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Temperature-Aware NBTI Modeling and the Impact
of Standby Leakage Reduction Techniques on
Circuit Performance Degradation
Yu Wang, Member, IEEE, Hong Luo, Student Member, IEEE, Ku He, Rong Luo, Member, IEEE,
Huazhong Yang, Senior Member, IEEE, Yuan Xie, Member, IEEE

Abstract— As technology scales, Negative Bias Temperature
Instability (NBTI), which causes temporal performance degradation in digital circuits by affecting PMOS threshold voltage,
is emerging as one of the major circuit reliability concerns. In
this paper, we ﬁrst investigate the impact of NBTI on PMOS
devices and propose a temporal performance degradation model
that considers the temperature variation between active and
standby mode. We then discuss the resemblance between NBTI
and leakage mechanisms, and ﬁnd out that the impact of input
vector and internal node on leakage and NBTI is different; hence,
leakage and NBTI should be optimized simultaneously. Based on
this, we study the impact of standby leakage reduction techniques
(including input vector control, sleep transistor insertion) on
circuit performance degradation considering active and standby
temperature differences. We demonstrate the potential mitigation
of the circuit performance degradation by these techniques.
Index Terms— Negative Bias Temperature Instability (NBTI),
leakage reduction, temperature-aware NBTI modeling, circuit
performance degradation.

I. I NTRODUCTION

C

IRCUIT reliability is one of the major concerns in VLSI
circuits and systems designs. Negative Bias Temperature Instability (NBTI), which has deleterious effect on the
PMOS transistor threshold voltage and the drive current of
semiconductor devices, is emerging as a major reliability
degradation mechanism [1]. IBM has pointed out that NBTI
is the most severe degradation mechanism in the circuit life
time domain as CMOS technologies scale beyond a 90-nm
minimum lithographic linewidth, and the impact of NBTI on
circuit delay is about 15% on 65nm technology node [2].
NBTI occurs when PMOS transistors in circuits are stressed
under negative gate voltage (i.e., Vgs = −Vdd ) at elevated
temperature, causing a shift in threshold voltages [3], and
resulting in the degradation of device performance [1]. Bias
temperature stress under constant voltage (i.e., under DC
stress condition, and is called static NBTI) leads to rapid
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Fig. 1. The conceptual illustration of the PMOS ΔVth Degradation under DC
and AC stress conditions, which shows the difference between static NBTI
and dynamic NBTI.

device performance degradation. However, under actual AC
stress condition(i.e., dynamic NBTI) [4] [5], when stress is
periodically removed (i.e., the PMOS transistor is under stress
or relaxation condition alternatively), the degradation of device
parameters is partially recovered, which leads to less severe
parameter shifts over a long time compared to that under DC
stress condition. Fig. 1 is the conceptual illustration of the
difference between DC stress NBTI and AC stress NBTI.
The PMOS threshold voltage degradation due to dynamic
NBTI depends on the sequence of stress and relaxation applied
to the gate. Furthermore, in a digital circuit system, the
degradation of different timing paths not only depends on the
signal probabilities and activity factors of the gates, but also
on the temperature variations, which are caused by the circuit
mode transitions (between active and standby). Currently, the
timing speciﬁcations of logic blocks are designed by leaving a
certain safety timing margin that accounts for NBTI-induced
performance degradation. Kumar [6] takes the signal probabilities and activity factors of gates into account during the
estimation of temporal degradation of various paths in digital
circuits, under the assumption of worst case temperature.
However, during circuit operations, the temperature varies
when the circuit mode changes between active and standby
modes. It has been shown that the NBTI-induced degradation
is faster and the recovery is slower, under higher temperature
[5]. Hence, the estimation of circuit performance degradation
due to NBTI with a worst-case temperature assumption could
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be too pessimistic.
On the other hand, the leakage current in the circuits also
depends on the gate overdrive. For example, the leakage
current of a logic gate also depends on the internal states
that are determined by the signal probabilities and the activity
factors of the gate. Further, the leakage current and NBTI are
both affected by the threshold voltage Vth . Higher Vth leads
to smaller leakage current and smaller Vth degradation due to
NBTI (the higher the initial Vth is, the smaller NBTI-induced
circuit delay degradation will be.) [7] [8]. The standby leakage
current reduction techniques, such as input vector control and
sleep transistor insertion, can change the gate overdrive which
has large inﬂuence on the NBTI effect. Therefore, the standby
leakage reduction techniques could be potentially used to
mitigate the circuit performance degradation due to NBTI.
Our paper distinguishes itself in the following aspects:
(1) We study the impact of NBTI on the temporal performance degradation of combinational circuits considering
temperature difference between active and standby mode, and
propose an analytical model that can analyze NBTI-induced
degradation taking the time ratio and temperature changes
between active and standby mode into account.
(2) We propose that NBTI and leakage mechanisms both
depend on gate overdrive, and this fact can be used to mitigate
the NBTI effect when the leakage current has been controlled
during the circuit standby time. An NBTI and leakage cooptimization platform is proposed to simultaneously analyze
and optimize the leakage and NBTI-induced degradation for
digital circuits.
(3) We evaluate two standby leakage reduction techniques:
input vector control and sleep transistor insertion. From our
experimental results, the sleep transistor insertion technique is
very efﬁcient in NBTI mitigation, while the input vector control (IVC) technique is somehow less effective. The internal
node control method, however, could be a potential way to
mitigate the NBTI effect.
• We ﬁrst show that the dependencies of NBTI and leakage on
input vector are different for different gates. Our experimental result shows that the impact of IVC approach on NBTIinduced performance degradation is not that effective if the
standby temperature is low (330K). Moreover, the internal
node control [9], [10] can be used as a more potential way
to mitigate the NBTI effect.
• The impact of NBTI on the PMOS sleep transistor (ST)
is studied, and a NBTI-aware PMOS ST sizing method is
proposed to ensure the circuit reliability. Our investigation
shows that the ST insertion technique is efﬁcient to mitigate
NBTI effect on circuit performance degradation, because the
Vgs of PMOS transistor is nearly zero during circuit standby
mode, so that the voltage of each node is nearly Vdd and no
PMOS transistor is negatively biased.
The rest of the paper is organized as follows. Section
II reviews previous NBTI models and the standby leakage
reduction techniques (mainly the input vector control and sleep
transistor insertion techniques). In Section III we describe the
NBTI model considering the temperature variation between
the active mode and the standby mode. In Section IV, the
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resemblance between NBTI and leakage mechanism is ﬁrst
discussed in order to show that the NBTI-induced performance
degradation may be mitigated through the standby leakage
reduction techniques. Two standby leakage reduction techniques (input vector control and sleep transistor insertion) are
investigated, and their potential impact on circuit performance
degradation is analyzed according to the simulation results on
ISCAS85 circuits. Section V concludes the paper and shows
some discussion.
II. R ELATED W ORKS
The related work can be classiﬁed into two categories:
(1) NBTI modeling and mitigation techniques; (2) Leakage
reduction techniques.
A. NBTI modeling and mitigation techniques
NBTI has been known since the very early days of MOS
device development. Goetzberger et al. [11], [12] were one
of the ﬁrst groups to show detailed characteristics of negative
bias and temperature stress. In late 90’s, the NBTI effect is
aggravated due to the usage of nitride oxides [13]. Further,
−1 dependence of interface-trap generation implies that
the tox
NBTI becomes more severe for ultra-thin oxides due to the
technology scaling. The bias temperature instabilities exist in
both PMOS and NMOS devices, whenever a negative bias or
a positive bias is applied. Nevertheless, applying negative bias
stress (i.e NBTI condition) to a PMOS device brings the most
deleterious impact on the threshold voltage. So people mainly
focus on the mechanisms of NBTI on PMOS devices.
The previous work about PMOS NBTI mainly focused
on the analysis of the threshold voltage degradation and the
impact on the drive current of semiconductor devices [4], [14].
Some researchers devoted themselves to study how process
affects the NBTI [13], [15]. Several works [16]–[18] have
addressed the issue of describing physical models for NBTI,
and providing analytical expressions for the ﬁrst stress and
relaxation phases.
Built on top of device level NBTI modeling, researchers
studied the circuit-level performance degradation models for
NBTI. Paul et al. [19] proposed an estimation method of
circuit degradation due to NBTI in digital circuits. A DC stress
NBTI model was used, and therefore only an upper bound of
total delay variation can be obtained. Some analytical models
that evaluate NBTI effect with multi-cycle AC stress were then
proposed to help designers estimate the circuit performance
degradation due to NBTI [6], [20]. A recursive process was
used to evaluate the NBTI effect [6] considering the signal
probabilities and activity factors of gates, while Vattikonda et
al.’s predictive NBTI model [8], [20] described the effect of
various process and design parameters.
Based on these analytical circuit degradation models, a few
researchers have investigated design techniques to mitigate
the NBTI-induced performance degradation. Kumar et al. [21]
studied the impact of NBTI on the read stability of SRAM cells
and proposed a simple bit ﬂipping technique to recover the
static noise margin of SRAM cells. Paul et al. [22] presented
an NBTI-aware sizing algorithm to ensure the reliability of
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nano-scale circuits. Kumar’s work dedicated to memory design
issues; while Paul’s work was based on a DC stress NBTI
model without considering the circuit operation modes. Jaume
Abella et al [23] proposed an IVC technique, using special
input vectors alternatively during idle periods. Any given input
would always degrade the same transistors, so they preferred
to alternate several inputs that degrade different PMOS transistors, thus the maximum degradation of any PMOS is reduced
with practically no cost. Recently, some adaptive techniques
were proposed to mitigate the NBTI effect during the circuit
lifetime, such as [24], [25].
NBTI can be easily handled by simple guard-banding at
a very low cost in the current technology [26], such as
90nm. However, for long term stress model or permanent
degradation that can not be recovered for high-k, NBTIinduced degradation is quite serious and cannot be ignored,
so it is necessary to mitigate the NBTI-induced degradation
for the logic circuits.
Previous analytical NBTI models for the circuit performance
degradation are based on the worst-case temperature assumption [6], [8], [19], [20]. However, during circuit operations,
the circuit temperature varies between high temperature(for
example 400K) and low temperature(for example 330K) when
the circuit switches between active and standby modes. As
we can see from [27], the power proﬁle of different tasks
for Intel’s Montecito processor has a very large power variation, from 68W to 126W. Assuming a typical air cooling
condition [28], Fig.2 gives out the temperature curve of the
processor executing a task set, which contains different tasks
with random power proﬁle ranges from 10 to 130W. It is
shown that the processors temperature varies in a range from
60 to 110 Centigrade. Therefore, in this paper, we propose
an NBTI model considering the temperature variation due to
the change of the circuit operation mode: active and standby
mode. We also assumes that the temperature switches fast from
active time temperature to standby time temperature under a
typical air cooling condition.
B. Leakage reduction techniques
Leakage current increases drastically with technology scaling and has become a major contributor to the total IC

