thereby providing the opportunity to trade-dffs slack in
leakage to restore the lost performance. Adaptive Body BABB)
[7] provides an attractive solution to explore leakagefgpenance

*This research was supported in part by SRC under contra@.Q8Z.

degradation of a PMOS device. Accordingly, the, degradation
for a PMOS transistor under DC stress increases asymptptas

o t%, based on [13], [14]. We also use a PBTI model where
the degradation mechanism is similar to NBTI, but the mamtat

of V;n degradation is lower. Thé\V;, for a PMOS device after
10°seconds £ three years) of DC stress is around 50mV (nominal
value is -411.8mV), while that for an NMOS device is arounan30
(nominal value of 466mV), based on PTM 45nm model files [15].



It must be noted that NBTI affects thg;, of PMOS devices,
and hence the rising delay of a gate, while PBTI affects tHat o 250
NMOS transistors, and therefore the falling delay only. S¥aase 245
degradation [4] of all gates in the circuit is assumed, fasons om0 Toff
that will become apparent in Section Ill. SPICE simulatiame run 3
at degradedV;;, values accordingly, to obtain the new delay and,5235
leakage numbers, &t =105’ C, at different time-stamps. Since BTl ,3

is enhanced with temperature, the library gates are claizet at

I off (uA)

Ion

the maximum operating temperature of the chiplo&=105C. Bar 0w ga3 Toa ods o o1 o0z 03 '
The SPICE numbers are curve-fitted to obtain a model for delay ) V)
and leakage as a function of the transistor threshold vedtaghe (a) Decrease inf,, with in- (b) Increase i, with FBB
delay of a gate is modeled as: crease invy, due 'ilé NBTI. ds :
D(t) = Do + Z av, AV, (t) 2 Fig. 2. TonandIyf characteristics (shown using different scales) for a PMOS
im1 O th device with NBTI and FBB.

where thed‘f/% (sensitivity) terms for each of the transistors in
the gate, along the input-output path, are determined tfiraulinear
least-square curve-fitting. This first order sensitivityséch model is thereby completely restoring its performance and leakageacteris-
fairly accurate, and has an average error of 1% in companigtn tics. However, on closer examination, it is apparent thistighnot the
the simulation results, within the ranges 6f;, degradation caused case. The results of applying FBB on a temporally degradeetter

by BTI. Similarly, a model for leakage can be developed as: (after three years of constant continuous stress on allréimsistors)
are shown in Fig. 3. Fig. 3(a) shows the average delay of thertier
L(t) = Loe< "y ,,SfL]”Avmi (t)) 3) (measured a% (tr + 7r))", whererr and 7r are the output rise

and fall times, respectively, while the x-axis denotes theant of
Note that theAV;, (t), Do, and L, values are functions of the supply NMOS and PMOS body bias voltage,,, applied simultaneously.
voltage, Vaq. The leakage numbers are experimentally verified tbhe results indicate that after three years of temporal atgion,
have an average accuracy of around 95% with respect to tHeESPIVes Of around 0.30V must be applied to restore the delay of the
simulated values. inverter to its original value (shown in dotted lines).

Fig. 3(b) plots the total leakage power assuming maxiivial
degradation of both the NMOS and the PMOS transistors, méxdai
by combining the subthreshold leakages, along with the teatls
junction leakages, with respect to the amount of FBB (dehate
Vep), Simultaneously applied to both the NMOS and the PMOS
devices. The nominal leakage, computed &t 0s, i.e., withAV;,=0
is shown in dotted lines, and is chosen as the leakage budget.
340 100 figure shows that the leakage rapidly rises witl, and exceeds the
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Delay (ps)

10 9 im&y O W g leakage budget at around 0.2V. This is due to the exponéntigase

in substrate junction leakages with forward body bias, asvshin

(a) Temporal Delay (b) Temporal Leakage Fig. 3(c), which plots the individual components of leakagsver,
Fig. 1. Impact of BTl on the delay and leakage of LGSYNTH93dbenark namely the. subthreshold and junction Ieakag.es for th? NMas a
‘des”, at different time-stamps. PMOS devices, denoted &g, and [jync, respectively. We ignore the

contribution of gate leakage current to the leakage powerhmad,

At the circuit level, Fig. 1 shows the impact of BTl on the tesrgd  since BTI and FBB both do not cause any impact on gate leakage.
delay and leakage of an LGSYNTH93 benchmark “des”. The naminFurther, with the use of high-k dielectrics, gate leakage haen
delay and leakage numbers are shown in dotted lines. Thétsesteduced by several orders of magnitude, making it negkgiil
indicate that the delay degrades by around 14%, whereagdkade comparison with the subthreshold and junction leakages.

