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Abstract—Lifetime (long-term) reliability has been a main 

design challenge as technology scaling continues. 
Time-dependent dielectric breakdown (TDDB), negative bias 
temperature instability (NBTI), and electromigration (EM) 
are some of the critical failure mechanisms affecting lifetime 
reliability. Due to the correlation between different failure 
mechanisms and their significant dependence on the operating 
temperature, existing models assuming constant failure rate 
and additive impact of failure mechanisms will underestimate 
the lifetime of a system, usually measured by 
mean-time-to-failure (MTTF). In this paper, we propose a new 
methodology which evaluates system lifetime in MTTF and 
relies on Monte-Carlo simulation for verifying results. Tem-
perature variations and the correlation between failure 
mechanisms are considered so as to mitigate lifetime underes-
timation. The proposed methodology, when applied on an 
Alpha 21264 processor, provides less pessimistic lifetime 
evaluation than the existing models based on sum of failure 
rate. Our experimental results also indicate that, by consider-
ing the correlation of TDDB and NBTI, the lifetime of a 
system is likely not dominated by TDDB or NBTI, but by EM 
or other failure mechanisms. 

I. INTRODUCTION 
Usually measured by mean-time-to-failure (MTTF), 

long-term or “lifetime” reliability in the presence of 
wear-out failures is becoming a main concern for the design 
of long-lasting systems. Semiconductor devices have 
undergone dramatic innovations since the recent decade, 
but at the price of decreasing long-term reliability. As 
demonstrated in [1], the average MTTF of a contemporary 
superscalar processor drops by about 4X from 180nm to 
65nm technology nodes. It is expected that, in the near 
future, the design cost and effort required for increasing 
lifetime reliability will be as high as for classic design 
constraints, e.g., timing and power consumption. 

Time-dependent dielectric breakdown (TDDB), negative 
bias temperature instability (NBTI), and electromigration 
(EM) are some of the critical failure mechanisms affecting 
lifetime reliability. With the continuous shrinking of tran-
sistor and interconnect dimensions, the rate of such pro-
gressive wear-out failures is getting higher. In addition, due 
to the increasing transistor density without proportional 
downscaling of supply voltage, the power density and thus 
the operating temperature will rise significantly, which 
                                                 
* This work was performed while the author was with 
Carnegie Mellon University. 

further accelerates the failure mechanisms because they are 
all exponentially dependent on temperature. The tempera-
ture issue is potentially aggravated by higher leakage power, 
as a result of rising operating temperature, and finally 
thermal runaway may occur in the worst case. Therefore, 
the dependence of failure mechanisms on temperature is 
regarded as an important joint factor in determining the 
overall MTTF of a system [2]. 

Many of the existing methods for lifetime evaluation 
[3][4][5] follow a commonly-used MTTF model – 
sum-of-failure-rate (SOFR). The SOFR model makes two 
assumptions: (i) every failure mechanism has an exponen-
tial reliability distribution with a constant failure rate, and 
(ii) the effects of all failure mechanisms (in terms of failure 
rate) are additive and can be summed up for deriving the 
combined MTTF, as explained later in Section II.B. How-
ever, it has been shown in [6][7] that the models assuming 
constant failure rate may lead to pessimistic results during 
the early stage of lifespan and to misleading guidance for a 
design, despite its tractability and ease of implementation. 
In [7][8], the SOFR model is revised to accommodate the 
structural relationship using MIN/MAX approximation, 
whereas the relationship among various failure mechanisms 
is assumed to be fully serial and independent, namely, 
uncorrelated. Since some of the failure mechanisms such as 
TDDB and NBTI can affect each other due to their mutual 
dependence on temperature and other operating parameters, 
modeling the correlation of TDDB and NBTI is also a 
crucial step for more accurate lifetime estimation. 

In this paper, we propose a new methodology which 
evaluates system lifetime while considering work-
load-induced temperature variations. For the first time 
compared to existing work, our proposed methodology can 
avoid lifetime underestimation by extracting the correlation 
between different failure mechanisms (i.e., TDDB and 
NBTI) and by distinguishing the impact of every individual 
mechanism. Based on Monte-Carlo simulation and 
MIN/MAX operations, our methodology can not only 
calculate the average MTTF value but also find the lifetime 
distribution. The results are particularly useful in analyzing 
the long-term reliability of a given system. 