power [29], especially in high performance systems with
predeﬁned power budget. Since not every application requires
a fast circuit to operate at the highest performance level all
the time, modules in which the computation is burst are often
idle. Thus, there is an opportunity to reduce the leakage power
consumed by such circuits during the standby mode.
Circuit techniques to reduce leakage currents can be broadly
categorized as design time techniques and runtime techniques [29]. Dual Vth assignment [30] is a typical design time
technique. Runtime techniques include: 1) standby leakage
reduction techniques, which put the module into a low leakage
mode when the computation is not required; and 2) active
leakage reduction techniques, which slow down the system to
reduce the leakage when maximum performance is not needed.
In this paper, we mainly focus on the runtime standby leakage
reduction techniques.
The IVC technique [9], [10], [31]–[33] is based on the wellknown transistor stacking effect: a CMOS gate’s subthreshold
and gate oxide leakage current varies dramatically with the
input vector applied to the gate [34], [35]. Basically in an
IVC technique, the minimum leakage vector (MLV) is used
with the help of standby signals to reduce both subthreshold
and gate oxide leakage current, when the circuit enters the
standby mode. When the MLV is manipulated during the
circuit standby mode, the internal state of each node in the
circuit is set to be either 0 or 1, such that the circuit standby
leakage is minimized.
Sleep transistor insertion [36]–[42] is to place a sleep
transistor (ST) between the gates and the power/ground (P/G)
net in a circuit in order to put it into sleep mode when
the circuit is standby. One example is the block based ST
insertion (BBSTI) technique [36]–[39] that put a large block
of gates into sleep mode using a single large sleep transistor.
The existing literatures on BBSTI techniques present some
details in clustering gates into blocks in order to optimize the
leakage current and ST size. Another example is the Finegrain ST insertion (FGSTI) technique [40]–[42], in which
sleep transistors are assigned to each standard cell, also
showed some advantages over the BBSTI technique, such as
guaranteed circuit functionality and improved circuit noise
margins.
III. NBTI

MODELING CONSIDERING TEMPERATURE
VARIATION

In this section, we ﬁrst review the previous NBTI model,
and then propose our model that considers temperature variation, and ﬁnally analyze the device and circuit delay degradation based on our improved model.
Note that the simulation results in the following sections are
based on a standard cell library constructed using the PTM
90nm bulk CMOS model [43]. Vdd = 1.0V , |Vth | = 220mV are
set for all the transistors in the circuits. The operation time is
set to be 3 × 108 s (about 10 years). Tactive and Tstandby are ﬁrst
set to 400K and 330K for both leakage current estimation and
NBTI-induced degradation.
All ISCAS85 benchmark circuit netlists are synthesized
using a commercial synthesis tool and mapped to the 90nm

