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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

and 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.

Ç

1 INTRODUCTION

CIRCUIT reliability is one of the major concerns in VLSI
circuit and system 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 lifetime domain as CMOS technologies scale beyond
a 90-nm minimum lithographic linewidth, and the impact
of NBTI on circuit delay is about 15 percent on a 65-nm
technology node [2].

NBTI occurs when PMOS transistors in circuits are
stressed under negative gate voltage (i.e., Vgs ¼ �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 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 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 a smaller leakage current and smaller
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Vth degradation due to NBTI (the higher the initial Vth, the
smaller the NBTI-induced circuit delay degradation) [7], [8].
The standby leakage current reduction techniques, such as
input vector control (IVC) and sleep transistor insertion, can
change the gate overdrive which has a 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 co-optimization platform is
proposed to simultaneously analyze and optimize
the leakage and NBTI-induced degradation for
digital circuits.

3. We evaluate two standby leakage reduction techni-
ques: input vector control and sleep transistor
insertion. From our experimental results, the sleep
transistor insertion technique is very efficient in
NBTI mitigation, while the IVC technique is some-
how less effective. The internal node control method,
however, could be a potential way to mitigate the
NBTI effect.

. We first show that the dependences of NBTI and
leakage on an input vector are different for
different gates. Our experimental result shows
that the impact of the IVC approach on NBTI-
induced performance degradation is not that
effective if the standby temperature is low
(330 K). 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 the 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 the 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 2
reviews previous NBTI models and the standby leakage
reduction techniques (mainly the input vector control
and sleep transistor insertion techniques). In Section 3, we
describe the NBTI model considering the temperature
variation between the active mode and the standby mode.
In Section 4, the 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 the ISCAS85 circuits.
Section 5 concludes the paper and shows some discussions.

2 RELATED WORKS

The related works can be classified into two categories:
1) NBTI modeling and mitigation techniques; 2) leakage
reduction techniques.

2.1 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 the late 1990s, the
NBTI effect is aggravated due to the usage of nitride oxides
[13]. Further, the t�1

ox dependence of interface-trap genera-
tion implies that NBTI becomes more severe for ultrathin
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. Therefore, 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], [17],
[18] have addressed the issue of describing physical models
for NBTI, and providing analytical expressions for the first
stress and relaxation phases.

Built on the top of device-level NBTI modeling,
researchers studied the circuit-level performance degrada-
tion 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
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Fig. 1. The conceptual illustration of the PMOS �Vth degradation under
DC and AC stress conditions, which shows the difference between static
NBTI and dynamic NBTI.



be obtained. Some analytical models that evaluate the NBTI
effect with multicycle 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 nano-scale circuits. Kumar’s work
was 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 90 nm.
However, for a long-term stress model or permanent
degradation that cannot be recovered for high-k, NBTI-
induced 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 perfor-
mance 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, 400 K) and low temperature (for
example, 330 K) 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 68 W to 126 W. 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 130 W. It is shown that the processors’
temperature varies in the range from 60 to 110 degree
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
modes. We also assume that the temperature switches fast
from active time temperature to standby time temperature
under a typical air cooling condition.

2.2 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 the maximum
performance is not needed. In this paper, we mainly focus
on the runtime standby leakage reduction techniques.

The IVC technique [9], [10], [31], [32], [33] is based on the
well-known transistor stacking effect: a CMOS gate’s
subthreshold and gate oxide leakage current vary drama-
tically 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], [37], [38], [39], [40], [41],
[42] is to place a sleep transistor 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], [37], [38],
[39] that puts 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 Fine-Grain ST Insertion
(FGSTI) technique [40], [41], [42], in which sleep transistors
are assigned to each standard cell, which also showed some
advantages over the BBSTI technique, such as guaranteed
circuit functionality and improved circuit noise margins.

3 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.
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Fig. 2. Thermal profiles of running a task set on a typical processor.



Note that the simulation results in the following sections

are based on a standard cell library constructed using the

PTM 90-nm bulk CMOS model [43]. Vdd ¼ 1:0 V , jVthj ¼
220 mV are the 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 400 K and 330 K 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 90-nm

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.

