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ABSTRACT In nano-scale CMOS technology, circuit reliability is a growing concern for complicated
digital circuits due to manufacturing process variation and aging effects. In this paper, a statistical circuit
optimization framework is presented to analyze and improve the lifetime reliability of digital circuits in
the presence of process variation and aging degradation. The proposed framework takes advantage of a
process variation- and aging-aware gate-level delay degradation model to characterize and evaluate the
lifetime reliability of combinational circuits. A metric called Guardband-Aware Reliability (abbreviated as
GAR) is proposed for a fair evaluation of the lifetime reliability of combinational circuits considering a
guardband and timing yield specified by the designer. Then, using a criticality metric, a set of statistically
critical gates is selected for being optimized in the optimization framework. As the improvement procedure,
the dual-threshold voltage assignment technique is applied to the identified critical gates to enable the
manufactured chip to improve the lifetime reliability in terms of low timing yield loss. Experimental results
on ISCAS’85 and ISCAS’89 benchmark circuits show that our proposed framework increases the circuit
reliability up to 9.93% for a 6-year lifetime imposing less than 6.9% timing yield loss.

INDEX TERMS Combinational circuits, dual threshold voltage assignment, optimization, lifetime reliabil-
ity, process variations.

I. INTRODUCTION
Although technology scaling allows to fabricate chips with
higher complexity and performance, it poses a severe chal-
lenge for reliable digital circuit design. With the scaling
down of the transistor dimensions, fabrication-induced pro-
cess variation (PV) causes the timing of the manufactured
circuit to significantly deviates from its initial design [1].
As an example, with process technology scaling from 350 nm
to 45 nm, the timing yields of the integrated circuits (ICs)
have reduced from nearly 90% to mere 30% [2]. On the
other hand, the aging mechanisms, such as Bias Temperature
Instability (BTI), are appeared in nano-scale technology lead-
ing to considerable degradation of the conductance of MOS
transistors during lifetime [3]–[6]. Negative BTI occurring in
PMOS transistors and Positive BTI affecting NMOS transis-
tors increases the absolute value of threshold voltage (Vth)
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of transistors and hence, the delay of the circuits increases
with the operation time [7]. Consequently, it is necessary
to consider the effects of PV and aging (specifically BTI
mechanisms) in the analysis and improvement of lifetime
reliability in nano-scale digital circuits.

There are many works which have analyzed the impacts of
PV and BTI separately [2], [8]–[11]. However, considering
the interdependencies between BTI and PV [13], [14], such
separate analysis leads to inaccurate and unrealistic results.
Recently, some papers have addressed the combined impacts
of process variability and NBTI or BTI at different levels of
abstraction such as device-level [9], gate-level [15]–[17], and
architecture-level [18]–[20]. Siddiqua et al. [21] explored
both NBTI and PV in an SRAM cell. In [13], an NBTI-
aging aware delay degradation model for the logic gates in
the presence of PV is proposed. Probability density func-
tions (PDF) is used to represent the gate delays at man-
ufacturing time. Then, the model presents a PDF for the
gate delay at a given year of stress time. A statistical circuit
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optimization flow introduced in [15] which improve com-
binational circuit lifetime reliability in the presence of the
joint effect of PV and NBTI. Han and Kim [22] proposed
a stochastic model of the Vth value variation and the gate
aging delay time which considers the effects of the PV on
NBTI. Perez-Rivera et al. [14] have analyzed the impact of
PV and NBTI effect on IC lifetime reliability. Although the
aforementioned work analyzed combined impacts of NBTI
and PV, their analysis is limited to NBTI rather than cov-
ering both NBTI and PBTI while it is shown that PBTI is
changing to a serious aging effect in modern VLSI systems
[23], [24]. Some research have studied both NBTI and PBTI
effects on circuit reliability, In [7], combinational circuits a
reliability considering PVT dependence of NBTI and PBTI
aging effects is analyzed. Duch et al. [16] present simulation
based (HSPICE Monte Carlo) analysis of both NBTI and
PBTI incorporate with parameter variations in logic gates.
In [24], an analytical methodology for accurate modeling of
the correlation between Process, Voltage and Temperature
variations (PVT) and BTI-induced aging is presented. In [25],
a machine learning approach is proposed to predict the NBTI
degradation of the circuit paths. A fast, accurate, and versatile
PV- and aging-aware delay model for generic cell libraries
called AADAM is presented in [26]. Based on transistor-level
SPICE simulations, the delay degradation of each library
cell is characterized under a set of variability and aging
factors. It is notable that PV- and aging analysis methods
suffer from limitations: some of the previous works only
consider NBTI effect (and neglect PBTI) [14], [15], [21]–[25]
or some others just focused on one challenge (either PV or
aging effect) [8]–[11] leading to inaccurate analysis results.
Moreover, most of the other works, which consider both PV
and aging effects, use the old reaction-diffusion theory to
consider NBTI and PBTI effects on circuits [7], [16].

There are several approaches presented for mitigating the
impact of either PV [11] or aging [27]–[31] in combina-
tional circuits. Due to the interdependencies between PV and
aging [14], [29], the mitigation technique which ignores PV
or aging effects results in non-optimized solutions. Among
the mitigation approaches in which both PV and aging effects
are taken into consideration, gate sizing-based optimization
techniques show their efficacy in the literature. In [23], math-
ematical methods (i.e. Lagrangian Relaxation) are used to
optimize the circuit area considering circuit delay degrada-
tion. However, the computational complexity of these meth-
ods makes them impracticable for large-scale combinational
circuits. Other approaches are based on upsizing a gate for
delay degradation reduction in expense of area cost [14], [15],
[17], [32]. However, most of these methods focus only on
increasing the size of the selected gates to improve the
delay of the critical aging paths leading to large area cost
in the reliability optimized circuits. In [17], a method is
proposed to reduce guardband by effective selection critical
gates and using gate-sizing approach considering BTI and
PV effects. This work focuses on finding potential criti-
cal path (PCP) (paths which are degraded more than other

ones) to up/downsizing gate in path in term of low area
overhead. However, since this work only uses gate sizing
technique, it leads to a large area overhead to the VLSI
designs. In [32], dynamic frequency scaling is proposed to
mitigate the impacts of BTI-aging effects considering work-
load uncertainty and PV. In [12], a two-phase gate sizing
approach is presented to improve the reliability of the circuit
considering the joint effect of PV and transistor aging. In the
first stage, the initial delay of the circuit is optimized to
improve the timing yield of the circuit. Then, in the second
stage, we reduce the delay degradation induced by aging and
process variations. The previous lifetime reliability improve-
ment approaches suffer from serious limitations; i.e. some
of the previous works did not consider the joint effect of
PV and aging leading to inefficient solutions while some
others impose large area/delay overhead to the design. Hence,
it is required to present a lifetime reliability with low design
overhead and comprehensive analysismethod considering the
impacts of PV, NBTI, and PBTI.