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.
IEEE TRANSACTIONS ON DEPEDABLE AND SECURE COMPUTING
TDSC

4

standard cell library. A static timing analysis (STA) tool [44]
is used to calculate the circuit performance degradation, with
the usage of our NBTI model.
A. NBTI-induced Vth degradation
A shift in the PMOS transistor threshold voltage ΔVth is
proportional to the generation of interface traps due to NBTI,
which can be expressed as [22]:
ΔVth = (1 + m)

qNit (t)
Cox

(1)

where m represents equivalent Vth shifts due to mobility
degradation for a given technology, and Nit (t) is the interface
trap density due to NBTI. In this paper, we choose the
reaction-diffusion model [3] from various NBTI device models
to describe Nit (t):
dNit
= k f (N0 − Nit ) − kr Nit CH (0,t)
dt

∂ CH 
dNit
= −DH
dt
∂ x x=0

(3)

∂ CH
∂ 2CH
= DH
(4)
∂t
∂ x2
With assumption of quasi-equilibrium and
√ an inﬁnite thick
oxide (i.e. tox is more than diffusion length 4DH t), a solution
of Eq. (2)-(4) is presented by [3]:
k f N0 1/2
) (DH t)1/4 = At 1/4
kr

and
Nit (τ ) =

(5)

Eq.(5) describes the NBTI impact under DC stress condition. When the stress is removed after a stress time of tstress ,
an analytical form for recovery process is proposed by [6]:

Nit (t) = Nit0 (1 + t/tstress )−1
(6)
where t is the recovery time and Nit0 is the interface density at
the beginning of recovery.
B. Temperature-aware NBTI modeling for Vth degradation
The above models have described both the stress and
recovery phases of the NBTI degradation; however, in order to
estimate the performance degradation of a circuit, the NBTI
model should handle multiple cycles of stress and recovery
phases. We use the analytical NBTI model proposed in [6]
to handle multi-cycle AC stress condition; and the creation of
interface traps after n cycles of AC stress can be evaluated by a
recursive formula. The generation of interface traps assuming
DC stress over the ﬁrst period (i.e. a stress of time τ ) is

c1/4 0
N
1 + β it

(8)

where
τ is the period time, c is duty cycle of stress phase, and
β = 1−c
2 .
In order to get a fast NBTI model, we ﬁrst simplify the
recursion based on Eq.(7) and (8) considering a large enough
cycle number n:
S1 =

(2)

where the mobile diffusing species are assumed to be neutral
H atoms, and N0 is the concentration of initial interface
defects. The parameters k f and kr are constant dissociation
rate and self-annealing rate, respectively. When the device is
in recovery phase, k f becomes zero, but kr is unchanged. The
parameter CH is the concentration of H atoms, and DH is the
corresponding diffusion coefﬁcient.
The diffusion of H (DH ), which has great impact on Nit ,
follows the equation [3]:

Nit (t) = 1.16(

denoted as Nit0 = Aτ 1/4 ; so after n cycles of AC stress, the
interface traps can be expressed as [6]:


 1/4
Nit0
β
Nit (nτ ) 4
c+
Nit [(n + 1)τ ] =
+
(7)
1+β 1+β
Nit0

c1/4
1+β

Sn+1 = Sn +

c
4(1 + β )Sn3

(9)
(10)

and
Nit (nτ ) = Sn Nit0 = Sn · Aτ 1/4

(11)

From Eq. (1), the shifts of threshold voltage can be expressed as:
q
ΔVth (nτ ) = (1 + m)
· Sn · Aτ 1/4
Cox
(12)
= KV Sn τ 1/4
where KV is a constant related with Eox and temperature, Sn
is controlled by duty cycle.
Previous NBTI models only consider the situation that the
temperature is a constant (which is around 400K). However,
in practice, the circuit operation condition can change between active and standby states, by using various low power
techniques, such as power supply gating or clock gating, to
reduce power dissipation. The circuit temperature is related
to the power density and its distribution (assuming that the
physical layout and the heat dissipation capability–such as
chip package and heat sink–are ﬁxed) [45], [46]. When a
circuit switches between active and standby mode, power
dissipation changes (and therefore power density changes),
causing the temperature of the chip to change accordingly, and
the temperature usually converges to steady-state very fast (in
the order of milliseconds). In this paper, we assume the steadystate temperature during the active mode and standby mode are
Tactive and Tstandby , respectively (Generally speaking, Tstandby is
lower than Tactive ), and deﬁne RAS to be the ratio of active and
standby time (RAS), which is an indication of how long the
circuit will be running at Tactive and Tstandby . When the circuit
operation mode switches between active and standby mode,
the circuit operation temperature changes between Tactive and
Tstandby frequently, hence the impact on Vth due to NBTI should
be different from the case under a constant high operation
temperature condition.
The temperature variation may have impact on various terms
in NBTI modeling, such as the mobility factor, activation
energy terms, and diffusion coefﬁcient, etc.
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(13)
(14)
(15)

From Eq. (5), the overall activation energy can be represented as:
1
1
EA = ED + (E f − Er )
(16)
4
2
Because E f − Er ≈ 0, EA ≈ 14 ED [47], we can assume that the
temperature dependency of interface trap generation is only in
terms of the diffusion coefﬁcient of H atom (DH ) in Eq.(5).
If a triangle diffusion proﬁle [3] is used to model DH , the
effect of H atom diffusion under Tstandby lasting for a stress
time of tstandby , equals to the effect under Tactive for a stress


time of tstandby , where tstandby = Dstandby × t/Dactive (Dstandby
and Dactive denote diffusion coefﬁcients under standby and
active mode, respectively). Therefore, the equivalent stress
eq
time tstress
for each cycle can be expressed as:
eq

tstress = ctactive + tstandby

Dstandby
Dactive

(17)

where c is the input signal duty cycle of active time. The
eq
equivalent recovery time trecovery
can be considered similarly.
The equivalent duty cycle ceq and period time τ eq can be
derived as:
eq

t
ceq = eq stress
eq
tstress + trecovery
eq
eq
eq
τ = tstress + trecovery

400K
6

Vth Degradation (mV)