3.1 NBTI-Induced VV th Degradation

A shift in the PMOS transistor threshold voltage �Vth is

proportional to the generation of interface traps due to

NBTI, which can be expressed as [22]

�Vth ¼ ð1þmÞ
qNitðtÞ
Cox

; ð1Þ

where m represents equivalent Vth shifts due to mobility

degradation for a given technology, and NitðtÞ 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 NitðtÞ

dNit

dt
¼ kfðN0 �NitÞ � krNitCHð0; tÞ ð2Þ

dNit

dt
¼ �DH

@CH
@x

����
x¼0

; ð3Þ

where the mobile diffusing species are assumed to be

neutral H atoms, and N0 is the concentration of initial

interface defects. The parameters kf and kr are constant

dissociation rate and self-annealing rate, respectively. When

the device is in recovery phase, kf 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]

@CH
@t
¼ DH

@2CH
@x2

: ð4Þ

With assumption of quasi-equilibrium and an infinite

thick oxide (i.e., tox is more than diffusion length
ffiffiffiffiffiffiffiffiffiffiffiffi
4DHt
p

), a

solution of (2)-(4) is presented by [3]

NitðtÞ ¼ 1:16
kfN0

kr

� �1=2

ðDHtÞ1=4 ¼ At1=4: ð5Þ

Equation (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]

NitðtÞ ¼ N0
it 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t=tstress

p� ��1
; ð6Þ

where t is the recovery time and N0
it is the interface density

at the beginning of recovery.

3.2 Temperature-Aware NBTI Modeling for VV th

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 the multicycle 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 �) is denoted as N0

it ¼ A�1=4;
so after n cycles of AC stress, the interface traps can be
expressed as [6]

Nit½ðnþ 1Þ� � ¼ �

1þ � þ
N0
it

1þ � cþ Nitðn�Þ
N0
it

� �4
" #1=4

; ð7Þ

and

Nitð�Þ ¼
c1=4

1þ �N
0
it; ð8Þ

where � is the period time, c is the duty cycle of the stress

phase, and � ¼
ffiffiffiffiffiffi
1�c

2

q
.

In order to get a fast NBTI model, we first simplify the

recursion based on (7) and (8) considering a large enough

cycle number n:

S1 ¼
c1=4

1þ � ; ð9Þ

Snþ1 ¼ Sn þ
c

4ð1þ �ÞS3
n

; ð10Þ

and

Nitðn�Þ ¼ SnN0
it ¼ Sn � A�1=4: ð11Þ

From (1), the shifts of threshold voltage can be expressed as

�Vthðn�Þ ¼ ð1þmÞ
q

Cox
� Sn � A�1=4

¼ KV Sn�
1=4

; ð12Þ

where KV is a constant related to Eox and temperature, Sn is
controlled by the duty cycle.

Previous NBTI models only consider the situation that
the temperature is constant (which is around 400 K).
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 modes, 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 that the steady-state
temperatures during the active mode and standby mode are
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Tactive and Tstandby, respectively (generally speaking, Tstandby
is lower than Tactive), and define RAS to be the ratio of active

and standby time, 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

modes, 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, diffusion coefficient, etc.
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

interface traps can be ignored.
Second, we investigate the activation energy terms. The

interface trap generationNit is related to dissociation rate kf ,

self-annealing rate kr, and diffusion coefficient DH , and all

these three parameters depend on the temperature

DH ¼ DH0 expð�ED=kBT Þ; ð13Þ
kf ¼ kf0 expð�Ef=kBT Þ; ð14Þ
kr ¼ kr0 expð�Er=kBT Þ: ð15Þ

From (5), the overall activation energy can be repre-

sented as

EA ¼
1

4
ED þ

1

2
ðEf � ErÞ: ð16Þ

Because Ef � Er � 0, EA � 1
4ED [47], we can assume that

the temperature dependence of interface trap generation is

only in terms of the diffusion coefficient of the H atom (DH)

in (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 t
0

standby, where t
0

standby ¼ Dstandby � t=Dactive (Dstandby

and Dactive denote diffusion coefficients under standby and

active mode, respectively). Therefore, the equivalent stress
time teqstress for each cycle can be expressed as

teqstress ¼ ctactive þ tstandby
Dstandby

Dactive
; ð17Þ

where c is the input signal duty cycle of the active time. The
equivalent recovery time teqrecovery can be considered similarly.