In this paper, we present an optimization framework for
maximizing circuit lifetime reliability in the presence of PV
and aging effects using dual threshold voltage (DVth) tech-
nique. Firstly, we introduce a novel lifetime reliability evalua-
tion metric called Guardband-Aware Reliability (abbreviated
as GAR) metric to analyze the lifetime reliability of combi-
national circuits considering a guardband and timing yield
specified by the designer. Also, we introduce a criticality
metric to efficiently identify the best gates as the candidates
for applying DVth assignment technique. Then, based on
a statistical gate-level delay modeling, three optimization
algorithms are proposed to improve the lifetime reliability
of combinational circuits in the presence of PV and aging
effects, as follows:

• Greedy-based reliability optimization algorithm (abbre-
viated as GeRO),

• Metaheuristic-based reliability optimization approach
using simulated-annealing (SA) technique (abbreviated
as SARO),

• Sensitivity based reliability improvement algorithm
based on TILOS approach [34] (abbreviated as TIRO).

In these three optimizations algorithm, there is a tradeoff
between optimization improvement and optimization speed.
GeRO and SARO are fast while TIRO achieves more reli-
ability improvements due to the proposed sensitivity met-
ric. On average, the experimental results on ISCAS’85 and
ISCAS’89 benchmarks circuits show that the proposed
method increases the circuit reliability up to 6.38%, 8.16%
and 9.93% imposing 6.50%, 7.03% and 6.9% timing yield
loss for a 6-year lifetime and 10% PV for GeRO, SARO and
TIRO, respectively.

Briefly the main contributions of this paper are as follows:

• DVth assignment technique is proposed for improving
the robustness of combinational circuits against aging
and PV effects,
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• Guardband-Aware Reliability (abbreviated as GAR)
metric is proposed to analyze the lifetime reliability
of combinational circuits considering a guardband and
timing yield specified by a designer i.e. it allows to
designer to choose specific timing yield and optional
guardband for calculating reliability,

• Three optimization algorithms (i.e. a GeRO, SARO and
TIRO) for lifetime reliability improvement of combina-
tional circuits.

The rest of this paper is organized as follows.
Section 2 brings some backgrounds to the readers such as
the reliability concepts in digital circuits and also, introduces
the statistical gate delay degradation model which is used in
this paper. In section 3, the dual threshold voltage assignment
technique optimization is described while section 4 is about
the critical gate identification approach. Section 5 describes
the experimental results and finally, section 6 concludes the
paper.

II. BACKGROUND
This section provides some necessary backgrounds on sta-
tistical static timing analysis and the impacts of aging on
transistor delays.

A. STATISTICAL STATIC TIMING ANALYSIS
For timing analysis of digital circuits, it is required to com-
pute the maximum delay of all paths from primary inputs
to the primary outputs, irrespective to input signals. Such
maximum delay is computed using a static simulation which
is called static timing analysis (STA) [34]. STA has shown it
efficacy in characterizing the timing performance of digital
circuits, determining the delay information, and finding the
critical paths. There are three important timing concepts as
follows:

• Arrival Time (AT) which is defined as the latest time
in which the final correct value of a signal arrives at a
certain internal node (i.e. the input of a gate or cell).
In computing AT, the signal transitions are propagated
through the gates considering all the net and logic gate
delays in between the reference input point and the
destination node.

• Required Arrival Time (RAT) defined as the latest time
at which a signal can arrive to a certain internal node
without increasing the assumed delay of the circuit. RAT
is computed by backward propagation from the inputs of
the target storage elements (i.e. flip-flops) in the circuit
to the internal nodes.

• Slack which is the difference between the RAT and the
AT for each signal.

STA propagates actual ATs and RATs of the internal circuit
nodes. In a circuit with correct timing behavior, the slack of
all nodes is required to be larger or equal to zero.

In nano-scale circuit, Statistical STA (SSTA) allows to
properly considering the impact of PV on path behavior
and hence, a more accurate set of path delays. In SSTA,

the net/gate delays are modeled as probabilistic random vari-
ables considering the effects of PV. A canonical first-order
delay model was proposed in [34] considering the impact of
PV as:

a0 +
∑n

i=1
ai1Xi + an+11Ra (1)

where a0 is deterministic part,
∑n

i=1 ai1Xi is correlated por-
tion of PV effects and an+11Ra is the independent portion.
1Xi, i = 1 . . . n shows the fluctuation on n global source
of variation Xi computed by subtracting their mean value
1Xi = Xi − X̂i. The variables ai, i = 1 . . . n are the gate
delay sensitivity to each of the global variation source. 1Ra
is the variation of an independent random variable Ra from its
nominal value while an+1 is the sensitivity of the gate delay
(or other timing quantities) to uncorrelated variations.

Based on the probabilistic delay models, SSTA estimates
the probability distribution of the circuit performance under
the variation of process parameter in a single timing analysis
with a statistical approach. In SSTA, the mathematical oper-
ators (i.e. SUM and MAX) which are traditionally determin-
istic in STA are replaced with statistical ones [34].