reduces by around 50%, after three years of operation. From Fig. 3(a) and Fig. 3(b), it can be inferred that a congplet
. ] recovery in the delay degradation of the circuit resultshim leakage
B. Recovery in Performance using FBB current exceeding the budget. Simulation results inditag our

Fig. 2 explains the impact of BTl and the potential of FBB tenchmark circuits require FBB of the order of (0.3-0.4Vhieh
maintain optimal performance. The drain currdgt for a PMOS leads to an exponential increase in the power consumption.
transistor is plotted in Fig. 2(a) for two distinct cases,,ilon when C. Problem Formulati
Vys = —Vaa, and Iz whenV,, = 0, using different scales. Fig. 2(a) o em_ rny fon . .
plots the currents as a function of PMOS,, showing the reduction ~AS explained in the previous subsection, mere usage of ABB
in the currents due to aging. Fig. 2(b) shows the increaskeron 0 restore fully the p.erformance. of the circuit resul}s in aage
and off currents with the amount of forward body biag,) applied, Power oyerhead, particularly at times closer to the lifetiof the
computed when the transistor is maximally aged. When a FBB Bfcuit, since a large amount of FBB may be necessary. Hence,
0.32V is applied, this effectively set$, to V;x,, and hencdon=lon,, ~WE Propose to apply adaptive supply voltage (ASV) in corfjianc
and ]oﬁ:]oﬁoy where o, and o, are the nominal values. The with ada_tptlve bo_dy bias (ABB), to minimize the power_overdhea
change in junction capacitance and the subthreshold stopesumed 1 he optimal choice of the values of the NMOS body bias voltage
to be negligible within the ranges of the FBB voltages comrgid in  (denoted asv,.), PMOS body bias voltage (denoted ag), and
this framework, based on the results in [8], and [16], retipely. supply voltageV,, to meet the performance constraint is such that

At first glance, one may ima}ging that FBB COUId, be used to *The average of rise and fall delays is considered, sincenalte stages of
completely recover any degradation in the PMOS transist@shold |ogic in a path (consisting of all inverting gates) undergging and falling
voltage, and bring thdon and I, values to their original levels, transitions, respectively.
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Fig. 3. Impact of applying FBB to a degraded invertert at ¢z . Fig. (a) plots the increase in delay with FBB, while Fig. @jows the increase in the
total leakage power consumed. Fig. (c) shows the individoahponents of leakage, i.e., the subthreshold and junttimkages for each transistor.

the total power consumption at all times is minimized. Heree As can be seen from the plots in [17], within the range¥gf values
optimization problem may be formulated as follows: used in ASV, this dependence is fairly linear. Hence, a fized
model is used to capture this second order dependence:
Minimize ’yPact(lf7 Vdd) + 5P|kg (t, Vbn, Vbp, Vdd)
S.t. D(t, Vs U, Viaa) Dspec AVin(tstress Vaa) = AVin, (tstress Vady) + mAVaa (8)

<
0<t < life (4)  where AViy, (tstress Vaa, ) is the increase iV, at nominal supply

b\{oltage Vaa, after tsressseconds of DC stress, and the slopeis

where v Pact and ¢ Pxg are the weighted active and leakage (su determined based on [17].

threshold + junction leakage) powers respectively, whilgecis the
timing specification that must be met at all times.
I1l. CONTROL SYSTEM FORADAPTIVE COMPENSATION

D. Models for Delay and Leakage Considering ABB/ASV In this section, we investigate how an ABB/ASV based control

We now briefly review the models used for computing the dela§ystem can be implemented to guard-band circuits agairiay.ag
and the power of a circuit in (4), considering the impact olBF@hd A look-up table based approach that precomputes and stbees t
ASV. Active power is modeled using the expressig: = o fCV,2,, optimal ABB/ASV/frequency values, to compensate for dreop
where the terms have their usual meanings. The delay of g gdfmperature variations is presented in [9], while [7], [8ua critical

following the application of ABB/ASV can be modeled as: path replica based approach to counter the effects of witlerand
) ) ) die-to-die variations. Further, the works in [19], [20] shdow