The equivalent duty cycle ceq and period time �eq can be
derived as

ceq ¼ teqstress
teqstress þ t

eq
recovery

; ð18Þ

�eq ¼ teqstress þ teqrecovery: ð19Þ

With the equivalent duty cycle ceq and period time �eq, the
�Vth considering the time and temperature changes between
active and standby modes can be evaluated using (9)-(12).

Fig. 3 shows the impact on �Vth with different active and
standby time ratios (RAS). The temperature of the highest
line is Tstandby ¼ Tactive ¼ 400 K; the temperature of others is
Tstandby ¼ 330 K. Fig. 4 shows the impact on �Vth with
Tstandby. The active and standby time ratio is set to be
1:5. These two figures show that the RAS and the standby
mode temperature (Tstandby) have great impact on the
Vth degradation due to NBTI. The trend of �Vth 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 1. The total time is set to
3� 108 s and the signal probability during the active
mode is set to 0.5. When Tstandby ¼ Tactive ¼ 400 K, the �Vth
increases with a decreasing active and standby time ratio,
since the total time under stress condition is increased.
However, the �Vth decreases when Tstandby ¼ 330 K with a
decreasing active and standby time ratio, since the total
time under lower temperature is increased. The largest
gap between the �Vth is about 9.4 mv when the active and
standby time ratio is 1:9. Meanwhile, when Tstandby ¼
370 K, the �Vth is nearly the same, which means that there
exists an interval of Tstandby, whose corresponding �Vth is
not sensitive to RAS variation. That is to say, when Tstandby
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Fig. 3. Vth degradation with different active and standby time ratio.
Tactive ¼ 400 K, 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.

Fig. 4. Vth degradation with different Tstandby. The active and standby
time ratio RAS is set to be 1:5 and 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



is near 370 K, the impact of RAS on �Vth is very small so
that when RAS changes, the Vth degradation is approx-
imatively 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 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 by RAS as we discussed in Section 2.1.

3.3 Gate and Circuit Performance Degradation

In circuit timing analysis, a combinational circuit can be
modeled as a directed acyclic graph (DAG) G ¼ ðV ;EÞ. A
vertex v 2 V represents a CMOS gate from the given library,
while an edge ði; jÞ 2 E, i; j 2 V represents a connection
from vertex i to vertex j.

The delay of a gate v can be approximately expressed
as [22]

dðvÞ ¼ CLVdd
Id
¼ K

ðVg � VthÞ�
;

K ¼ CLVdd
�CoxWeff=Leff

;

ð20Þ

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; � is the velocity saturation index,
whose value ranges from 1 to 2; � is the mobility, Cox is the
oxide capacitance, and Leff and Weff are the channel length
and the transistor width, respectively.

Hence, the delay degradation �dðvÞ for the gate v can be
derived as follows:

�dðvÞ ¼ K

ðVg � Vth ��VthÞ�
� K

ðVg � VthÞ�

¼ 1� �Vth
Vg � Vth

� ���
�1

� �
dðvÞ:

ð21Þ

We use Taylor series expansion on the right side of (21),
neglecting the higher order terms, such that

�dðvÞ ¼ ��Vth
Vg � Vth0

� dðvÞ; ð22Þ

where Vth0 is the original transistor threshold voltage and
dðvÞ is the original delay of the gate v. There might be
several �Vth of different PMOSs 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, �Vth, can be
derived using (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 (22). A static timing analysis
tool [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 0s; 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 temperatures. The
circuit degradation is much less than the Vth degradation
under a same standby mode temperature. And the standby
mode temperature difference leads to a considerable circuit
delay difference.

4 IMPACT OF STANDBY LEAKAGE REDUCTION

TECHNIQUES ON CIRCUIT PERFORMANCE

DEGRADATION

From the above section, we show that both RAS and
temperature (Tstandby/Tactive) are important during NBTI-
induced performance degradation analysis in the circuits
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TABLE 1
�Vth(mv) under Different Active and Standby Mode Ratio

Tactive ¼ 400 K, 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.