B. BTI AGING MECHANISM
In nano-scale digital circuits, BTI is the main aging mecha-
nism which affects MOSFET transistors. There are two types
of BTI effects: Negative and Positive BTI (NBTI and PBTI)
which respectively affect PMOS and NMOS transistors when
these transistors work in linear or saturation regions. Prelim-
inarily, NBTI was considered the significant reliability issue
but after introducing the high-k metal gate dielectric in deep
nano-scale (<45 nm) technologies [12], PBTI effects has also
become an important aging issue. BTI mechanisms consist
two phases [35]:
• Stress Phase: High vertical electric field, applied to
transistor channel leads to breaking Si − H bonds and
degrading device Si−SiO2 interface. Two singleH atom
combine each other and generate H2 molecule which
leaves the so-called interface trap [34]. Also, charge
trapping in thin silicon oxide layer is another reason
of BTI. These phenomena gradually cause increasing
threshold voltage (Vth) during lifetime.

• Recovery Phase: When transistor switched to cutoff
region (

∣∣Vgs∣∣ = 0) some of the traps in the Si − SiO2
interface is passivated. Therefore, it is observed some
partial recovery in Vth degradation during the stress
phase.

Maximum increasing in Vth depends on device stress time
(i.e. the percentage of time during which the device is on),
named as stress probability (SP). BTI-induced Vth degrada-
tion is calculated as Eq. (3) [7],

1Vth,BTI ≈ K .tox .
√
Cox .

(
Vgs − Vth0

)
.e

Eox
E0 .e

−Ea
k.T .an.tn (2)

where n is the time exponent, tox is the effective oxide thick-
ness, Eox is the vertical electric field, T is the temperature
in kelvin unit. k is the Boltzmann constant, Cox is the oxide
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capacitance per unit of area, Vth0 is the initial threshold
voltage value, Ea is activation energy. E0 is constant, a is
the percentage of the time the gate is under stress and K is
technology dependent fitted constant, which can be different
for NBTI and PBTI. Eq. (3) shows that, Vth shift depends on
the initial Vth (Vth0). On the other hand, PV causes variance in
Vth0 in nano-scale digital circuits. Using the first-order Taylor
approximation, the impact of PV in the long-term degradation
of Vth is modeled as [15],

1Vth,BTI = A. (1− γ.1Vth.PV ) .an.tn (3)

where Vth.PV is the shift in Vth0 due to PV, and A and γ are
fitted constants. Then, the total Vth variation of a transistor
m accords with the summation of the BTI (1Vth,BTI ) and PV
(1Vth.PV ), as follows [15]:

1Vth,m=Am.anm.t
n
+
(
1− γ .Am . anm . t

n) .βk .∑i
1Vth(i)

(4)

Note that, at the beginning of the device lifetime (i.e. t = 0
in Eq. (5)), the total variation of Vth is just due to PV effects.
During device lifetime (i.e. with increasing t), BTI causes a
shift in both the mean value and the variance of Vth [13].

C. PV- AND BTI- AWARE GATE DELAY MODEL
The PV- and NBTI/PBTI-aware delay of gate k (Dk ) is
considered as [15]:

Dk = Dnom(k) + Bk .ank .t
n
+
(
1− γ.A.ank .t

n) .βk .∑i
1Vth(i)

(5)

where Dnom(k) is the nominal gate delay. Bk is a fitting
parameter which shows increasing gate delay caused by
BTI-induced threshold voltage increase under nominal con-
dition. Also, βk is a fitted coefficient which indicates the of
PV-induced threshold voltage variation effects on the gate
delay change without considering the BTI effect.

BTI-induced Vth increase depends on the fraction of time
that the transistor is under stress (i.e., input signal is logic ‘0’
for PMOS and ‘1’ for NMOS) for a period of time. It is called
as stress probability (SP). Note the difference between SP and
the statistical signal probability which is typically defined as
the probability that the input signal is logic ‘1’.

Due to the complementary behavior of pull-up and pull-
down network of CMOS gates, the gate is in maximum stress
when the signal probability. In order to consider the impact
of both NBTI and PBTI, the a value is computed as:

a = |0.5− logic gate inputs signal probablity| (6)

Note that, Vth contains two deviation parts; the first part
is associated to the time-zero variation and the other one is
associated to aging effects (See Eq. (5)). The computational
complexity of this model is low and the error which spread
by discarding high-order terms in this linear model can be
ignored.

Before using SSTA, parameters in Eq. (6) are pre-
computed by using HSPICE simulations for basic gate type
(i.e., INV, BUFF, NAND, NOR) at different design.

III. GUARDBAND AWARE LIFETIME RELIABILITY (GAR)
METRIC
In this section, we propose a novel metric to analyze and
evaluate the combinational circuit lifetime reliability called
as Guardband Aware timing Reliability (GAR).1

In order to obtain GAR metric, we first define the concept
of lifetime reliability for a combinational circuit. Based on
the traditional formal definition of reliability, combinational
circuit lifetime reliability at time t is defined as the proba-
bility of operating circuit at time t correctly given the circuit
works correctly at time 0 (fresh time)); i.e.:

R (t) = P(operational at t | operational at 0) (7)

A combinational circuit works properly at time 0 when the
delay of the Critical Path (CP) is less than a given timing
constraint (τ ). A circuit is reliable at the end of a specific
lifetime if the CP delay at that time (t) remains less than the
same timing constraint at the fresh time (i.e. τ ). Hence, Eq. (7)
can be rewritten as:

R (t) = P(dt < τ | d0 < τ ) (8)

where dt and d0 respectively represent the values of circuit
CP delay at time t and time 0, and τ is the timing constraint
of the combinational circuit defined by the designer at the
design stage.

