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Abstract:

Transistor aging and process variation are critical challenges impacting the reliability of nanometer-scale circuit design.
Over time, transistors age due to phenomena such as Bias Temperature Instability (BTI), which increases gate delays
and can lead to timing violations and circuit malfunctions. This phenomenon exhibits stochastic behavior in advanced
technologies and has been characterized using atomic models. Process variation refers to random deviations in
transistor and circuit characteristics from expected values, often arising from non-ideal manufacturing processes and
lithography effects. Simultaneous analysis of these factors significantly enhances design improvements. As digital
system design progresses to higher abstraction levels, there is an increasing need for fast and accurate models to
effectively assess circuit reliability. This paper introduces a Monte Carlo-based analysis method developed through
machine learning models to jointly address the effects of stochastic aging and process variation in standard cells.
Experimental results demonstrate an average analysis time improvement of 49% and 88.7% over two advanced
methods from previous literature, while maintaining analysis accuracy. Importantly, extensive model training is
conducted offline, ensuring no impact on execution time.
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1. Motivation of the work

The growing complexity and size of modern digital
systems pose significant challenges for traditional design
methodologies. This has led to a shift towards higher
abstraction levels in design, with high-level synthesis
becoming increasingly important. However, efficient
exploration of the extensive design space requires
innovative approaches, particularly regarding reliability,
which is critical in nanometer-scale circuits affected by
transistor aging and process variation. This research is
vital as it introduces a Monte Carlo-based analysis
method that utilizes machine learning to model the joint
effects of aging and process variation swiftly and
accurately. By enhancing the efficiency of reliability
modeling, this work contributes to optimizing designs,
ensuring the long-term performance and resilience of
modern digital systems.

2. Contributions

This research makes significant advancements in
reliability analysis by addressing the essential need for a
joint examination of aging and process variation, which
has typically been analyzed separately in existing
literature. Acknowledging the stochastic nature of aging
in modern technology nodes, we introduce machine
learning-based models for standard cells that streamline
this analysis. Unlike traditional methods that rely on
complex and time-consuming atomic models during
Monte Carlo simulations, our approach utilizes offline-
trained machine learning models, eliminating the need for
atomic models during execution. This enhances
efficiency and substantially improves analysis time
without compromising accuracy. This contribution is
crucial for exploring design space at higher abstraction
levels, where execution time is critical. Our method not
only enhances reliability assessment but also empowers
designers to optimize circuits more effectively, ultimately
leading to more resilient digital systems. Through this
work, we establish a faster and more efficient standard
for reliability analysis in future research.

3. Procedures

This study investigates the long-term reliability of
nanometer VLSI systems through the use of machine-
learning-based models for standard cells. We extracted
key characteristics of standard cells, including
propagation delay and output transition time, across
various input slew rates and load capacitance values.
Look-up tables (LUTs) were generated to store these
characteristics. The effects of process variation and
stochastic aging (modeled using the atomic model) on the
delay distribution of gates were computed via a Monte
Carlo and static timing analysis for extensive input
conditions. These data were utilized to train a Random
Forest (RF) model for predicting the delay distribution of
each gate. Ultimately, the overall delay distribution of a
circuit was derived using Monte Carlo simulations in
conjunction with static timing analysis and the machine

learning models. The accuracy and efficiency of the
proposed method were assessed by comparing its
performance against two existing methods on a set of
ISCASS8S5 benchmark circuits.

4. Findings

The proposed method achieved a substantial reduction in
analysis time compared to two state-of-the-art techniques,
with average improvements of 49% and 88.7%,
respectively. This reduction in time was made possible by
dedicating considerable effort to offline model training,
which does not impact the execution time of the analysis.
Moreover, the study demonstrated that the accuracy of
the proposed method is high and comparable to existing
approaches, with an average prediction error of less than
2% for mean delay estimates. This research is significant
as it offers a faster and more efficient method for
evaluating the reliability of integrated circuits, which is
essential for the design of reliable, high-performance
electronic devices, particularly as circuit complexity
continues to increase.

5. Conclusion

This study presents a novel method for analyzing the
long-term reliability of nanometer circuits by considering
both process variation and stochastic aging effects. The
researchers achieved a significant improvement in
analysis time (an average of 49% and 88.7% compared to
two existing methods) by developing machine learning-
based models for standard cells and utilizing a hybrid
Monte Carlo analysis method. This method maintains
high accuracy, with an average error of less than 2% in
predicting the mean delay. By enabling faster and more
efficient reliability evaluation, this research is particularly
valuable for designing reliable and high-performance
electronic devices in the face of increasing circuit
complexity.
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