Fig. 5. Comparison between PMOS Vth degradation and C432
performance degradation.



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 the circuit
performance degradation, and study the potential of using
the existing leakage reduction techniques to mitigate NBTI-
induced performance degradation considering the tempera-
ture variation due to different RAS’s.

4.1 The Resemblance between NBTI and Leakage
Mechanism

Both NBTI and leakage mechanism have common depen-
dence on technology and design parameters related to gate
drive. In this section, we focus on the the internal node
dependence and the Vth dependence analysis.

. Internal node dependence. 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 1 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 2 lists the overall leakage
current in NOR2, NOR3, and INV gates under
different input combinations, and the temperature
is 400 K. We can see that the leakage current varies
between different input vectors. Furthermore, Table 2
lists the �Delay due to NBTI effect of these gates
under different standby time input vectors. Here
RAS is 1:9, Tactive ¼ 400 K, and Tstandby ¼ 330 K. The
NBTI-induced �Delay also varies between different
input vectors. Notice that in this table, the impact of
the input vector on leakage and delay degradation is
the same; however, this conclusion is not true for all
gate types.

We simulate the typical cells (NAND/AND,
NOR/OR, INV, and 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].

. VV th dependence. A higher Vth will lead to a smaller
performance degradation due to NBTI [20]:

NitðtÞ / Tox
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CoxðVgs � VthÞ

q
� exp Eox

E0

� �
� exp �Ea

kbT

� �
:

ð23Þ

Meanwhile, the subthreshold leakage decreases ex-
ponentially 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
sections, we show our NBTI/leakage analysis and optimi-
zation 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 the NBTI impact into account is
proposed and investigated; the potential impact of the
internal node control technique is further discussed.
Second, the impact of NBTI on the PMOS sleep transistor
is analyzed, and then a PMOS ST sizing method considering
NBTI effect is proposed. The impact of sleep transistor
insertion on NBTI-induced circuit degradation shows that
this technique is efficient to mitigate the NBTI effect on
circuit performance degradation.

4.2 The NBTI/Leakage Analysis and Optimization
Flow

Fig. 6 shows our NBTI/leakage analysis and optimization
flow which is capable to analyze and optimize the NBTI
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TABLE 2
Leakage Current and NBTI-Induced Delay Degradation

Comparison under Different Input Vectors (90 nm):
a) NOR2, b) NOR3, and c) INV

The Temperature of leakage current estimation is set to 400 K; during
NBTI analysis, RAS is set to 1:9, Tactive ¼ 400 K and Tstandby ¼ 330 K.

Fig. 6. Our NBTI/leakage analysis and optimization flow.



effect and leakage power in the circuit simultaneously. When
the circuit is in active mode, the statistical information for
input Signal Probability (SP) is used to generate the internal
node SP. When the circuit is in 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 the 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 libraries, and NBTI modelings, this flow can deal

with different circuits under different technology libraries

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.

4.3 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 the existing IVC technique which minimizes the
standby leakage current (B.1) and finds out that the impact
of the IVC technique is 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 the NBTI effect
during the circuit standby mode (B.3).

4.3.1 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 IleakageðvÞ can be expressed as

IleakageðvÞ ¼
X
IN

Ilðv; INÞ � Probðv; INÞ; ð24Þ

where Ilðv; INÞ and Probðv; INÞ are the leakage current and

the probability of the gate v under the 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], [32], [33]. In this paper, we first find a set of MLV

using a simple probability-based method; then investigate

the impacts of different MLVs on the performance degrada-

tion due to NBTI; and finally MLV that simultaneously

achieves the minimum circuit performance degradation and

the maximum leakage reduction rate are selected.

The pseudocode 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);
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 vector 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 the 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 genera-
tion module in Fig. 6. Using a circuit logic simulator, the
internal state of each edge can be derived for each MLV.
The �dðvÞ for a given period of time of each gate v is
evaluated referring to (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.