In order to solve Eq. (8) to find the lifetime reliability,
we use the conditional probability calculation rules. Hence,
we have:

R (t) =
P(dt < τ ∩ d0 < τ )

P(d0 < τ )
(9)

where P(dt < τ ∩ d0 < τ ) shows the probability of
the intersection of two events dt < τ and d0 < τ (i.e.
combinational circuit CP delay at time τ and time 0 be less
than the timing constraint τ ). Since the CP delay increases by
increasing the operation time of the combinational circuit due
to the BTI effects [3], we have:

d0 < dt (10)

Therefore, if the event dt < τ occurs, event d0 < τ has
certainly occurred. So, we have:

d0 < τ ⊂ dt < τ (11)

where⊂ shows that event d0 < τ is a subset of event dt < τ .
Based on the rules of probability calculation, we have:

P (dt < τ ∩ d0 < τ) = P(dt < τ ) (12)

Substituting Eq. (12) in Eq. (9), the lifetime reliability is
obtained as:

R (t) =
P(dt < τ )
P(d0 < τ )

(13)

1The procedure of computing GAR is similar to our previously introduced
timing reliability metric called TYR [53]. However, it is notable that, TYR
was applicable for FFs and also, we extend TYR to a guardband-awaremetric
to consider the guardband which are assumed by the designers to make their
designs reliable against long-term aging variation effects.
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Due to the impacts of variabilities, combinational circuit
CP delay is modeled as a random variable with a Gaussian
distribution [39], [38]. So, P(d0 < τ ) is equal to the value
of Cumulative Distribution Function (CDF) of CP delay at
time 0 for the timing constraint τ . Designers specify the
variation-aware timing constraint for combinational circuits
by using the concept of p-percentile point of CP delay CDF;
i.e. the value for which the CDF is equal to p (Figure 1).

FIGURE 1. p-percentile point concept.

Designers of high reliable circuits consider a guardband for
the obtained p-percentile point value of CP CDF to ensure the
targeted lifetime reliability [17], [26]. So, for a reliability-
aware circuit design, the timing constraint (τ ) is computed
as:

τ = (1+ g)× ϕ−10 (p/100) (14)

where ϕ−10 shows the inverse CDF of CP delay at time 0 and
g shows the guardband value (0 ≤ g ≤ 1) considered by the
designer. Therefore, Eq. (13) can be re-expressed as:

Rp
g (t) =

ϕt

(
(1+ g)× ϕ−10 (p/100)

)
ϕ0((1+ g)× ϕ

−1
0 (p/100))

(15)

where R
p
g (t) is the GAR metric for the lifetime reliability

of the combinational circuit at time t considering guardband
value of g for the p-percentile point value of CP CDF, ϕt and
ϕ0 show the CDF of CP delay at time t and 0, respectively.
The GAR degradation for a specific guardband g and

p-percentile point value at operational time t (1R
p
g (t)) is

computed as:

1Rp
g (t) =

R
p
g (t)− R

p
g (0)

R
p
g (0)

(16)

IV. DUAL THRESHOLD VOLTAGE ASSIGNMENT
TECHNIQUE
Dual threshold voltage assignment (DVth) is widely used for
low-voltage low-power and low leakage power applications
[27]. In dual Vth designs, higher Vth is assigned to the
gates in non-critical paths for reducing the leakage power,
and lower Vth is assigned to the gates in critical paths for
improving performance/timing yield [27]. Implementing dual
Vth technique is easy to fabricate by using an additional mask
layer [27]. Here, we propose applying dual Vth assignment
technique for reducing the impact of BTI on the circuit delay
for improving the lifetime reliability. A transistor with higher

Vth is expected to experience less BTI effect (Vth shift) due
to the reduction in the electric field stress in the oxide (Eox)
consign Eq. (3) [41], [42]. Here we provide a motivation
example to show DVth effect on BTI-induced circuit delay
degradation.

A. MOTIVATION EXAMPLE
Figure 2 shows C17 circuit of ISCAS’85 benchmark suite.
We conducted a set of experiments in which three different
Vths are assigned to all the gates in the circuit and each time,
wemeasure the delay of the highlighted path (from input node
N1 to output node N22. Figure 3 showsGAR values (R0.99

0.1 (t)
for 0 ≤ t ≤ 10) of C17 circuit with three different Vths. It is
observed that, higher Vth leads to higher lifetime reliability.
For example, the reliability of the circuit after the 10-year
lifetime is around 0.86 when Vth of 660mV is assigned to
the gates while it is reduced to 0.8 for Vth equal to 480mV.

B. DVth ASSIGNMENT TECHNIQUE OVERHEAD
Although, higher Vth results in less BTI-induced reliability
degradation, using higher Vth imposes delay overhead to the
design leading to timing yield loss in the circuit. Figure 4
shows the delay of the path considered in the motivation
example during 10 years of circuit lifetime. It is observed that,
the delay of the circuit is increased with the increase of the
lifetime

FIGURE 2. C17 benchmark structure.

In order to formally evaluate the cost of DVth assignment
technique, we describe cost function (Costpg) as below:

Costpg =

ϕL

(
(1+ g)× ϕ−1L (p/100)

)
−ϕH

(
(1+ g)× ϕ−1L (p/100)

)
ϕL

(
(1+ g)× ϕ−1L (p/100)

)
(17)

where ϕL and ϕH show CDF of CP delay at time 0 for
low and high Vth design, respectively, and ϕ−1L indicates the
inverse CDF of CP delay at time 0 for low Vth circuit. The
cost function reflects the timing yield loss due to the increased
delay caused by DVth technique.
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FIGURE 3. GAR value of highlighted path in figure 4 for different Vth
value during 10 years lifetime.

FIGURE 4. Delay of highlighted path for different Vth.

In order to investigate the overhead of DVth assignment
technique, we provide an example in which DVth is applied
to C17 in different cases. The obtained results of these exper-
iments are presented in Table 1. The first column shows
different cases of applying DVth assignment technique; i.e.
‘‘No Gate’’ refers to the case in which no gateis assigned with
high Vth, ‘‘All gates in the path’’ indicates the case in which
all the gates in the highlighted path in Fig 4 are assigned with
high Vth and the other ones have low Vth, and ‘‘NAND 5’’
shows the case in which only gate NAND 5 is assigned with
high Vth and the other ones have low Vth. The other columns
show the initial delay of the circuit (99-percentile point of
CP CDF), the cost (Cost990.1 based on Eq. (17)), and GAR
degradation (1R99

0.1 (10) based on Eq. (16)). As the results
show, using higher Vth results in lower GAR degradation but
higher cost and higher initial delay. Moreover, it is observed
that, when DVth assignment is used selectively (to only
NAND 5 gate), the lifetime reliability degradation is reduced
along with less imposed cost thus, providing reliability-cost
tradeoff. Hence, if appropriate gates are selected for applying
DVth assignment technique, the lifetime reliability of the
circuit can be improved with controlling the imposed cost.
On the other hand, for a combinational circuit with n gates,
the number of cases of applying DVth assignment technique
is 2n circuit; i.e. each gate can be either assigned with low
or high Vth. So, applying DVth assignment technique to
combinational circuits is not a straightforward task. In the
next section, we introduce an optimization flow and then,
proposed three different algorithms to be used for lifetime
reliability improvement of combinational circuits using DVth
assignment technique.