D = Do + oD Vb + oD U + oD AVig (5) on-chip sensors dgsigned for aging, can be implgmented ttp'nob
dvpy, dvpy, dViaq precise high sensing resolution. However, the criticahpaplica

where the sensitivity terms are negative, while the inaéadeakage based approach has the following drawbacks, as enlistemvbel
(either the subthreshold or the junction leakage) is matiele an 1) With increasing amounts of intra-die variations, catipath
expression of the form: replica based test circuits require a large number of atitic
paths to provide arymax distribution that is identical to the
original circuit, leading to an area overhead.
© 2) An additional issue in the case of aging is that the delay
of the critical path is dependent on the amount of temporal
degradation, which depends on the signal probabilitieagalo
the nodes. The actual signal activity at every node in turn

aL
Tor~ Vom

I = Loe<d”l’" Uh,,+07LAV,m>

oL
vy, dVgag
The derivatives in (6) are positive in sign. The models folage
are accurate to within 1% of the SPICE computed values, whée
leakage numbers have an average accuracy of 95%, for FBB of up

to 0.4V, andAV, of up to 0.2V, depends on the_ Io_gic values z_ippl_ied at _th_e _primary inputs
over the entire lifetime of the circuit, and it is impossitite
determine thisa priori. A critical path replica thus requires the
E A‘_/th Depenqmce on S-Jpply Voltage. ] ) inputs of this test circuit to be connected to the actual ispu
While our optimal solution to adaptively compensating tireust of the original circuit, to mimic the exact signal activityhich
against aging may result in a higher than nom_lv@& assignment, may entail routing and signal integrity issues.
this may also enhance the impact of BTI. Previous works [I18] 3) Further, the critical paths in a circuit can dynamicalange
have shown that for thinner gate oxides, the amount of degjau based on the signal activity. Adding every potentially icat
due to NBTI increases with an increase lifjs. This is caused by path from the original circuit into the critical path re@ienay
increased electric fields that result in higher rates of kearn of cause the test circuit to become extremely large. This nigt on
the weakSi — H bonds according to the equations [4], [13]: results in a large area overhead, but the test circuit mag hav

variations of its own, which may be different from the actual

AVin(t) o Nrr(t) implemented design.

Nin(t) o <kao> 3 (Dt)% Owing to these drawbacks, we propose the use of a look-up tabl
ky based implementation to determine the actugl, v,, and Vg
ky o< Booply values that must be applied to the circuit to compensater iading.
p = Cou(Via — Vin)  Eou Thg entries in t.he look-up table arellndexeql by the total tfore
Vad—Vin which the circuit has been in operation. This time can beke&dc
T, = e( toxFo ) (7) by a software routine, with = 0 representing the beginning of the



lifetime of the circuit (say after burn-in testing, and binning). This
software control enables the system to determine the tioted for
which the circuit has been operational.

The look-up table method requires the critical paths and the
temporal delays of the circuit to be known beforehand, temhine
the entries of the table. As stated earlier, it is impossibldetermine
a priori, the exact temporal degradation of a circuit. Hence, we
propose to compute the worst-case degradation of the tiraui
different time stamps, i.e., determin#) in (4) based on the method [
in [4], and use this to find the amount of compensation thattrbes Dspec , heford*o)
adaptively applied at those times, to meet the target d&lyle [4]
considers the impact of NBTI only, and derives a worst-casaario

Dpefore(*2)

for the delay degradation of the circuit, by assuming makima ABB/ASYV 1
DC stress on every PMOS transistor, the idea can be extemded t |
include maximal impact of PBTI on the NMOS transistors, a$l.we Dafteto) '
The worst-case method is computationally efficient, is thmctor to t1 to
independent, requires a single timing analysis run, peréor using a (b) After ABB/ASV

pair of degraded/,, values (for each time stamp) for all the NMOS
and PMOS transistors, respectively, and serves as an uppadion
the actual signal activity dependent delay of the circuitrtirer, the
set of vpn, vy, and Vi, values in (4), determined using this numbe|gorithm 1 Enumerationf = to,t1,. .., tn,Dsped

as a measure ob(t) |r_1_(4),_ is guaranteed to ensure that th_e_ CIrCUtT "Determine nominal to = 0) delay and power (active and
meets the delay specificatidispec under all operating conditions. leakage), and ensure that(to) < Dspec

: ComputeAV;,(t1) due to BTI using nominal/yg.

: Determine the delay due to BTI at time, D(¢1), through STA.
: {Use this to determine the delay after ABB/ASV at titme}
Dafter(to) = Dspec% < Dspes

: {Determine ABB/ASV values to be applied at time to meet

Fig. 4. Impact of BTl and ABB/ASV in each time interval.