DH = DH0 exp(−ED /kB T )
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kr = kr0 exp(−Er /kB T )
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Fig. 3. Vth degradation with different active and standby time ratio (RAS).
Tactive = 400K, the input signal probability is set to 0.5 in the active mode; in
the standby mode, the input of PMOS is set to 0, which refers to the worst
case Vth degradation.
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First, the impact of temperature on mobility of interface
traps is small; since with the technology scaling, the electrical
ﬁeld is big and results in the saturation of the mobility due
to all kinds of scattering. However, the scattering caused by
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Second, we investigate the activation energy terms. The
interface trap generation Nit is related to dissociation rate k f ,
self-annealing rate kr , and diffusion coefﬁcient DH , and all
these three parameters depend on the temperature:
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(18)
(19)

With the equivalent duty cycle ceq and period time τ eq , the
ΔVth considering the time and temperature changes between
active and standby mode can be evaluated using Eq. (9)-(12).
Fig. 3 shows the impact on ΔVth with different active and
standby time ratios (RAS). The temperature of the highest
line is Tstandby =Tactive =400K; the temperature of others is
Tstandby =330K. Fig. 4 shows the impact on ΔVth with Tstandby .
The active and standby time ratio is set to be 1:5. These two
ﬁgures show that RAS and the standby mode temperature
(Tstandby ) have great impact on the Vth degradation due to
NBTI. The trend of ΔVth in Fig. 4 ﬁts well with the previous
data of NBTI under temperature variation [48].
The Vth degradation with different active and standby time
ratios is shown in Table I. The total time is set to 3 × 108 s
and the signal probability during the active mode is set to
0.5. When Tstandby =Tactive =400K, the ΔVth is increasing with
a decreasing active and standby time ratio, since the total
time under stress condition is increased. However, the ΔVth is
decreasing when Tstandby =330K with a decreasing active and

Fig. 4. Vth degradation with different Tstandby . The active and standby time
ratio RAS is set to be 1:5 and input signal probability is set to 0.5 in the active
mode; in the standby mode, the input of PMOS is set to 0, which refers to
the worst case Vth degradation.

standby time ratio, since the total time under lower temperature
is increased. The largest gap between the ΔVth is about 9.4mv
when the active and standby time ratio is 1:9. Meanwhile,
when Tstandby =370K, the ΔVth is nearly the same, which means
there exists an interval of Tstandby , whose corresponding ΔVth is
not sensitive with RAS variation. That is to say, when Tstandby
is near 370K, the impact of RAS on ΔVth is very small so that
when RAS changes, the Vth degradation is approximatively the
same.
Our temperature-aware NBTI modeling is represented by
the active/standby temperature and RAS, when we try to
model the performance degradation of a circuit. The temperature of a circuit will converge into steady-state in several
milliseconds or less; meanwhile the steady-state temperature
and convergence time depend on the runtime applications
and the heat dissipation mechanism. In this paper, Tactive and
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TABLE I
ΔVth ( MV ) UNDER DIFFERENT ACTIVE AND STANDBY MODE RATIO . Tactive = 400K, INPUT SIGNAL PROBABILITY IS SET TO 0.5 IN THE ACTIVE MODE ; IN
THE STANDBY MODE , THE INPUT OF PMOS IS SET TO 0, WHICH REFERS TO THE WORST CASE Vth DEGRADATION .

RAS
Tstandby =400K
Tstandby =370K
Tstandby =330K

9:1
22.09
21.63
21.26

7:1
22.20
21.62
21.16

5:1
22.38
21.53
20.99

3:1
22.74
21.49
20.63

1:1
23.77
21.29
19.36

Tstandby are assumed to be steady-state temperatures during the
circuit active and standby time. Assuming a typical air cooling
condition [28], we further assume that the temperatures (Tactive
and Tstadnby ) are not affected RAS as we discussed in Section
II.A.

1:3
24.85
21.24
17.65

1:5
25.26
21.22
16.88

1:7
25.48
21.20
16.45

1:9
25.63
21.19
16.16

18
16
14

Var(Vth) Tstandby=400K
Var(delay) Tstandby=400K
Var(Vth) Tstandby=330K
Var(delay) Tstandby=330K

C. Gate and circuit performance degradation
In circuit timing analysis, a combinational circuit can be
modeled as a directed acyclic graph (DAG) G = (V, E). A
vertex v ∈ V represents a CMOS gate from the given library,
while an edge (i, j) ∈ E, i, j ∈ V represents a connection from
vertex i to vertex j.
The delay of a gate v can be approximately expressed as
[22]:
CLVdd
K
d(v) =
=
Id
(Vg −Vth )α
CLVdd
K=
(20)
μ CoxWe f f /Le f f
where CL is the load capacitance, Vdd is the supply voltage;
Vg and Vth are the gate voltage and the threshold voltage of
a transistor, respectively; α is the velocity saturation index,
whose value ranges from 1 to 2; μ is the mobility, Cox is the
oxide capacitance, and Le f f and We f f are the channel length
and the transistor width, respectively.
Hence, the delay degradation Δd(v) for gate v can be derived
as:
K
K
−
(Vg −Vth − ΔVth )α (Vg −Vth )α


ΔVth −α
= (1 −
) − 1 d(v)
Vg −Vth

Δd(v) =

(21)

We use Taylor series expansion on the right side of Eq.(21),
neglect the higher order terms, such that,
Δd(v) =

α ΔVth
× d(v)
Vg −Vth0

(22)

where Vth0 is the original transistor threshold voltage and
d(v) is the original delay of gate v. There might be several
ΔVth of different PMOS’s in one gate. In such cases, we just
select the largest one to calculate the gate delay degradation,
which is the worst case delay degradation. The shift in the
transistor threshold voltage, ΔVth , can be derived using Eq.
(12). The signal probability for each edge in the circuit is
derived statistically by simulating a large number of input
vectors.
Given a time interval, we can have the corresponding gate
delay degradation from Eq.(22). A static timing analysis tool

Var (%)
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Tstandby=400K

8
6
4
2
0 0
10

Tstandby=330K
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Fig. 5. Comparison between PMOS Vth degradation and C432 performance
degradation.