TABLE 1. Cost and GAR degradation for different gate selection.

V. LIFETIME RELIABILITY OPTIMIZATION FLOW
The overall view of the proposed lifetime reliability opti-
mization flow is shown in Figure 5. Based on HSPICE sim-
ulations, BTI model, and PV effect information, the gate
delay model is constructed and then, it is incorporated in
the aging-aware SSTA considering duty cycle calculations.
Based on SSTA results, a PV- and BTI-aware criticality
metric is used to identify the statistically critical gate set
as the candidates of applying DVth assignment technique.
Then, DVth technique is applied to (one or more) critical
gate(s) in the circuit based on the policy of the optimiza-
tion algorithm; i.e. greedy-based method (GeRO), Simulated
Annealing (SA)-based method (SARO), and a sensitivity-
based (TIRO) method. Then, the critical gate set is updated
and this flow continues until the critical gate set is empty.
The algorithm always terminates as there is only two cases
for each gate; i.e. it can be with either low Vth or high Vth.

In the following, we first present the PV- and BTI-aware
criticality metric and then, three different approaches for
lifetime reliability improvement are presented.

FIGURE 5. Overall flow of the proposed reliability optimization
framework.

A. PROCESS VARIATION- AND BTI-AWARE CRITICALITY
METRIC
In order to identify the candidate gates for applying DVth
assignment technique, a PV- and BTI-aware criticality metric
is proposed. The criticality of gate i is defined as:

Criricality (i) =
∂Di
∂Vthi

× Slack (i) (18)
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where ∂Di
∂Vthi

is Vth variation-induced gate delay deviation and
slack(i) is the gate delay slack and computed as:

Slack(Gate i) = RAT(Gate i) − AT(Gate i) (19)

1) OPTIMIZATION APPROACH #1: GREEDY-BASED METHOD
(GERO)
A greedy algorithm tries to find local optimum choice at each
stage with the intent of finding the global optimum [43].
Although a greedy strategy may not produce a global opti-
mal solution, it achieves near-global optimum solutions in
a reasonable amount of time [44]. Algorithm (1) shows the
pseudocode of GeRO method for the circuit lifetime reliabil-
ity optimization. After computation criticality of each gate,
gates are ranked in descending order based on the computed
criticality described in Eq. (18). Then, the most critical gate
is picked out for assigning high Vth. Then, the circuit timing
is computed using an incremental SSTA [31]; i.e. only the
delay information of the gates in the fan-in cone of the
modified gate is recalculated resulting in less computation
time. In order to evaluate the impacts of DVth assignment
technique, GARmetric described in Section IV is used. If the
GAR degradation value of new circuit is less than the old one
and the cost value computed based on Eq. (17) is less than the
user-specific constraint, high Vth assignment to the current
gate is considered as an acceptable move in the algorithm and
the criticality list will be updated; otherwise, the circuit is roll-
backed (i.e. the selected gate Vth is changed back to low Vth)
and the gate is removed from the critical list. The process is
repeated until the critical list becomes empty.

Algorithm 1 Greedy-Based Lifetime Reliability Optimiza-
tion Method (GeRO)

Inputs: Netlist, Ordered candidate list (Ce), Overhead
constraint
Output: Optimized Circuit

1. For each gate i in Ce List
1.1. Assign high Vth to Gate i
1.2. Recompute Timing of circuit incrementally
1.3. If cost < user constraint and GAR degradation of

the new circuit < GAR degradation of the previous
circuit
1.3.1. Accept new solution
1.3.2. Terminate Optimization Policy

1.4. Else
1.4.1. Reject new solution and mark as an impossible

candidate
2. End

2) OPTIMIZATION APPROACH #2: SIMULATED
ANNEALING-BASED METHOD (SARO)
Simulated annealing (SA) is a metaheuristic approximate
global optimization in large discrete search space from an

optimization problem [45]. It is most suited for the problems
in which finding an approximate global optimum is more
important than finding a precise local optimum in a fixed
amount of time.

The pseudo-code of the proposed SARO algorithm is pre-
sented in Algorithm (2). The algorithm starts by assigning
low Vth to all gates in the circuit as the initial solution
(xc). Then, the criticality of all gates is computed using
Eq. (18) and the most critical gate is picked out for high
Vth assignment. Afterwards, the circuit timing is computed
incrementally for the modified circuit which is called the new
solution (xn). If the new solution is better in terms of GAR
degradation the new solution will be accepted and the current
solution will be replaced by the new one. Otherwise, if the
new solution is worse, it may be still accepted if a randomly
generated number between 0 and 1 is higher than probabilistic
value pr computed as:

pr = e(
GAR deg(xc)−GAR deg(xn)

temp ) (20)

where GAR deg (xc) and GAR deg (xn) are respectively the
GAR degradation of solution (c) and new solution (n) com-
puted using Eq. (16), and temp is the temperature which is
used to determine acceptance probability of worse solution.
To avoid premature convergence, the rate of temp reduction
tends to zero [45] as:

Ti+1 = α ∗ Ti (21)

where i is the number of iterations and α is the cooling rate
(0 < α < 1).

Accepting worse new solutions occurs more at the begin-
ning of the SARO algorithm (due to high value of temp) an
it is for avoiding local optimum solutions [46]. However,
the value of temp is reduced in the next iterations (based
on Eq. 21)) and thus, only the improved ones are allowed
resulting in faster algorithm convergence. Further informa-
tion on SARO can be found in the survey work in [46]. The
SARO algorithm terminates until there is no critical gate
in the candidate set. Since the critical list size is limited
(total gates in circuits at maximum), it guarantees that SARO
optimization algorithm will converge finally.