The rest of this paper is organized as follows: Section II 
gives an overview of related background, including target 
failure mechanisms and the SOFR model. In Section III, we 
summarize the key points motivating our work and present 
the overall methodology for lifetime evaluation. Section IV 
describes our approach to deriving MTTFs associated with 
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various mechanisms. In Section V, the experimental setup 
and results are demonstrated. Finally, we conclude our 
work in Section VI. 

II. BACKGROUND 

A. Wear-out Failure Mechanisms 
This work targets four major wear-out failure mecha-

nisms potentially dominating the MTTF of a system manu-
factured at 65nm or beyond: time-dependent dielectric 
breakdown (TDDB), negative bias temperature instability 
(NBTI), electromigration (EM), and thermal cycling (TC). 

Time-dependent dielectric breakdown (TDDB) [10][11]: 
TDDB is the deterioration of the gate dielectric layer, 
which causes gradual wear-out in MOSFETs due to the 
formation of a conductive path through the oxide to the 
substrate. The MTTF for TDDB is shown as follows: 
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where V is the supply voltage, κ is the Boltzmann constant, 
T is the temperature in Kelvin, and a, b, X, Y, and Z are 
fitting parameters.

 
Negative bias temperature instability (NBTI) [12][13]: 

NBTI is due to the electrochemical reaction by dissociating 
Si-H bonds and trapping holes along the Si-SiO2 interface†, 
which leads to increasing |Vth| of P-type MOSFETs. The 
MTTF for NBTI is shown as follows: 
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where Vgs is the gate-to-source voltage, γ is the voltage 
acceleration factor, Ea,NBTI is the activation energy for 
NBTI. 

Electromigration (EM) [15][16]: EM is the mass trans-
port of metal atoms in interconnects due to electric current, 
which causes gradual displacement of metal wires mani-
festing as open- or short-circuit failures of interconnects. 
The MTTF for EM is shown as follows: 
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where n is an empirical constant, depending on the material, 
Ea,EM is the activation energy for EM, and J is the current 
density, which can be further characterized as: 

f
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where C, W and H are the capacitance, width and height of 
a metal wire respectively, α is the switching probability, 
and f is the clock frequency. 

Thermal cycling (TC) [17]: TC is due to the fatigue de-
formation of material layers by runtime thermal variations, 

                                                 
† High-K gate dielectrics also experience crucial reliability 
challenges due to NBTI (and TDDB) [14]. 

which leads to fatigue failures of IC packaging. The MTTF 
for TC is shown as follows: 

q

ambientaverage TT
MTTF ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

−
∝ 1

TC
 (5) 

where Taverage is the average runtime temperature of an 
on-chip structure, Tambient is the ambient temperature, and q 
is the Coffin-Manson exponent. 
B. Sum-of-Failure-Rate (SOFR) Model 

To obtain the overall MTTF of a given system S, one 
needs to combine the effects of various failure mechanisms 
across different components in the system. The 
sum-of-failure-rate (SOFR) model has been widely used to 
determine the combined MTTF from individual MTTF 
values. The standard SOFR model is defined as: 
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where λj(Ci) stands for the failure rate of the ith component, 
Ci, due to the jth failure mechanism, which is the reciprocal 
of its corresponding MTTF value, MTTFj(Ci), given that 
λj(Ci) is a constant. 

The effects of failure mechanisms in terms of “failure 
rate” (i.e., λj(Ci) in Equation (6)) are additive under the 
assumptions of constant failure rate and series (competing) 
failure system [3][4]. Please refer to [3][4] for more details 
about the SOFR model. 

III. PROPOSED METHODOLOGY 

A. Motivation 
In this subsection, we motivate our work by explicitly 

pointing out the pitfalls of existing MTTF models. In the 
original SOFR model [3][4][5], it is assumed that (i) a 
system fails if any of its components fails, (ii) a system 
component fails if any of the wear-out failures occurs, and 
(iii) each of the failure mechanisms has a constant failure 
rate. Based on these assumptions, the overall MTTF of 
system S in Figure 1 can be derived by Equation (6): 

78.1

16
1

8
1

8
1

4
1

1

)(
1

)(
1

1)(

21

=
⎟
⎠
⎞

⎜
⎝
⎛ ++⎟

⎠
⎞

⎜
⎝
⎛ +

=

+
=

∑∑
j jj j CMTTFCMTTF

SMTTF

 (7) 