[44] is used to compute the max delay of the circuit with all
the gates’ temporal degradation information derived by our
temperature-aware NBTI model.
In the circuit degradation analysis, we set all the internal
nodes’ states to ’0’ during the standby mode, to investigate
the worst case circuit degradation. Of course, in a realistic
design, there exists no such input vector that makes the internal
nodes all 0’s, this assumption is only used to calculate the
maximum possible degradation and the potential of NBTI
mitigation techniques. Fig. 5 shows the performance degradation of ISCAS85 C432 benchmark with time under different
standby mode temperature. The circuit degradation is much
less than the Vth degradation under a same standby mode
temperature. And the standby mode temperature difference
leads to considerable circuit delay difference.
IV. I MPACT OF STANDBY LEAKAGE REDUCTION
TECHNIQUES ON CIRCUIT PERFORMANCE DEGRADATION
From the above section, we show that both RAS and temperatures (Tstandby /Tactive ) are important during NBTI-induced
performance degradation analysis in the circuits that have
standby modes. Meanwhile in the circuit standby mode, another critical issue, which people have been ﬁghting against for
years, is the leakage current. Both NBTI-induced circuit performance degradation and circuit leakage current are affected
by temperature and some common circuit parameters related
to gate overdrive [7], [20], such as gate input voltage and
threshold voltage. Such observation motivates us to investigate
the impact of existing standby leakage reduction techniques on
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the circuit performance degradation, and study the potential
of using the existing leakage reduction techniques to mitigate
NBTI-induced performance degradation considering the temperature variation due to different RAS’s.
A. The resemblance between NBTI and leakage mechanism


#

Both NBTI and leakage mechanism have common dependency on technology and design parameters related to gate
drive. In this subsection, we focus on the the internal node
dependency and the Vth dependency analysis:
• Internal node dependency. The NBTI effect on a PMOS
depends on Vgs and the stress time (duty cycle) which are
all related to the input state of a gate. Table I also shows
that different duty cycle and temperature leads to different
circuit performance degradation. On the other hand, the
subthreshold leakage and gate leakage all depend on the
input state of a gate due to the stacking effect [34], [35].
For example, Table II lists the overall leakage current
in NOR2, NOR3, and INV gates under different input
combinations, and the temperature is 400K. We can see
that leakage current varies between different input vectors.
Furthermore, Table II lists the ΔDelay due to NBTI effect
of these gates under different standby time input vectors.
Here RAS is 1:9, Tactive =400K and Tstandby =330K. The
NBTI-induced ΔDelay also varies between different input
vectors. Notice that in this table, the impact of input vector
on leakage and delay degradation is same, however, this
conclusion is not true for all gate types.
We simulate the typical cells (NAND/AND, NOR/OR, INV,
BUF) in the library, and ﬁnd out that for NAND/AND/INV
gates, the input vector for least leakage will lead to worst
NBTI-induced delay degradation; for NOR/OR gates, the
input vector for least leakage will also lead to best case
NBTI-induced delay degradation [49].
• Vth dependency. A higher Vth will lead to a smaller performance degradation due to NBTI [20]:

Eox
−Ea
Nit (t) ∝ Tox Cox (Vgs −Vth ) · exp(
) (23)
) · exp(
E0
kb T
Meanwhile, the subthreshold leakage decreases exponentially with a higher Vth ; the gate-tunneling leakage also
decreases with a lower Eox caused by a higher Vth . Thus,
leakage reduction techniques that adjust Vth in the design
phase or the runtime phase (such as dual Vth assignment and
dynamic Vth scaling) may mitigate the circuit performance
degradation due to NBTI.
Based on the above observations, in the following subsections, we show our NBTI/leakage analysis and optimization
ﬂow; and then investigate the impact of two existing standby
leakage reduction techniques on NBTI-induced performance
degradation. First, an input vector control technique which
takes NBTI impact into account is proposed and investigated;
and the potential impact of internal node control technique is
further discussed. Second, the impact of NBTI on the PMOS
sleep transistor (ST) is analyzed, then a PMOS ST sizing
method considering NBTI effect is proposed. The impact of
sleep transistor insertion on NBTI induced circuit degradation
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Fig. 6.

Our NBTI/leakage analysis and optimization ﬂow.

shows that this technique is efﬁcient to mitigate NBTI effect
on circuit performance degradation.
B. The NBTI/leakage analysis and optimization ﬂow
Fig.6 shows our NBTI/leakage analysis and optimization
ﬂow which is capable to analyze and optimize NBTI effect
and leakage power in the circuit simultaneously. When the
circuit is in an active mode, the statistical information for input
Signal Probability (SP) is used to generate the internal node
SP. When the circuit is in a standby mode, logic simulator is
used to generate the voltage level of each internal node. The
active time internal node SP and the standby time internal node
states are used to estimate the NBTI-induced Vth degradation
through temperature-aware transistor level NBTI model. The
leakage power is estimated based on the input vector aware
leakage lookup tables. Our ﬂow helps evaluate the NBTI and
leakage mitigation techniques, such as input vector control and
sleep transistor insertion.
Because the inputs of our ﬂow include: circuit netlists,
technology libs and NBTI modelings, this ﬂow can deal with
different circuits under different technology libs and NBTI
models. Moreover, we can modify the timing calculation and
input vector generation module to integrate more advanced
algorithms for timing analysis and input vector generation
methods.
C. Impact of IVC technique
Since NBTI and leakage current both depend on internal
states of the circuits (i.e., the input states of gates), we ﬁrst
try to mitigate NBTI-induced performance degradation using
existing IVC technique which minimize the standby leakage
current(B.1) and ﬁnd out the impact of IVC technique is

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.
IEEE TRANSACTIONS ON DEPEDABLE AND SECURE COMPUTING
TDSC

8

TABLE II
L EAKAGE CURRENT AND NBTI- INDUCED DELAY DEGRADATION COMPARISON UNDER DIFFERENT INPUT VECTORS (90 NM ): A) NOR2 B ) NOR3 C ) INV.
T HE TEMPERATURE OF LEAKAGE CURRENT ESTIMATION IS SET TO 400K; DURING NBTI ANALYSIS , RAS IS SET TO 1:9, Tactive =400K AND
Tstandby =330K.

Input
00
01
10
11

A) NOR2
Leakage(nA)
ΔDelay(%)
2095.1
5.3
466.8
4.1
290.9
3.9
45.7
2.6

Input
0
1

C) INV
Leakage (nA)
1122.8
368.6

ΔDelay(%)
0.9
0.5

Probability based MLV selection algorithm
0 Generate N random input vectors (IV)
1 Select an MLV set S within a leakage range
2 Compute the probability of each primary input
3 Use the probability to generate new IVs
4 Calculate circuit leakage using new IVs
5 If the circuit leakage current is converged
Output the MLV set
6 Else
Jump back to step 1
Fig. 7.