3) OPTIMIZATION APPROACH #3: SENSITIVITY-BASED
METHOD (TIRO)
In this section, we present a sensitivity-based lifetime reliabil-
ity optimization algorithm using DVth assignment technique.
In the proposed sensitivity-based optimization algorithm,
threshold voltage of gates is incrementally increased one-by-
one to determine the threshold voltage assignment that pro-
vides the best reliability value. For each gate, it is important
to consider the relative reliability improvement of a given
gate to the imposed cost of the optimization technique. So,
we propose a sensitivity metric to measure and analysis the
impact of dual Vth of the gates on the reduction of variation
effect of the whole circuit. At first, the critical set is obtained
based on Eq. (18) and then, for each gate in the critical
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Algorithm 2 Simulated Annealing-Based Lifetime Reliabil-
ity Optimization Method (SARO)
Inputs: Netlist, Ordered candidate list (Ce), Overhead
constraint
Output: Optimized Circuit

1. Set initial solution xc and temperature
2. For each gate i in Ce List

2.1. Assign high Vth to Gate i
2.2. Recompute Timing of circuit incrementally (new

solution xn)
2.3. If probability in Eq. (10) > random (0,1)

2.3.1. Accept new solution
2.3.2. Terminate Optimization Policy
2.3.3.

2.4. Else
2.4.1. Reject new solution and mark as an impossible

candidate
3. End

list, the timing information is updated using the aging-aware
statistical timing analysis. Then, the best gate which provides
the most benefit (best GAR degradation improvement) to the
imposed cost (the lowest delay overhead), is selected based
on the sensitivity metric computed as:

Sensitivity(gate i) =
GAR deg . imp . (i)

cost (i)
(22)

where cost (i) is computed based on Eq. (17) when high Vth
is assigned to gate i and GAR deg . imp . (i) shows the GAR
degradation improvement and computed as:

GAR deg . imp. =
1R

p
g (t)Before −1R

p
g (t)After

1R
p
g (t)Before

(23)

where 1R
p
g (t)Before and 1R

p
g (t)After show the reliability

degradation of the circuit before and after applying DVth
technique (assigning high Vth to a chosen gate), respectively.

After assigning high Vth to the gate with the highest
sensitivity, the critical list is updated. The optimization loop
repeats until the critical list becomes empty. The pseudocode
sensitivity-based lifetime reliability optimization algorithm is
presented in Algorithm. (3).

VI. EXPERIMENTAL RESULTS
In this section, we conduct a set of the experiments to inves-
tigate different aspects of the proposed lifetime reliability
improvement approaches. Firstly, we study the error of the
proposed aging-aware delay model and then, the reliability
of ISCAS’85 and ISCAS’89 benchmark suits are analyzed
in presence of aging and PV. Then, the lifetime reliability
optimization results for different optimization algorithm are
investigated.

Algorithm 3 TIRO Method
Inputs: Netlist, Ordered candidate list (Ce), Overhead
constraint
Output: Optimized Circuit

1. For each gate i in Ce List
1.1 Compute Sensitivity of gate i (Eq. (22))

2. Sort Sensitivity List
3. Assign high Vth to the gate with the most sensitivity and

accept this solution
4. End

A. EXPERIMENTS SETUP
The proposed approaches are implemented in C++ and run
on a windows machine with a core i7 quad-core Intel pro-
cessor (4.6 GHz) and 32 GB RAM. The proposed approach
was applied to ISCAS’85 and ISCAS’89 benchmark circuits.
In this paper, the primitive gates (i.e. INV, BUFF, 2- to
4-input NAND, and 2- to 4-input NOR) are used in the
netlist synthesis process. It is notable that, ISCAS’89 bench-
mark circuits are sequential circuit i.e. they have a combi-
national part and storage element (such as Flip Flop (FF)).
So, these circuits are converted to the combinational ones
by removing FFs and adding the FF’ inputs/outputs to the
primary outputs (POs)/primary inputs (PIs) of the circuit.
Table 2 brings information about benchmark circuits used
in the following experiments. The first and second columns
show the circuit name and the number of primitive gates in
benchmarks. The third column shows the number of FFs in
ISCAS’89 benchmark. The dash line in some rows indicate
that, ISCAS’85 benchmark circuits have no FF. The last
column presents the number of PIs and POs.

The value of fitting parameters A, B, γ , and β in the statis-
tical aging model are computed using HSPICE simulations
and MOSFET Model Reliability Analysis (MOSRA) [49].
The HSPICE simulations are accomplished under PTM22nm
technology model [50], supply voltage 1.1V and 354K
temperature.

To model the spatial correlation, a 3-level quad-three parti-
tion is employed [34]. All the gates are distributed randomly
in a 4× 4 grid in the bottom level. Then, the random variables
of the gate delays are computed depending on the hierarchy
of the gate. Based on [51], the random variables in same
level have the same probability distribution. In this work,
we use different total PV effect on Vth, i.e. 5%, 7% and 10%.
For 10% PV, it is split into two parts; i.e. the first part for
considering the systematic variance of 6% and the other one
for random variance of 8%.

Although assigning higher threshold voltage to the circuit
gates decreases the power consumption [25], we did consider
the improvements achieved by the proposed DVth on power
consumption. The reason behind this is that, the goal of the
proposed framework is to improve the circuit lifetime reliabil-
ity (and not the power consumption). However, the proposed
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DVth increases the circuit delay and hence, we consider the
circuit timing yield as the cost in the experiments.

TABLE 2. ISCAS’85 and ISCAS’89 benchmark circuits information.

B. PV AND BTI-AWARE DELAY DEGRADATION MODEL
VERIFICATION
In order to verify the accuracy of the proposed PV- and
BTI-aware gate-level delay degradation model, gate delay
values obtained from Eq. (6) is compared with the ones
obtained from Monte-Carlo based HSPICE (MCH) simu-
lations under the same variation distribution and working
conditions. Table 3 presents the relative error values between
the proposed delay degradation model and MCH simulation
for the primitive gates. As the results show, the maximum
error on µ and σ values of gate delay between the proposed
model and MCH simulation, is less than 4%. It is notable
that, the error is originated from the parameter fitting process.
Nevertheless, the verification results indicate that, the pro-
posed variation- and BTI-aware delay model has acceptable
accuracy to be used in a reliability improvement framework
under PV and BTI effects.