This model is conspicuously inaccurate (pessimistic) 
because the structural relationship and the relationship 
among various failure mechanisms are not taken into 
account. In the revised SOFR model [7][8], the first as-
sumption (i) is relaxed by using MIN/MAX approximation 
to accommodate the structural relationship. Consider the 
same example in Figure 1 where the two components are in 
series. Therefore, the system will fail as long as one of the 
components fails (whichever is earlier), and the overall 



MTTF of the system can be derived as: 
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However, the relationship among various failure mecha-
nisms is assumed to be fully serial and is not generally 
addressed in this revised model. Also, the assumption of 
constant failure rate is not realistic for several wear-out 
failure mechanisms. In the sequel, we present a new meth-
odology with all of the aforementioned shortcomings 
addressed. 
B. Impact of Independent Failure Mechanisms 

The key fact ignored by existing MTTF models is that 
different failure mechanisms impact on different compo-
nents of a system; for example, TDDB and NBTI affect 
transistors, while EM affects interconnects and TC impacts 
on the packaging. In other words, the effects of failure 
mechanisms impacting on different components are inde-
pendent from the spatial perspective and thus should not be 
additive, even though the “magnitude” itself of every single 
MTTF is positively correlated with each other due to the 
joint dependence on temperature and other technol-
ogy-dependent parameters. Instead, the combined MTTF of 
a system component Ci, denoted by MTTF(Ci), should be 
determined by the minimum MTTF across various failure 
mechanisms and is formulated as: 

{ })( MIN)( ijji CMTTFCMTTF =  (9) 

where MTTFj(‧) is the independent MTTF result due to an 
individual failure mechanism (e.g., EM or TC) or the joint 
effect of multiple failure mechanisms (e.g., TDDB and 
NBTI). 

From Equation (9), the overall MTTF of system S in 
Figure 1 is: 
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Note that the lifetime underestimation incurred by pre-
vious MTTF models (Equations (7) and (8)) is avoided. 
The proposed model based on MIN operations relaxes the 
second assumption (ii) above. To relax the third assumption 
(iii) – constant failure rate due to the exponential distribu-
tion of lifetime reliability, we model the lifetime distribu-
tion of a target failure mechanism as a lognormal distribu-
tion whose mean value is simply the corresponding MTTF. 
Lognormal distributions have been found to be more 
appropriate for modeling many wear-out failure processes 
due to their capability of formulating time-dependent 
degradation rates, while exponential distributions are 
characterized by constant failure rates only‡ [7]. Neverthe-
less, the lack of a closed-form cumulative density function 
(CDF) for a lognormal distribution makes it difficult to 
derive analytically the overall MTTF from various MTTF 
values as in Equation (10). Hence, we propose to exploit 
Monte-Carlo simulation which, for each failure mechanism, 
generates samples of lifetime following a lognormal distri-
bution, and then combines the corresponding samples 
generated for different failure mechanisms to obtain the 
overall MTTF in a statistically sound manner. To this end, 
lifetime instances rather than MTTFs are oper-
ated/combined by Equations (9) and (10). The resulting 
MTTF is computed as the arithmetic mean across all 
combined lifetime instances. 

In the proposed methodology, the lifetime distribution 
associated with a failure mechanism, Lm, is modeled as a 
lognormal distribution: 
Lm 〜 ln N (μ, σ2) (11) 
where μ and σ2 are the mean and variance of a normal 
distribution, respectively. 

The mean value of Lm is simply the nominal MTTF due 
to the specific failure mechanism: 
MTTFm = exp (μ + σ2/2) (12) 
Therefore,  
μ = ln (MTTFm) – σ2/2 (13) 

Based on the μ value calculated by Equation (13) with σ 
= 0.5 as suggested in [7][18], we can obtain a normal 
distribution accordingly and then generate a set of lifetime 
samples following a lognormal distribution (i.e., ln N (μ, 
σ2)) for Monte-Carlo analysis. This way, the overall MTTF 
of a system can be evaluated as the expected value of 
combined Monte-Carlo (lifetime) samples, for which no 
CDF of lifetime reliability is required. 
C. Correlation between TDDB and NBTI 

Among our target failure mechanisms, TDDB and NBTI 
have mutual impact on the behavior of transistors. More 
precisely, TDDB decreases Vgs [19][20] while NBTI in-
creases |Vth| [12][13], both of which will slow down a given 
circuit according to the alpha-power law [21] and will lead 

                                                 
‡ One of the main reasons for adopting exponential distri-
butions in the SOFR model is the simplicity of deriving 
combined MTTFs based on constant failure rates. 