IV. OPTIMAL ABB/ASV COMPUTATION

In this section, we describe an enumeration based algorithm
determine the optimal ABB/ASV values at different timersfss. The
idea is explained in Fig. 4. Fig. 4(a) shows the temporallgrdéed
delay of a nominally designed circuit, without ABB/ASV, dead as Datter(f0)-}

| : ) : after .
D(tl.)' at different values;. Fig. 4(b) shows how ABB/ASV may be 7: Run enumeration routine to determing,, vsp, andVyq, S.t., the
applied at every time stamp, to ensure that the delay degradation delay Dager(to) is met, and power is minimized

. . -~ o atter(t , .
during th.e. |nt§erva[t1, ti+1] does not cause t.he circuit delay to e.xceedgz RecomputeAV;, (t1) if Vyq is different from what was used in
the specifications. The delay of the circuit immediatelgaétpplying line 2 to computeA Vi,
ABBJ/ASV based on the look-up table values tat is denoted by . . n .
Datter(t:), and is always less thabspes Similarly, Dpetord ;) is the 9: Iteratively perform STA and recomput®(¢:) and repeat lines

e ! N 3-8 if Vaq changes again.
net (_jelay of the circuit before applying ABB/ASV &t ConS|derlng 10: { Dpetordf1) = Datier(fo) + temporal degradation ovetoft1]}
the impact of ABB/ASV att = t,_; and the temporal degradation 11: ComputeDyeford /1) and checkDpetore 1) < D
due to BTl over {i_1,¢;], we have ' PUTE beforel 11 before "1, = Uspec

o g s wWN

12: Repeat the above procedure iteratively for all... t,, to
Datter(ti—1) < Dpefore(ti—1) < Dspec determine the optimal values atbased on the degradation over
- ti,ti+1], @s shown in (9) and Fig. 4.
P ) < [7,7 i+1]
Patiedti=1) < Dbetorells) < Pspec ©) 13: Check Dpefore(t = tn = tiite) < Dspec .
This implies that at every time point, the amount of comptiopa 14: RetUrnve,, vep, andVaq values at all timesy, ..., tn—1.

required is dependent on the delay degradation up to thetimest
stamp, and follows from the shape of the figure in Fig. 4(b)e Th

pseudo-code for computing the optimal ABB/ASV values isvémo 1, . - as required in Fig. 4(b). The method is repeated for sueess

in Algorithm 1. :
. . . alues oft;, and the look-up table entries are computed.
The algorithm begins by determining the amount of ABB/AS¥tth val up ! pu
must be applied at the design time, denoteddy 0, to compensate V. RESULTS

for aging until the first time stamp,. This can be computed by |n this section, we present results on ISCAS85, LGSYNTH93,
determining the amount oA Vi, until ¢,, and performing an STA and ITC99 benchmark circuits, synthesized using SiS on a4as]
run, to determinel)(¢:), as shown in line 3 of the algorithm. Thepased library. A step-size of 50mV is used for the body bidsages,
target delay after applying ABB/ASV is then computed, aswsho \yhile a step size of 30mV is used for the supply voltage. Theudiis

in line 5, and expectedlyDatter(fo) < Dspec as can be seen from compensated at different time-stamps, as shown in the fatsthm
Fig. 4(b). An enumeration routine, based on the method d&str of Taple I, up to itstjte of 10°s. These numbers are chosen such
in [10] is run in line 7, to determine the optimal ABB/ASV thatthat the increase in delay over every time interval is fagdystant.
must be applied at timé. Since, theV,, in the solution depends However. an initial value of 1Gs (4th row. 1t column of the table)
on the delay degradatiop over the time .periqq {:], which in turn is chose’n assuming that this is the mi’nimal resolution tlaat loe
depends on thé’y; applied to the circuit at, (based on (8)), an generated using the software set-up that tracks the totalletive
iterative approach is used. However, this dependencerly fmnall, 0 of siress applied on the circuit, as described in Sedtlo The
and ignoring the second order dependencepfdegradation 0Vad 1\ mper of time stamps chosen (size of the look-up table) beil t
does not significantly affect the results. Line 11 checksnisuee that specific values depend on the ability of the software to trthelse

the net delay of the circuit at tim&, i.e., Dpefore(t1) iS 1€SS than 005 "anq the resolution in the body-bias and supply vekadhis

Tt is assumed that the degradation in delays due to accetesitesses at does not impact the final ABB/ASV values after three yeathpaigh

high temperature during burn-in are accounted for in deténg Dspeg by it affects the average power consumed by the circuit. Aneexér
adding an additional timing guard-band. case involves applying the maximum body bias and supplyagelt



at ¢t = 0s to compensate for aging over the entire lifetime of th ¢ .l
circuit. While this case is similar to synthesis in termstaf temporal 350
performance of the circuit, aadaptive approach with discrete time
steps takes into consideration the exact amount of delasadation
at each time steps, and applies the requisite amount of awapen,
as is necessary.