A probability-based algorithm to select an MLV set.

not very impressive(B.2). Hence, the internal node control
techniques [9], [10] is then discussed and shown to be a
potential way to mitigate NBTI effect during circuit standby
mode(B.3).
1) IVC technique implementation: A leakage lookup table
is created by simulating all the gates in the standard cell library
under all possible input patterns. Thus the leakage current
Ileakage (v) can be expressed as:
Ileakage (v) = ∑ Il (v, IN) × Prob(v, IN)

(24)

IN

where Il (v, IN) and Prob(v, IN) are the leakage current and the
probability of gate v under input pattern IN.
Finding MLV is proved to be NP-complete; both exact and
heuristic approaches have been proposed to search for the
MLV [31]–[33]. In this paper, we ﬁrst ﬁnd a set of MLV
using a simple probability based method; then investigate the
impacts of different MLV on the performance degradation due
to NBTI; and ﬁnally MLV that simultaneously achieve the
minimum circuit performance degradation and the maximum
leakage reduction rate are selected.
The pseudo-code for our probability-based algorithm to
select an MLV set is shown in Fig.7. The probability based
algorithm begins by generating N random vectors (line 0);
and the leakage current of each vector in the MLV set is
within a given range of the minimum leakage current in the
set (line 1). Next, for each primary input, the probability is
calculated by the number of 1s out of the total number of
vectors (line 2). New vectors are generated using the calculated
probabilities (line 3). The leakage current of each new input

Input
000
001
010
011
100
101
110
111

B) NOR3
Leakage(nA) ΔDelay(%)
3218.4
7.6
525.2
6.6
332.4
6.9
53.3
5.9
311.7
6.4
53.5
5.4
50.8
5.8
27.2
4.7

vectors is calculated and the MLV set is updated (line 4). The
probabilities for all primary inputs will converge to either 0 or
1, and it means that there is no probability of generating other
vectors. So this is the convergence point of circuit leakage
current and the algorithm is halted (line 5 and line 6). The
probability-based algorithm is just showing a simple example
for leakage and NBTI co-optimization. There are a lot of
techniques on how to choose the best input vector for leakage
reduction. These techniques can be easily modiﬁed to target
at NBTI mitigation or leakage and NBTI co-optimization.
The algorithm is integrated in the input vector generation
module in Fig. 6. Using a circuit logic simulator, the internal
state of each edge can be derived for each MLV. The Δd(v) for
a given period of time of each gate v is evaluated referring to
Eq.(22) in Section 2.3. Based on these information, the static
timing analysis tool is used to get the overall circuit delay
degradation for each MLV in the MLV set. We choose the
MLV with the minimum circuit delay degradation to be the
one used in the circuit standby mode.
2) Impact of IVC technique: We use probability based
MLV selection method to select a set of MLV, in which
the leakage current differences of any MLVs are within 4%
of the original circuit leakage current. The impact of these
MLVs are investigated to ﬁnd an MLV with minimum circuit
performance degradation.
In Table III, we show that the minimized Δdelay using our
IVC technique is about on average 4.3% of the circuit delay;
while the performance impact difference of different MLV is
about 0.14% of the original circuit delay and 3% of the Δdelay
(In this experiment, the active and standby time ratio RAS=
1:5; the Tstandby =330K), which reveals the impact of MLVs
generated by IVC method on the circuit delay.
In Table III, the numbers in ”MLV diff” column are very
small, because the standby mode temperature is much lower
than the active mode temperature. The small value in this
column indicates that the input vector control has insigniﬁcant
effect on mitigating the NBTI effect, which is one of the
conclusions we drawn from this paper. However it will be
larger with a higher standby mode temperature or if we use a
static NBTI model or consider the permanent degradation in
the standby circuit degradation model.
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TABLE III
I MPACT OF IVC TECHNIQUE ON CIRCUIT PERFORMANCE DEGRADATION .
T HE LEAKAGE DIFFERENCE OF THE MLV SET IS WITHIN 4% OF THE
TOTAL CIRCUIT LEAKAGE .

Circuit
c432
c499
c880
c1355
c1908
c2670
c3540
c5315
c6288
c7552

Gate
number
169
204
383
548
911
1279
1699
2329
2447
3566

Nominal
delay(ns)
2.69
1.99
2.29
2.39
2.46
2.99
3.48
2.94
8.54
2.30

Δdelay
(%)
4.09
4.49
4.17
4.28
4.19
4.60
4.35
4.24
4.41
4.19

MLV’s
delay diff(%)
0.22
0.16
0.20
0.15
0.10
0.17
0.11
0.20
0.09
0.09

tures, because the temperature has negligible effect on NBTI
relaxation phase. As we can see from the table, when Tstandby
varies from 330K to 400K, the worst case Δdelay, which is
derived by setting all the internal nodes to ’0’, increases from
4.05% to 7.35%. Therefore, the potential of the internal node
control increases from 18.1% to 54.9%. Thus the potential of
internal node control is larger when the standby temperature
becomes higher. Furthermore, the potential will be smaller
with a larger active and standby time ratio, because the total
time that spends in the standby mode will be decreased.
Not all the internal nodes on the critical or near critical
paths can be practically set to ’1’ or ’0’ by internal node
control techniques; so this potential can be a reference of the
largest performance saving by applying internal node control
techniques.
D. Impact of sleep transistor insertion technique

According to the relationship of RAS vs ΔVth under different
Tstandby shown in Table I, if Tstandby =330K and RAS is set to
be 1:1, the delta delay number will be larger, because the total
time under high temperature increase. Meanwhile, MLVs not
only reduce the leakage of the circuit, but also show lower
temporal degradation compared to the worst case when all the
internal nodes are set to be 0.
3) Potential of internal node control: The timing and area
overhead of the IVC technique, which is caused by the ﬂipﬂop at the primary inputs of the circuits, can be neglected
in a large digital circuit design; however, for large circuits,
the internal states can not be well controlled by the primary
input vectors, thus the leakage variance due to different input
combinations is not very large, and the MLV’s may not
result in a signiﬁcant leakage reduction. Similarly, for larger
circuits, the MLV impact on both leakage current and NBTI
induced circuit performance degradation is smaller. Different
MLV’s may not result in large difference of impact on circuit
degradation, which is shown in Table III.
Lin et al. [9] pointed out that if the internal node deep in the
circuit can be manipulated, greater leakage current reduction
can be achieved. If the internal nodes can be controlled to
reduce the leakage during the circuit standby mode, they can
be also controlled to relieve the NBTI impact. Assuming all
the PMOS’s in the critical paths and near-critical paths are
driven by the supply rail during the circuit standby mode (i.e.,
all PMOS devices are driven by ’1’), the circuit performance
degradation will be minimized.
We further evaluate the difference of the maximized performance degradation (all the PMOS devices are driven by ’0’)
and the minimized performance degradation (all the internal
nodes are driven by ’1’). This circuit delay difference compared with the worst case performance degradation is deﬁned
as the potential of the internal node control technique.
In Table IV, we show the delay degradation of ISCAS85
benchmarks and the potential of internal node control under
different standby mode temperature. The active and standby
ratio is set to 1:9. The best case Δdelay, which is derived
from setting all the internal nodes to ’1’, is around 3.32%
of the original circuit delay under all the standby tempera-