Figure 1. A system S with two components (C1 and C2) in series 

C1 C2 

MTTFEM = 4 
MTTFTC = 8 

MTTFEM = 8 
MTTFTC = 16 



to progressive timing failures. Hence, TDDB and NBTI 
should not be treated separately for the purpose of lifetime 
evaluation. On the other hand, since the decreased Vgs due 
to progressive TDDB will also slow down the NBTI 
process, considering TDDB and NBTI jointly and extract-
ing their correlation can further avoid underestimating 
lifetime reliability. The approach to deriving MTTF associ-
ated with correlated TDDB and NBTI is incorporated in our 
proposed methodology, and will be described in more detail 
later in Section IV.A. 

IV. DERIVING MEAN-TIME-TO-FAILURE (MTTF) 
Our methodology based on Monte-Carlo simulation 

needs to obtain the nominal MTTFs associated with differ-
ent failure mechanisms such that, according to Equations 
(11)-(13), we can generate sets of Monte-Carlo samples and 
then combine them using MIN/MAX operations. In the 
following subsections, we show how to derive every MTTF 
of interest, jointly (for the case of correlated TDDB and 
NBTI) or separately (for the others). 
A. MTTF due to Correlated TDDB and NBTI 

To the best of our knowledge, this is the first work ad-
dressing the correlation between TDDB and NBTI for 
system-level lifetime evaluation. Existing work on the same 
problem is based on the standard/revised SOFR model 
[3]-[5] and/or do not consider the interdependent effects of 
TDDB and NBTI [7]-[9], resulting in substantial lifetime 
underestimation and unnecessary over-design for lifetime 
extension. Herein, we present our approach to analyzing 
and extracting the correlation between TDDB and NBTI. 

The circuit-level model used for joint TDDB and NBTI 
simulation is shown in Figure 2, where the TDDB effect 
with respect to each gate is modeled as a time-varying 
resistor attached at the input [19][20]. According to the 
literature [20][22], the resistance ranges from hundreds of 
MΩ (fresh oxide) to a few kΩ (catastrophic breakdown). 
For NBTI simulation, we use the in-built reliability analysis 
tool (MOSRA) in HSPICE. 

Due to the existence of resistors characterizing 
TDDB-induced gate oxide leakage, the input voltage for 
each gate is no longer ideal and is lower than the supply 
voltage at logic “1”, which brings about three phenomena 
as follows: 
(i) the NBTI effect on P-type transistors is diminished; 
(ii) the rising propagation becomes slower; 
(iii) the falling propagation becomes faster. 

From the perspective of overall circuit performance, the 
second phenomenon is adverse while the first and third 
phenomena are actually beneficial. By simulating the chain 
of six inverters in Figure 2 via HSPICE, the long-term 

performance degradation seen when TDDB and NBTI are 
jointly considered is smaller than that when only NBTI is 
considered. This is because, from the simulation data, the 
first and third phenomena prevail over the second phe-
nomenon. If we set a performance constraint to measure the 
MTTF of the inverter chain, the MTTF in the case of 
TDDB and NBTI becomes larger as compared to the case 
of NBTI alone. The observation that TDDB can recover a 
circuit from NBTI-induced performance degradation was 
recently confirmed by [20]. 

To derive the MTTF due to correlated TDDB and NBTI 
while considering temperature variations, we use the range 
of operating temperature from 300K to 400K with a dis-
crete step of 10K in HSPICE simulation. Linear interpola-
tion is employed if the actual temperature is between two 
simulation points. 
B. MTTF due to EM 

To find the MTTF of a metal wire in the 45nm technol-
ogy, we use a publicly available tool called SysRel [23]. We 
provide SysRel with a copper interconnect of length 100μm 
driven by an inverter and driving another inverter, similar 
to the layout given in [24]. The operating temperature is 
fixed at 100°C. The MTTF of this specific circuit calcu-
lated by SysRel is about two years. Subsequently, based on 
this MTTF result and the actual operating temperature, we 
can scale and estimate the MTTF of a component/system 
running a combination of various workloads. 
C. MTTF due to TC 

The main task for deriving MTTFTC is to compare the 
operating temperature (Taverage) of every possible die 
structure of pre-defined size with its surrounding tempera-
ture (Tambient). To this end, we use the results from an 
architecture-level temperature simulator, HotSpot [25], and 
extract the worst-case difference between Taverage and 
Tambient given a specific benchmark. The worst-case tem-
perature difference will determine the MTTF under this 
benchmark. The weighted average MTTF across all 
benchmarks based on the workload profile is the overall 
MTTF of a system due to TC. 