Our approach

Delay (ps)

TABLE | 3104 Synthesis

LOOK-UP TABLE ENTRIES FORLGSYNTH93 BENCHMARK “DES’ 3005 L L L .
Time Vbm Vbp Via | Delay | Pact Plg % Incr- 10 10 Time 1(2) 10 10
x 10%s | (mV) | (mV) | (V) PS) | (uW) | (uW) ease
Nominal 0 0 [ 1.00 355 641 327 Fig. 5. Temporal delay of benchmark “des” using our approactd worst-
0.0000 0 50 | 1.03 341 680 416 16% | case synthesis.
0.0001 0 50 | 1.03 341 680 346 6%
0.0004 0 100 | 1.03 351 680 362 8%
0.0016 50 100 | 1.03 351 680 369 9%
0.0035 0 50 | 1.06 352 721 344 9%

higher drive strengths (as compared with the nominal dgsign

8:8(1)28 gg 1?)?) izgg ggi ;gi gg; g;’jg guard-band the circuit, this leads to an increase in theagwer.
0.0400 100 | 100 | 1.06 357 751 377 129% | Further, the active power consumption remains constant the
0.0600 0 100 | 1.09 351 762 353 13% | entire lifetime of the circuit. However, the supply voltage our
0.1100 50 100 | 1.09 351 762 360 14% | approach increases gradually with time, as shown in Talehce,

0.1700 100 | 200 1.06 | 352 | 720] 398 17% | the active power increases gradually, as shown in Fig. 6{hg

8'5288 gg %(5)8 1'83 ggi ;gg ggg iggj" results indicate that the maximum active power dissipatidguour
0.5500 100 200 T L.09 35T 767 396 200/2 approach is less than that by the worst-case synthesis llaségh.
0.7500 50 150 [ T.12 357 304 359 17% 1 Active power consumed as a function of time using our method
1.0000 355 804 350 16% | depends on the optimdl;, value in the lookup table, as computed

by Algorithm 1, and hence may be nonmonotonic in nature, as se
Table | shows the delays after applying ABB/ASV, the activel a from Fig. 6(a). Table | shows that at= 0.17 x 10%s, the optimal
leakage powers, the power overhead, andithewvy,, andV,, values solution leads to a decreaselih; accompanied by a larger increase
at different time stamps, for the benchmark circuit “deshose delay in (vsn, vsp), With respect to the solution at the previous time stamp,
and leakage variations with BTI (without ABB/ASV) were show hence causing the active power to decrease temporally.
in Fig. 1. The first four columns of the table, (shown in boldhwi
gray background), denote the actual entries that would bedmd ~

into the look-up table. The column “Delay” denotes the dedayhe 3850 Synthesis i“w Our approac
circuit (Dafer in Algorithm 1), at the given time stamp immediately gsoo ~ ~ 5 35

900 450

after applying ABB/ASV values from the table. The nominalage 9 s §soo s
att = 0s is chosen a®spes The results indicate that the target delay Our approach 250 Nominal
is met at all time points, up t6ie=10°s. o500 200 Synthesis

A; explair]ed in Fig. 4(b), the circuit is compgnsated fonggiver o0 Nominal oo
the time period [(1,1_], b_y applying ABB/ASV at timet = 0s. Hence, 10° 0 g ©) 10° 10° 10° 10°
the delay of the circuit at = 0s, after applying ABB/ASV, under
the “Delay” column is less thafspec The leakage power decreases ]
temporally due to increase i, caused by BTI, but increases with (a) Active power (b) Leakage power
ABB/ASV, and hence exceeds the nominal leakage. The pagent
increase in power, computed as the ratio of sum of the actiek aFig. 6. Temporal active and leakage power of “des” with tingng our
leakage powers with respect to their nominal values is &bdlin the approach, compared with worst-case synthesis.