In this subsection, we ﬁrst argue that using PMOS transistors in a sleep transistor insertion design needs to consider
the NBTI effect. A method to decide the size of a PMOS
ST considering NBTI effect is proposed. We then discuss the
circuit performance degradation variation due to the usage of
sleep transistor insertion.
1) NBTI-aware PMOS sleep transistor sizing: In sleep
transistor insertion technique, sleep transistors are used for
each group of gates. To ﬁnd the optimum size of the ST, it is
necessary to ﬁnd the vector that causes the worst case current
in that group of gates. This requires simulating the circuit
under all possible input values, which is impossible for large
circuits. All the previous literatures focused on how to reduce
the ST area penalty along with a remarkable leakage saving:
Kao [37] described a method to decrease the size of sleep
transistors based on the mutual exclusion principle; Anis [38]
presented several fast heuristic techniques for efﬁcient gate
clustering; Long [39] proposed a distributed sleep transistor
network (DSTN) approach which assumes that all the sleep
devices are connected to further reduce the area penalty. The
size of a PMOS ST is decided as following steps [39], where
only one PMOS ST is used.
The load dependent delay Dw/o of a gate v without ST is
given by:
Dw/o (v) =

KCLVdd
(Vdd −Vthlow )α

(25)

where K is a proportional constant, CL is the load capacitance,
Vthlow is the threshold voltage in the low Vth module, and α
is the velocity saturation index for modeling short channel
effects [50]. When the sleep transistor is present and the source
drain voltage drop is VST , the gate propagation delay increases
to
Dw (v) =

KCLVdd
(Vdd −VST −Vthlow )α

(26)

Following Eq.(21)(22), the increase in propagation delay
can be derived as,
ΔD(v) =

α VST
× Dw/o (v)
Vdd −Vthlow

(27)
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TABLE IV
D ELAY DEGRADATION OF ISCAS85 BENCHMARKS UNDER NBTI AND POTENTIAL OF INTERNAL NODE CONTROL (RAS = 1/9).

ISCAS85
Benchmark
Circuits
c432
c499
c880
c1355
c1908
c2670
c3540
c5315
c6288
c7552
Average

Internal node = 1
Δdelay
(%)
3.11
3.45
3.21
3.28
3.17
3.51
3.29
3.57
3.24
3.32
3.32

Tstandby = 330K
Δdelay(%)
3.87
4.19
3.93
4.01
3.95
4.26
4.07
3.99
4.28
3.94
4.05

Potential
(%)
19.8
17.4
18.3
18.2
19.8
17.8
17.7
17.4
16.6
17.7
18.1

Notice that when the circuit is active, the sleep transistor’s
input is ”0”, hence it is inﬂuenced by NBTI, so the gate
delay needs some margin that the circuit delay will satisfy the
performance requirement. So if the performance degradation
has a upper bound, that is ΔD(v)/Dw/o (v) < η (in this paper,
we use η = 0.05), VST is rewritten as,

α VST < η (Vdd −Vthlow )

(28)

ION (v) is the current ﬂowing through ST in gate v during
the active mode, which can be expressed as given by [41]:
ION (v) = μ pCox (W /L)ST (Vdd −VthST )VST

(29)

where VthST is the threshold voltage of the PMOS ST. Thus
the (W /L)ST can be expressed as,
(W /L)ST >

α ION (v)
η μ pCox (Vdd −VthST )(Vdd −Vthlow )

(30)

Note that (W /L)ST is regarded as the area of the ST in
this paper because transistors are implemented with minimum length in conventional designs. Moreover, for a BBSTI
technique, η for each block is assumed to be the same;
for an FGSTI technique, η can be different according to
different slack attribute of each gate. However, previous work
to decide the ST size did not take the NBTI effect into account:
VthST increases with time so that the current ﬂowing through
the PMOS ST decreases, which will slowdown the circuit
performance. Referring to Eq.(30), the area of ST considering
NBTI effect (W /L)ST /NBT I can be expressed as:
ΔVth
+ 1) × (W /L)ST
Vdd −VthIN − ΔVth
= (Δ(W /L) + 1) × (W /L)ST

(W /L)ST /NBT I = (

(31)

Here (W /L)ST is decided by the Eq.(30), which is a constant
if every process parameter and performance requirement is
decided. Therefore, the size of a safety PMOS ST depends on

Internal node = 0
Tstandby = 360K Potential
Δdelay(%)
(%)
5.04
38.4
5.23
33.9
5.08
36.7
5.13
36.0
5.09
37.7
5.28
33.6
5.16
35.1
5.11
35.5
5.29
32.6
5.08
3.62
5.15
35.6

Tstandby = 400K
Δdelay(%)
7.31
7.39
7.32
7.34
7.33
7.41
7.36
7.34
7.41
7.33
7.35

Potential
(%)
57.5
53.2
56.1
55.3
56.8
52.7
54.5
55.1
51.9
55.7
54.9

the threshold voltage degradation ΔVth (from Eq. (12)) and the
initial Vth of the PMOS ST.
The worst case is that the circuit is active all the time, thus
the PMOS ST is always negative biased under a very high
temperature. We show the PMOS ST threshold degradation
ΔVth with different RAS and initial Vth in Fig.8. Because the
input of PMOS ST during standby time is 1 in order to gate the
circuit, the threshold degradation ΔVth is not inﬂuenced by the
standby temperature variations. Thus, we set Tactive = 400K,
Tstandby = 330K. The PMOS ST ΔVth increases with a larger
RAS and a smaller initial Vth , thus the largest ΔVth is 30.3mV ,
when the initial Vth = 0.20V , RAS = 9/1; the smallest PMOS
ST ΔVth is 6.7mV , when the initial Vth = 0.40V , RAS = 1/9.
Meanwhile, the change of PMOS ST size Δ(W /L) is shown
in Fig.9 following Eq.(31). A larger ΔVth leads to a larger
Δ(W /L). Therefore, the largest Δ(W /L) is 3.94%, when the
initial Vth = 0.20V , RAS = 9/1; the smallest Δ(W /L) is 1.13%
when the initial Vth = 0.40V , RAS = 1/9.
We have to notice that, with technology scaling down,
smaller initial ST Vth will be used to enlarge the headroom
for the gated logic, thus the impact of NBTI on the PMOS ST
will be larger.
2) Circuit performance degradation analysis using sleep
transistor insertion: There are three kinds of sleep transistors:
footer (only NMOS ST), header (only PMOS ST), and both
footer and header, Fig.10 shows the example of the three
conditions. In the standby time, the ST’s are turned off, and all
the internal nodes will be charged or discharged depends on
the ST types. If all the footers are turned off, all the internal
nodes are high voltage, so that there is no PMOS transistor
that is negatively biased, thus the NBTI-induced degradation
is mitigated. We will analyze the internal states during the
standby time in detail to investigate the impact of these three
conditions on circuit performance degradation.
• Footer: The footer itself has no NBTI effect. When the
footer is turned off, the inner nodes of the slept circuit
will be charged up to a voltage near Vdd . This process will
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Vth degradation under different initial Vth and RAS

V 0.20V
th

RAS 9/1
Δ V 30.3mV
th

30

25

20

15

th

Δ V due to NBTI (mV)

35

10

0.18
0.23

V 0.40V

5

th

8/1

6/1

4/1

0.28

RAS 1/9
Δ V 6.7mV
th

2/1

1/2

0.33
0.38

1/4

Ratio of Active and Standby − RAS

1/6

1/8

Initial PMOS V (V)
th

0.43

Vth degradation comparison under different initial Vth and RAS.