V. EXPERIMENTAL RESULTS 
The target system used for experimentation is the Alpha 

21264 processor. The floorplan of a single Alpha 21264 
core is taken from [25]. HotSpot [25] is used to obtain the 
temperature profiles associated with a set of SPEC 
CPU2000 benchmarks including gzip, vpr, mesa, art, 
equake, ammp, vortex, and bzip2. All benchmarks are 
assumed to be evenly executed on the processor. For a 
single-core application of Alpha 21264, we assume that 
each of the components in the processor is essential for 
reliable operation. Thus, the system lifetime is determined 
by the shortest MTTF among all components. 
A. Results of Joint TDDB and NBTI Simulation 

The first experiment is to demonstrate the 
non-orthogonality between the effects of Vgs and Vth varia-
tions on the propagation delay of a gate, where the Vgs and 
Vth variations result from TDDB and NBTI, respectively. In 

Figure 2. A chain of six inverters for joint TDDB and NBTI simulation



Figure 3, the lower surface (with black grids) depicts the 
changes in propagation delay (ιp) when the effects of Vgs 
and Vth variations are computed separately and then stacked 
up, while the upper surface (with white grids) depicts the ιp 
changes due to joint treatment of Vgs and Vth variations. As 
shown in Figure 3, the case of joint treatment is always 
greater than the case of separate treatment, and the differ-
ence can be up to 20% in the worst case when Vgs is 0.8V 
(10kΩ resistance in Figure 2, nearly catastrophic) and Vth is 
0.45V (10-year NBTI impact). Therefore, it is not accurate 
to consider TDDB-induced Vgs decrease and NBTI-induced 
|Vth| increase separately for the evaluation of lifetime 
reliability. 

Next, a more detailed analysis via HSPICE simulation is 
performed on the inverter chain in Figure 2. As it can be 
seen from Figure 4, the simulation for NBTI in conjunction 
with TDDB characterized as time-varying resistors reveals 
substantial performance recovery and a bit slower rate of 
NBTI degradation. If a performance constraint of 10% 
delay increase is applied, then MTTFNBTI is 4.8 years while 
MTTFTDDB+NBTI is 9.2 years in this specific case of 100°C 
operating temperature. At an even higher temperature of 
125°C, MTTFNBTI and MTTFTDDB+NBTI are reduced to 2.6 
and 4.4 years, respectively. 
B. Results of MTTF for an Alpha 21264 Processor  

and a 16-core Chip-Multiprocessor Design 
Before demonstrating the overall MTTF of a single-core 

Alpha 21264, we show the respective MTTFs due to EM 
and TC with workload-induced temperature variations 
considered. As shown in Figure 5, MTTFEM and MTTFTC 
vary widely from benchmark to benchmark, as a result of 

different thermal profiles and different temperature de-
pendencies (see Equations (3) and (5)). On average, 
MTTFTC is 1.16X larger than MTTFEM. Based on the results 
of MTTFEM and MTTFTC and the simulation data for TDDB 
and NBTI, the overall MTTF of the target system, an Alpha 
21264 processor, is derived as follows. 

As described in Section III.B, the proposed methodology 
exploits Monte-Carlo simulation which takes the nominal 
MTTFs associated with different failure mechanisms as 
input parameters and generates sets of 106 lifetime samples 
accordingly. The corresponding lifetime distributions for 
TDDB+NBTI, EM, and TC are shown on the left of Figure 
6. By using the proposed methodology, the combined 
lifetime distribution is shown in Figure 6(d) with a mean 
value of 5.1 years, which is simply the overall MTTF of the 
system. Figure 6(e) shows the lifetime distribution obtained 
by the SOFR model and exhibits a pessimistic lifetime 
evaluation of 2.3 years (45.1%, as a fraction of 5.1). If 
more failure mechanisms are incorporated in the SOFR 
model, the resulting MTTF will be even more pessimistic. 
This property of SOFR does not reflect reality and explic-
itly reveals its deficiency of not being able to accurately 
analyze lifetime reliability, which depends on the effects 
(joint or independent) of various wear-out failure mecha-
nisms. The inaccuracy of the SOFR model has been further 
confirmed in [9]. As demonstrated in [9], the error of SOFR 
assuming exponential distributions (constant failure rates) 
ranges from 20% up to 80% for a 4-core multiprocessor 
system-on-chip (MPSoC), and the error gets larger as the 
number of cores in an MPSoC increases. Finally, we 
employ our methodology with the correlation between 
TDDB and NBTI disregarded to emphasize the importance 
of joint consideration of TDDB and NBTI. The lifetime 
distribution is shown in Figure 6(f) and its mean value is 
3.8 years (74.5%, as a fraction of 5.1). 