TABLE 3. Error of PV- and BTI-aware gate delay model.

C. LIFETIME RELIABILITY ANALYSIS
In order to investigate the severity of the lifetime reliability
challenge in nano-scale digital circuit, the proposed statistical
PV- and BTI-degradation model is incorporated in an SSTA
to calculate µ and σ of the circuit maximum arrival times.
The analysis is performed considering various variation ratios
and different operational time. Duty cycles of the signals are
computed considering their signal probabilities. SP values
of all primary inputs’ (PIs) are set to 0.5 and for internal
nodes, SP is calculated using the approach presented in [52].
All of the gates in the circuit are assigned initially with a
low Vth.

Figure 6 shows the CP delay values (computed as µ+ 3σ
from the CP delay distribution) after 3, 6, and 9 years of
operation time normalized to design CP delay. As expected,
the delay values are increased (about 2× in most benchmark

circuits after 9 years) due to the BTI effects by increasing
the circuit operation time. So, BTI poses a serious challenge
for satisfying the timing constraints of digital circuit in the
operational lifetime.

The impacts of PV on lifetime reliability of digital circuits
are also investigated. Figure 7 shows GAR in considering
variation ratio of 5%, 7%, and 10%. As shown in the figure,
by increasing PV amount (expected in the future technol-
ogy nodes), GAR is also decreased indicating that, lifetime
reliability improvement should be addressed considering the
impacts of PV on digital circuits.

FIGURE 6. Normalized CP delay during lifetime.

FIGURE 7. Impact of different PV value on GAR.

D. LIFETIME RELIABILITY OPTIMIZATION
In order to show the efficacy of the proposed lifetime reli-
ability improvement approaches (GeRO, SARO and TIRO
methods), the reliability of ISCAS’85 and ISCAS’89 bench-
mark circuits are evaluated under different variation ratios,
operational lifetime, and guardband values.

At first, GAR degradation of the circuits under BTI effects
(considering 3-, 6-, and 9-year operation time) and PV
effects (considering 5%, 7%, and 10% variation) before
applying any optimization technique is presented in Table 4.
As the results show, GAR degradation is increased during
the lifetime; for example, GAR degradation of C880 bench-
mark circuit is respectively 13.82%, 17.93% and 23.68%
considering 3, 6, and 9-year operation time under 5%
PV. Also, increasing PV effects leads to an increasing
in GAR degradation; for example, GAR degradation of
C880 benchmark considering 5%, 7% and 10% variation
ratios are respectively 13.82%, 15.49 and 18.82 for 3-year
lifetime.

Table 5-7, respectively show the GAR degradation values
obtained from GeRO, SARO, and TIRO reliability improve-
ment algorithms under BTI effects (considering 3, 6, and
9 years of operational time) and PV effects (considering 5%,
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TABLE 4. Initial GAR degradation of the benchmark circuits (before applying any optimization method).

TABLE 5. GAR degradation optimization results obtained by GeRO algorithm.

TABLE 6. GAR degradation optimization results obtained by SARO algorithm.

7%, and 10% variation) with 10% guardband. As shown
in the tables, the proposed DVth technique incorporated in
different optimization approaches leads to lifetime reliability
improvement of digital circuits as the operational lifetime and
PV effects are increased. For example, in GeRO approach,
GAR degradation of C880 benchmark, for a 6-year lifetime
and 5% PV is improved from 17.93% to 12.69% after opti-
mization. Also, GAR degradations using SARO and TIRO
optimization methods are reduced to 10.90% and 7.77%,
respectively. In themost case, TIROhas the best improvement
compared to GeRO and SARO methods. GeRO and SARO
assign High Vth to the most critical gate which is selected
based on the criticality metric considering the delay slack in
addition to Vth sensitivity. So, a gate with a big slack and a

medium Vth sensitivity may become the most critical gate in
GeRO and SARO methods and thus, be selected as the most
critical gate. Hence, assigning High Vth to the most critical
gate in GeRO and SAROmethods does not necessarily results
in achieving the most reliability improvement. On the other
hand, TIRO approach computes the sensitivity metric which
is the relative reliability improvements per delay overhead
achieved by assigning High Vth to each critical gate (i.e.
in each optimization iteration of TIRO, all critical gates are
analyzed and the gate with the most reliability improvement
and the least delay overhead is assigned with High Vth).
So, TIRO directly considers the reliability improvement and
finds the gates for applying High Vth more intelligently and
efficiently.
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TABLE 7. GAR degradation optimization results obtained by TIRO algorithm.

TABLE 8. Reliability improvement of GeRO, SARO, and TIRO.

TABLE 9. Reliability improvement and cost comparison of similar works and TIRO (3 years of lifetime, 5% variation ratio).

In Table 8, the lifetime reliability improvement and the
imposed timing yield overhead (i.e. Eq (17)) of the optimiza-
tion approaches (i.e. GeRO, SARO and TIRO algorithms)
for different benchmarks are reported under 10% variation
ratio, 6 years of operational lifetime, and 10%guardband. The
reliability improvement (GARINC) is computed as:

GARINC (%) =
GARimproved − GARinitial

GARinitial
× 100 (24)

where GARinitial and GARimproved respectively show the
GAR values of the circuit before and after applying the
optimization approach.

As the results show, on average, TIRO algorithm achieves
9.66% reliability improvement in expense of 6.86% cost

while GeRO and SARO methods respectively achieve 6.24%
and 7.78% reliability improvement by imposing 6.93% and
7.40% cost to the design. This shows that, TIRO improves
circuit reliability more than GeRO and SARO with less delay
cost comparing to GeRO and SARO. TIRO optimization
considers improvement and cost simultaneously; i.e. TIRO
chooses a gate to assign with High Vth which has the most
GAR improvement per delay cost. So, it is expected that,
TIRO results in more GARINC and less cost compared to the
other two algorithms.

We also compare the three optimization algorithms (GeRO,
SARO and TIRO) under different timing yield overheads
(Costpg as descried in Eq (17)) (i.e. 5%, 10%, and 15%) with
specific condition of BTI and PV effects (i.e. 6 years of
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TABLE 10. Reliability improvement and cost comparison of similar works and TIRO (9 years of lifetime, 5% variation ratio).