4.3.2 Impact of IVC Technique

We use a probability-based MLV selection method to select a
set of MLV, in which the leakage current differences of any
MLVs are within 4 percent of the original circuit leakage
current. The impact of these MLVs is investigated to find an

MLV with minimum circuit performance degradation.
In Table 3, we show that the minimized �delay using

our IVC technique is about on average 4.3 percent of the
circuit delay, while the performance impact difference of

different MLV is about 0.14 percent of the original circuit
delay and three percent of the �delay (in this experiment,
the active and standby time ratio RAS ¼ 1:5; the Tstandby ¼
330 K), which reveals the impact of MLVs generated by the
IVC method on the circuit delay.
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Fig. 7. A probability-based algorithm to select an MLV set.

TABLE 3
Impact of IVC Technique on Circuit Performance Degradation

The leakage difference of the MLV set is within four percent of the total
circuit leakage.



In Table 3, 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 an
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.

According to the relationship of RAS versus �Vth under
different Tstandby shown in Table 1, if Tstandby ¼ 330 K and
RAS is set to be 1:1, the delta delay number will be larger,
because the total time under high temperature increases.
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.

4.3.3 Potential of Internal Node Control

The timing and area overhead of the IVC technique, which is
caused by the flip-flop at the primary inputs of the circuits,
can be neglected in a large digital circuit design; however, for
large circuits, the internal states cannot be well controlled by
the primary input vectors; thus, the leakage variance due to
different input combinations is not very large, and the MLVs
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 MLVs may not result in a large difference
of impact on circuit degradation, which is shown in Table 3.

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 also be controlled to relieve the NBTI impact.
Assuming all the PMOSs 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 between the max-
imized 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 4, we show the delay degradation of ISCAS85
benchmarks and the potential of internal node control
under different standby mode temperatures. The active and
standby ratio is set to 1:9. The best-case �delay, which is
derived from setting all the internal nodes to “1”, is around
3.32 percent of the original circuit delay under all the
standby temperatures, because the temperature has negli-
gible effect on NBTI relaxation phase. As we can see from
the table, when Tstandby varies from 330 K to 400 K, the
worst-case �delay, which is derived by setting all the
internal nodes to “0”, increases from 4.05 percent to
7.35 percent. Therefore, the potential of the internal node
control increases from 18.1 percent to 54.9 percent. 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.

4.4 Impact of Sleep Transistor Insertion Technique

In this section, 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 the NBTI effect is proposed. We then discuss
the circuit performance degradation variation due to the
usage of sleep transistor insertion.

4.4.1 NBTI-Aware PMOS Sleep Transistor Sizing

In the sleep transistor insertion technique, sleep transistors
are used for each group of gates. To find the optimum size

764 IEEE TRANSACTIONS ON DEPENDABLE AND SECURE COMPUTING, VOL. 8, NO. 5, SEPTEMBER/OCTOBER 2011

TABLE 4
Delay Degradation of ISCAS85 Benchmarks under NBTI and Potential of Internal Node Control (RAS = 1/9)



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 the 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=oðvÞ ¼
KCLVdd

ðVdd � VthlowÞ�
; ð25Þ

where K is a proportional constant, CL is the load
capacitance, Vthlow is the threshold voltage in the low
Vth module, and � 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

DwðvÞ ¼
KCLVdd

ðVdd � VST � VthlowÞ�
: ð26Þ

Following (21), (22), the increase in propagation delay
can be derived as

�DðvÞ ¼ �VST
Vdd � Vthlow

�Dw=oðvÞ: ð27Þ

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 �DðvÞ=Dw=oðvÞ < �
(in this paper, we use � ¼ 0:05), VST is rewritten as

�VST < �ðVdd � VthlowÞ: ð28Þ

IONðvÞ is the current flowing through ST in the gate v
during the active mode, which can be expressed as given
by [41]

IONðvÞ ¼ �pCoxðW=LÞST ðVdd � VthST ÞVST ; ð29Þ

where VthST is the threshold voltage of the PMOS ST. Thus,
the ðW=LÞST can be expressed as