The proposed methodology is also applied to a 
chip-multiprocessor (CMP) design consisting of 16 Alpha 
21264 cores in a 4-by-4 mesh. According to [25], we 
classify SPEC CPU2000 benchmarks into two categories: 
intermediate and intensive thermal demands, and then 
randomly select eight benchmarks from each category to 
form a representative multi-program workload for the 
16-core CMP. With this configuration and under the as-
sumption that the CMP design is still operational as long as 
there exists at least one operational processor, the MTTF of 
the CMP implementation is 4.2 years. 

Figure 3. Normalized propagation delay (ιp) versus Vgs and Vth variations

Figure 5. Normalized MTTFEM and MTTFTC results  
considering workload-induced temperature variations 

Figure 4. Results of HSPICE simulation for NBTI (and TDDB) analysis



VI. CONCLUSION 
In this paper, we present a Monte-Carlo-based method-

ology for system-level lifetime evaluation considering 
temperature variations. Lifetime underestimation incurred 
by the standard/revised SOFR models is avoided, by 
distinguishing the impact of every individual mechanism 
and by extracting the correlation between TDDB and NBTI. 
HSPICE simulation on a chain of inverters indicates that 
the TDDB effect can indeed mitigate NBTI-induced per-
formance degradation and thus implicitly enhance lifetime 
reliability. Furthermore, the lifetime of a system is more 
likely to be dominated by EM and TC, than TDDB and 
NBTI, if TDDB and NBTI are jointly considered. 

REFERENCES 
[1] J. Srinivasan, S. V. Adve, P. Bose, and J. A. Rivers, “Lifetime 

reliability: toward an architectural solution,” IEEE Micro, vol. 25, no. 
3, pp. 70-80, May-June 2005. 

[2] J. Srinivasan, S. V. Adve, P. Bose, and J. A. Rivers, “The impact of 
technology scaling on lifetime reliability,” in Proc. of Int’l Conf. on 
Dependable Systems and Networks (DSN), pp. 177-186, June 2004. 

[3] J. Srinivasan, S. V. Adve, P. Bose, and J. A. Rivers, “The case for 
lifetime reliability-aware microprocessors,” in Proc. of Int’l Symp. 
on Computer Architecture (ISCA), pp. 276-287, June 2004. 

[4] X. Li et al., “Deep submicron CMOS integrated circuit reliability 
simulation with SPICE,” in Proc. of Int’l Symp. on Quality Elec-
tronic Design (ISQED), pp. 382-389, March 2005. 

[5] A. K. Coskun, R. Strong, D. M. Tullsen, and T. S. Rosing, “Evaluat-
ing the impact of job scheduling and power management on proces-
sor lifetime for chip multiprocessors,” in Proc. of 
SIGMETRICS/Performance, pp. 169-180, June 2009. 

[6] J. B. Bowles, “Commentary-caution: constant failure-rate models 
may be hazardous to your design,” IEEE Trans. on Reliability, vol. 
51, no. 3, pp. 375-377, Sep. 2002. 

[7] J. Srinivasan, S. V. Adve, P. Bose, and J. A. Rivers, “Exploiting 
structural duplication for lifetime reliability enhancement,” in Proc. 
of Int’l Symp. on Computer Architecture (ISCA), pp. 520-531, June 
2005. 

[8] Z. Gu, C. Zhu, L. Shang, and R. P. Dick, “Application-specific 
MPSoC reliability optimization,” IEEE Trans. on Very Large Scale 
Integration Systems (TVLSI), vol. 16, no. 5, pp. 603-608, May 2008. 