TABLE 11. Reliability improvement and cost comparison of similar works and TIRO (3 years of lifetime, 10% variation ratio).

lifetime, 10% variation ratio). Figure 8 shows GAR degra-
dation considering different Costpg obtained with different
optimization algorithms. It is observed that, increasing timing
yield overhead results in decreasing GAR degradation. That
is because more freedom is provided for the optimization
algorithms to assign more gates with High Vth leading to less
GAR degradation (i.e. reliability improvement).

In order to compare the optimization procedure of the
proposed algorithms, the steps of GAR degradation obtained
in GeRO, SARO and TIRO optimization algorithms for
S820 benchmark circuit are shown in Figure 9. Since GeRO
approach always accepts a solution with better reliability
than the previous one, its corresponding curve (the obtained
GAR degradation) is monotonically decreasing. However, the
SARO algorithm accepts bad solutions with a decreasing
probability (p) and hence, its curve may be increasing in
some points in the first steps of the optimization but will
be decreasing in the next steps. TIRO approach accepts the
best solution with the highest sensitivity value for each gate
in the critical list in each iteration. Hence, its curve is also
monotonically decreasing during the optimization steps. It is
notable that, TIRO improves the circuit reliability faster than
GeRO and SARO because TIRO directly chooses a gate with
the highest sensitivity for assigning High Vth resulting in
reducing GAR degradation in all steps. For example, in the
first step of GeRO and SARO, the initial GAR degradation
is decreased from 19.08% to 18.96% but TIRO chooses a
different gate reducing the initial GAR degradation to 18.2%.

E. LIFETIME RELIABILITY OPTIMIZATION COMPARISONS
In order to show the efficacy of the proposed framework,
we compare TIRO with circuit-level lifetime reliability opti-
mization methods proposed in [15] and [17]. It is notable
that, since there is no similar framework based on DVth
technique, we choose these gate-sizing-based works since
they take accounts the impacts of PV and BTI during lifetime
reliability optimization.

Table 9-12 show the obtained comparison results in which
the methods are compared in terms of GARINC (Eq (23))
and Cost0.10.1 (Eq (17)) with specific condition of BTI and
PV effect; i.e. 3 and 9 years of lifetime under 5% variation
ratio in Table 9 and 10 respectively in addition to 3 and
9 years of lifetime under 10% variation ratio respectively
in Tables 11 and 12. The experimental results show that
TIRO dominates previous similar approaches in terms of
both reliability improvement and imposed cost. For example,
9 years of lifetime and 10% variation ratio, TIRO averagely
improves the lifetime reliability by 9.93% while the simi-
lar methods proposed in [15] and [17] respectively achieve
7.74% and 8.42% improvements in reliability. Also, TIRO
imposes 6.90% cost while [15] and [17] lead to 14.51% and
10.42% cost during the circuit design, respectively. It is also
notable that, one of the main superiority of our DVth-based
technique over all previous circuit-level gate-sizing–based
reliability improvement methods (including [15] and [17]) is
that, our technique does not impose any area overhead to the
design.
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TABLE 12. Reliability improvement and cost comparison of similar works and TIRO (9 years of lifetime, 10% variation ratio).

FIGURE 8. GAR degradation with different guardband values obtained
from different optimization algorithms.

F. ALGORITHMS COMPUTATION COMPLEXITY AND
RUNTIME
An important aspect of an optimization algorithm in
computer-aided design is its computation complexity and
runtime. Computation complexity of GeRO and SARO is
O(n) where n is the total number of gates in the combinational

TABLE 13. Runtime comparison of the proposed optimization algorithms.

circuit. Because GeRO and SARO accept or reject the current
critical gate for applying DVth technique, this gate will not
appear in the next critical gate list. When the list becomes
empty, the optimization will be terminated and thus, the opti-
mization will be terminated atO(n). On the other hand, TIRO
firstly computes the reliability improvement per cost which
is achieved by assigning High Vth to each gate in critical list.
So, it is required to analyze the reliability and technique cost
for all the gates in critical gates; i.e. the circuit is analyzed for
all the critical gates in each iteration. As a result, TIRO has
O(n2) time complexity. However, the results show that the
number of critical gates is very much less than total number
of gates in the circuits.

FIGURE 9. GeRO, SARO and TIRO optimization steps.

Table 13 shows the runtime of the proposed optimization
algorithms for different benchmark circuits. The first two
columns show the name and the information (number of
gates, PIs and POs) of the benchmark circuits and the other
three columns respectively represent the runtime of GeRO,
SARO, and TIRO methods. It is observed that, the runtime
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of GeRO and SARO methods are approximately equal (on
average, GRO takes 1626 seconds and SARO takes 1665 sec-
onds to finish) while TIRO has 5834 seconds runtime. As can
be seen, GeRO and SARO have similar runtime while TIRO
takes longer to optimize the circuit.

VII. CONCLUSION
Lifetime reliability of nano-scale digital circuits has encoun-
tered major challenges due to PV and BTI effects. This
paper presents a statistical circuit optimization framework
to optimize the circuit lifetime reliability under the joint
effect of PV and BTI. Based on a novel metric for life-
time reliability evaluation, the circuit reliability is improved
by assigning high Vth to the candidate gates which results
in reducing BTI effects while increasing initial delay at
the design time, i.e. timing yield overhead. The reliabil-
ity improvement procedure is developed using three dif-
ferent optimization algorithms, i.e. greedy-based (GeRO),
SA-based (SARO) and TILOS-like sensitivity-based (TIRO).
The experimental results show averagely 6.38%, 8.16%, and
9.93% reliability improvement for GeRO, SARO, and TIRO
optimization algorithms, respectively, while imposing 6.50%,
7.03% and 6.90% timing yield overhead, respectively. The
obtained results show that, TILOS achieves the best reliability
improvement with higher computation time.

There are many avenues as the future work of this paper.
First, combining techniques such as gate resizing with dual
Vth can be beneficial in achieving more reliability improve-
ment as gate resizing decreases DVth timing yield overhead.
Moreover, other evolutionary optimization algorithms (such
as genetic algorithm) can be applied to gain higher circuit
reliability improvements for combinational circuits.
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