ðW=LÞST >
�IONðvÞ

��pCoxðVdd � VthST ÞðVdd � VthlowÞ
: ð30Þ

Note that ðW=LÞST 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, � for each block is assumed to be the same;
for an FGSTI technique, � can be different according to
different slack attributes 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 slow
down the circuit performance. Referring to (30), the area of
ST considering the NBTI effect ðW=LÞST=NBTI can be
expressed as follows:

ðW=LÞST=NBTI ¼
�Vth

Vdd � VthIN ��Vth
þ 1

� �
� ðW=LÞST

¼ ð�ðW=LÞ þ 1Þ � ðW=LÞST
:

ð31Þ

Here, ðW=LÞST is decided by (30), which is a constant if
every process parameter and performance requirement is
decided. Therefore, the size of a safety PMOS ST depends
on the threshold voltage degradation �Vth (from (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 �Vth 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 �Vth
is not influenced by the standby temperature variations.
Thus, we set Tactive ¼ 400 K, and Tstandby ¼ 330 K. The PMOS
ST �Vth increases with a larger RAS and a smaller initial
Vth; thus, the largest �Vth is 30:3 mV, when the initial
Vth ¼ 0:20 V, and RAS ¼ 9=1; the smallest PMOS ST �Vth is
6:7 mV, when the initial Vth ¼ 0:40 V, and RAS ¼ 1=9.

Meanwhile, the change of PMOS ST size �ðW=LÞ is
shown in Fig. 9 following (31). A larger �Vth leads to a larger
�ðW=LÞ. Therefore, the largest �ðW=LÞ is 3.94 percent
when the initial Vth ¼ 0:20 V, and RAS ¼ 9=1; the smallest
�ðW=LÞ is 1.13 percent when the initial Vth ¼ 0:40 V, and
RAS ¼ 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.

4.4.2 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
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Fig. 8. Vth degradation comparison under different initial Vth and RAS.



standby time, the STs are turned off, and all the internal

nodes will be charged or discharged depending on the ST

types. If all the footers are turned off, all the internal nodes

are of 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 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 gate-to-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,
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 decrease because of the header’s
NBTI effect. Since the Vdd and ground are both cut
off, the PMOS transistors will not be negative biased.

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
section. Fig. 11 shows the potential analysis of C432 with/
without ST insertion technique. The worst-case �Delay
decreases from 7.31 percent to 3.87 percent as the Tstandby
decreases from 400 K to 330 K when we do not use sleep
transistor insertion. However, we also show the circuit
degradation numbers with ST inserted under different timing
constraints (� ¼ 5%; 3%; 1%). It is true that sleep transistor
insertion will affect the circuit delay at time 0 (additional
delay of 5 percent, 3 percent, and 1 percent); however, our
results show that there exist conditions that we will have a
faster circuit at time ¼ 10 years even if we inserted STs.
Hence, lower �will lead to lower degradation at time 10 years
but a 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 simulta-
neously when we insert sleep transistors.

5 CONCLUSIONS AND DISCUSSIONS

In this paper, we propose an improved temporal NBTI-
induced performance degradation model for digital cir-
cuits. The standby mode temperature and the active and
standby time ratio, which have significant impact on
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Fig. 9. �ðW=LÞ comparison under different initial Vth and RAS.

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

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 Time 0
timing constraint).



circuit performance degradation due to NBTI, are con-
sidered 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-induced performance de-
gradation. 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 the internal node control technique may be as large as
54.9 percent. The impact of NBTI on the PMOS sleep
transistor is analyzed, and a PMOS ST sizing method
considering the NBTI effect is proposed. Further, the
impact of sleep transistor insertion on NBTI shows that
this technique is efficient to mitigate the 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 the R-D-based AC NBTI model,
since our analysis bases on these facts: 1) the NBTI effect
depends on the temperature, 2) NBTI and leakage mechan-
isms 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 determi-
nistic value. Along with the circuit lifetime, this distribution
changes monotonously as shown in Fig. 12. The lower
bound (�� 3�) of delay after three years (about 3.599ns) is
even larger than the upper bound (�þ 3�) 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
the 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 temperatures for
high-performance applications are usually higher than
those better 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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