[9] Y. Xiang, T. Chantem, R. P. Dick, X. S. Hu, and L. Shang, “Sys-
tem-level reliability modeling for MPSoCs,” in Proc. of Int’l Conf. 
on Hardware/Software Codesign and System Synthesis 
(CODES+ISSS), pp. 297-306, Oct. 2010. 

[10] E. Wu et al., “Interplay of voltage and temperature acceleration of 
oxide breakdown for ultra-thin gate oxides,” Solid-State Electronics, 
vol. 46, no. 11, pp. 1787-1798, Nov. 2002. 

[11] E. Wu and J. Sune, “Power-law voltage acceleration: a key element 
for ultra-thin gate oxide reliability,” Microelectronics Reliability, vol. 
45, no. 12, pp. 1809-1834, Dec. 2005. 

[12] D. K. Schroder and J. A. Babcock, “Negative bias temperature 
instability: road to cross in deep submicron silicon semiconductor 
manufacturing,” Journal of Applied Physics, vol. 94, no. 1, pp. 1-18, 
July 2003. 

[13] J. H. Stathis and S. Zafar, “The negative bias temperature instability 
in MOS devices: a review,” Microelectronics Reliability, vol. 46, no. 
2-4, pp. 270-286, Feb.-April 2006. 

[14] G. Ribes et al., “Review on high-k dielectrics reliability issues,” 
IEEE Trans. on Device and Materials Reliability, vol. 5, no. 1, pp. 
5-19, Mar. 2005. 

[15] J. R. Black, “Electromigration – a brief survey and some recent 
results,” IEEE Trans. on Electron Devices, vol. 16, no. 4, pp. 
338-347, April 1969. 

[16] C.-K. Hu, R. Rosenberg, H. S. Rathore, D. B. Nguyen, and B. 
Agarwala, “Scaling effect on electromigration in on-chip Cu wiring,” 
in Proc. of Int’l Interconnect Technology Conf. (IITC), pp. 267-269, 
May 1999. 

[17] Joint Electron Device Engineering Council, “Failure mechanisms 
and models for semiconductor devices,” JEDEC Publication 
JEP122F, Nov. 2010. [Online]. Available: www.jedec.org 

[18] Joint Electron Device Engineering Council, “Methods for calculating 
failure rates in units of FITs,” JEDEC Publication JESD85, July 
2001. [Online]. Available: www.jedec.org 

[19] M. Choudhury, V. Chandra, K. Mohanram, and R. Aitken, “Analyti-
cal model for TDDB-based performance degradation in combina-
tional logic,” in Proc. of Design, Automation, and Test in Europe 
(DATE), pp. 423-428, March 2010. 

[20] H. Luo et al., “Circuit-level delay modeling considering both TDDB 
and NBTI,” in Proc. of Int’l Symp. on Quality Electronic Design 
(ISQED), pp. 14-21, March 2011. 

[21] T. Sakurai and A. R. Newton, “Alpha-power law MOSFET model 
and its applications to CMOS inverters delay and other formulas,” 
IEEE Journal of Solid-State Circuits, vol. 25, no. 2, pp. 584-594, 
April 1990. 

[22] B. Kaczer et al., “Impact of MOSFET gate oxide breakdown on 
digital circuit operation and reliability,” IEEE Trans. on Electron 
Devices, vol. 49, no. 3, pp. 500-506, March 2002. 

[23] S. M. Alam, G. C. Lip, C. V. Thompson, and D. E. Troxel, “Circuit 
level reliability analysis of Cu interconnects,” in Proc. of Int’l Symp. 
on Quality Electronic Design (ISQED), pp. 238-243, March 2004. 

[24] S. Srinivasan, P. Mangalagiri, Y. Xie, N. Vijaykrishnan, and K. 
Sarpatwari, “FLAW: FPGA lifetime awareness,” in Proc. of Design 
Automation Conf. (DAC), pp. 630-635, July 2006. 

[25] K. Skadron et al., “Temperature-aware microarchitecture: modeling 
and implementation,” ACM Trans. on Architecture and Code Opti-
mization, vol. 1, no. 1, pp. 94-125, March 2004. 

Figure 6. Lifetime distributions based on Monte-Carlo simulation for (a) TDDB+NBTI, (b) EM, (c) TC, and their combined distributions  
using (d) the proposed model, (e) the SOFR model, and (f) the proposed model with the correlation between TDDB and NBTI disregarded 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