last coll_Jmn of the table. Our appro_ach leads to an avérm:egase Similarly, Fig. 6(b) compares the transient leakage of the t
of 17% in the total power consumption, over three years ofaif#1.  5pnr0aches, with respect to the nominal value. The leakégheo
A. Comparison of Transient Power and Delay Numbers worst-case synthesis based circuit is highest-at0s (when there is
P — .y ) no BTI), but monotonically decreases with time, due to BTid @he
The temporal delay of “des” is shown in Fig. 5, where the delayin,| value is lower than the nominal leakage. Instead, opragzh

at different time stamps are plotted. The transient perémwe of yies to adaptively recover performance by using the slacilable
the circuit is compared with the case where the worst-casthesgis i, ihe leakage budget, as explained in Section Il. Since tetmp

based approach from [6]. Worst case BTl-based library getayd recovery in performance requires ASV in addition to ABB,sthi
were used during technology mapping to synthesize theitim c5,ses the leakage to increase beyond the nominal valuktiates.
meet the sam@spec The figure indicates that the approach describefhe |eakage power at= 0s is also greater than the nominal value
in this paper reduces the range of the circuit delays. since some amount of ABB/ASV is applied to the circuit to gliar

‘The active and leakage powers using our approach are cothpasgng against temporal degradation during[,as shown in Fig. 4.
with worst-case synthesis for “des” in _Flg. 6, \_Nhe_re thevacénd However, the maximum leakage power at 0s) consumed at any
leakage powers of the nominally designed circuittat= 0s, aré time point using our approach is almost identical with thsing the
marked as “Nominal”. Since the synthesis approach uses gdte \orst-case synthesis method, as seen from Fig. 6(b).

. 10" 10° 10
Time (s)

fcomputed as a time-weighteAd average using B. Overhead in Maximal Power Consumed
- APacy | kg, . .
TS0 | (tir1—t:)x0.5 Pa%t' Pig, Table Il compares the area savings and the maximal power over
ST (g1 t0) » where P, and Pacy,, are the - head of our approach, with the worst-case synthesis meffmda
nominal leakage and active powers, respectively, whijgy and Pact, at  given Dspeg the synthesis approach uses the worst-case BTl impacted
time t;, with to=0, andt,,=10°. delays of the gates during technology mapping, therebyltiegtin



TABLE Il
AREA AND POWER OVERHEAD COMPARISON

Nominal design Our approach Worst-case synthesis

Bench- P Pacy, AD(t)e) Max | APkg Max | APgct Over-| Max | APg Max | APgct

mark Dspec Area (t :g?)) (t=0) Dspec Pig | Mkgy Pact | Facy Area head| PFig | kg, Pact | Facy
(Ps) [ (um) | (uW) (W) % | (kW) % | (uW) % | (um) % | (kW) % | (uW) %
C2670 510 | 13111 52 94 15% 67 29% 118 26% | 17298 32% 60 15% 112 19%
C3540 769 | 18692 74 136 14% 96 30% 170 25% | 24765| 32% 102 38% 186 37%
C5315 729 | 29951 114 208 15% 147 29% 247 19% | 34137 14% 143 25% 246 18%
C7552 616 | 42261 190 337 15% 246 29% 400 19% | 49824 18% 219 15% 400 19%
des 355 | 81777 327 641 15% 416 27% 804 25% | 110807 35% 418 28% 885 38%
i8 840 | 55128 157 305 17% 198 26% 382 25% | 65141 18% 226 44% 521 71%
i10 830 | 41063 152 307 14% 200 32% 384 25% | 49880 21% 195 28% 386 26%
1481 368 | 68458 201 572 14% 233 16% 718 26% | 94717 38% 261 30% 796 39%
b14 1078 95626 426 775 14% 537 26% 920 19% | 10945| 16% 496 16% 909 17%
b15 902 | 179096 781 1384 13% 987 26% | 1644 19% | 206975| 16% 900 15% | 1634 18%
Average 15% 27% 23% 24% 26% 30%

a circuit that is guaranteed to work over the entire lifetitdewever,

due to BTI. The columnDspes is the delay of the nominal circuit

specifications. Further, techniques such as [10] may be tesagply
our approach applies ABB/ASV to a nominally designed circuABB/ASV to simultaneously counter the impact of aging, adlae
(circuit designed using the nominal delays, and hence gtesd to process and temperature variations.

meet the timing at = 0s), to compensate for the increase in delay
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