Fig. 8.

Δ W/L under different initial V and RAS
th

4
3.5

Δ W/L (%)

3
2.5
2
1.5

Vth 0.20V

1

RAS 9/1
Δ W/L 3.94%

0.18
0.23

Initial
V
th

of
PMOS
ST
(V)

0.28
0.33

Vth 0.40V

0.38

RAS 1/9
Δ W/L1.13%

0.43
1/10

1/8

1/6

1/2

1/4

2/1

4/1

6/1

8/1

10/1

Ratio of Active and Sleep − RAS

Fig. 9.

Δ(W /L) comparison under different initial Vth and RAS.




  



Therefore, the sleep transistor insertion leads to Vgs ≈ 0 for
all the internal PMOS transistors. The circuit performance
degradation is almost the same as the best case of the
internal node control, which is analyzed in the input vector
control subsection. Fig.11 shows the potential analysis of C432
with/without ST insertion technique. The worst case ΔDelay
decreases from 7.31% to 3.87% as the Tstandby decreases
from 400K to 330K when we do not use sleep transistor
insertion. However, we also show the circuit degradation numbers with ST inserted under different timing constraints (η =
5%, 3%, and1%). It is true that sleep transistor insertion will
affect the circuit delay at time0 (additional delay of 5%, 3%,
and 1%), however our results show that there exist conditions
that we will have a faster circuit at time=10year even if we
inserted STs. Hence, lower η will leads to lower degradation
at time 10years but high leakage current at the standby time,
since the sleep transistor size will be larger. Consequently,
we should consider the leakage saving and NBTI degradation
simultaneously when we insert sleep transistors.
V. C ONCLUSIONS


''

''







lower the gate-to-source voltage differences of the PMOS
transistors in the circuit, which alleviates the NBTI effect
of these PMOS transistors in the standby mode. At the
same time, the temperature goes down, along with the gateto-source voltage differences’ going down, the footer can
provide more NBTI recovery for the inner circuit. Therefore,
using footer as the sleep transistor not only decreases the
leakage power, but also slows down the NBTI aging effect.
• Header: Using PMOS ST as a header is not a very good
choice in the sleep transistor schemes. As a victim of NBTI,
the header will be slowed down by aging. As a result, the
Vth increase of the header slows down the signal propagation
through the circuit, which may cause timing problems.
However, since the inner voltage of the circuit during the
sleep mode is discharged to a very low voltage near the
ground. The header can alleviate the NBTI effect of the
inner PMOS transistors in standby mode.
• Footer and header: Using the footer and header at the same
time can save more energy, however, as discussed above, the
NBTI has no impact on footer but does affect the header
a lot. The performance of the circuit will be decreased
because of the header’s NBTI effect. Since the Vdd and
ground are both cut off, the PMOS transistors will not be
negative biased.


  



Fig. 10. Example of sleep transistor insertion on an inverter: footer, header,
both footer and header.

AND DISCUSSIONS

In this paper, we propose an improved temporal NBTIinduced performance degradation model for digital circuits.
The standby mode temperature and the active and standby time
ratio, which have signiﬁcant impact on circuit performance
degradation due to NBTI, are considered in our model. For
the ﬁrst time, we discuss the resemblance between NBTI and
leakage mechanisms and then evaluate the impact of different
standby leakage reduction techniques on NBTI-induce performance degradation. The impact of the input vector control
on performance degradation due to NBTI is limited by the
inefﬁciency of controlling the internal nodes and the low
standby time temperature. However, the potential impact of
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Fig. 11. Circuit degradation of C432 with ST insertion technique (three
cases are the circuit without ST insertion under different Tstandby ; the other
three cases are the circuit with ST insertion under different Time0 timing
constraint).
T=10years
1.110 =3.798
0.67³0 =0.034

T=3years
1.080 =3.708
0.74³0 =0.038

T=0
0 =3.422
³0 =0.052

of delay after 3 years(about 3.599ns) is even larger than
the upper bound (μ +3σ ) of delay at time 0(about 3.579ns),
so NBTI degradation is quite serious. In [51], the authors
analyzed the impact of process variations on NBTI-induced
degradation. Their results showed that the mean value of gate
delay increases with stress time, while the variance decreases,
since a lower Vth leads to a faster degradation rate, and
thus larger Vth increase. This phenomenon compensates static
process variations and reduces the variance during the stress
period. Based on this conclusion, if we may further integrate
our temperature-aware NBTI model into a statistical analysis
platform, the model will be still effective; meanwhile, the
leakage and NBTI co-optimization techniques proposed in this
paper will also be effective on a statistical platform.
In this paper, our technique is implemented on high performance devices, actually the main purpose of this work is to
study the impact of leakage control methods on NBTI effect.
As a matter of fact, the ”LP” library usually uses a typical
higher ”VTH” for standard cells. According to [20], for such
”LP” standard cells with higher VTH, the impact of NBTI is
much smaller than the case of high performance application.
In addition, the temperature for high performance applications
are usually higher than those batter powered systems, and
consequently, the NBTI degradation is much more serious.
That is why we focus on high performance application in this
paper. However, the trend of the effect of these techniques
should be similar.
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Fig. 12. Circuit performance distribution considering both variation and
NBTI induced degradation (C880 in ISCAS85 benchmarks).

internal node control technique may be as large as 54.9%.
The impact of NBTI on the PMOS sleep transistor (ST) is
analyzed, and a PMOS ST sizing method considering NBTI
effect is proposed. Further the impact of sleep transistor
insertion on NBTI shows that this technique is efﬁcient to
mitigate NBTI effect on circuit performance.
Notice that we only show the potential of the standby
leakage reduction techniques on NBTI mitigation. The NBTI
model is not limited to R-D based AC NBTI model, since our
analysis bases on these facts: 1) NBTI effect depends on the
temperature, 2) NBTI and leakage mechanisms both depend
on the gate overdrive, 3) the circuit temperature varies between
active and standby modes.
Variation is a very important side effect along with the
technology scaling, if variations(for example, Vth variations
and process variations) are considered in the NBTI model, the
circuit delay becomes a distribution but not a deterministic
value. Along with the circuit life time, this distribution changes
monotonously as shown in ﬁg 12. The lower bound (μ -3σ )
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