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Abstract

This paper investigates the design challenges and trade-offs involved in implementing sub-threshold Very Large Scale Integration (VLSI)
circuits for Internet of Things (loT) applications. The study examines critical issues such as increased delay, leakage power, and
performance variability, alongside techniques like Adaptive Voltage Scaling (AVS), body biasing, and leakage reduction. Data is collected
through simulation of sub-threshold circuits under varying conditions, followed by validation using fabricated prototypes. Descriptive and
trade-off analyses reveal that while individual techniques such as AVS and MTCMOS offer distinct advantages, their integration provides a
comprehensive solution to the challenges of sub-threshold operation. The study highlights the need for holistic design strategies that balance

energy efficiency, reliability, and cost, enabling scalable applications in 10T devices.
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1. Introduction

The Internet of Things (IoT) has ushered in an era of smart,
interconnected devices that rely on low-power operation for
functionality and sustainability. 10T systems, ranging from
wearable devices to industrial sensors, demand ultra-low-
power circuit designs to ensure prolonged operation,
particularly in battery-powered or energy-harvesting
applications. Sub-threshold Very Large Scale Integration
(VLSI) circuits, operating below the transistor threshold
voltage, offer an effective solution for minimising energy
consumption in such devices.

Despite their potential, sub-threshold circuits present a
unigue set of challenges, including increased switching
delays, heightened variability due to environmental factors,
and leakage power concerns in advanced technology nodes
(Roy & Prasad, 2019) . These challenges are further
compounded by the need to maintain functional reliability
and meet the diverse performance requirements of loT
devices.

To address these issues, researchers have proposed
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techniques such as Adaptive Voltage Scaling (AVS), body
biasing, and leakage reduction strategies. However, these
solutions often involve trade-offs between energy
efficiency, performance, and reliability. For example, while
AVS dynamically adjusts voltage levels to optimise power
consumption, it requires additional control circuitry, which
may offset energy savings. Similarly, body biasing reduces
leakage currents but introduces complexity in controlling
threshold voltages under varying conditions (Zhang et al.,
2021) i1,

This study investigates the design challenges and trade-offs
inherent in sub-threshold VLSI circuits, with a particular
focus on loT applications. By analysing the interplay
between power, performance, and reliability, this research
aims to propose holistic design strategies that address these
challenges while ensuring scalability and cost-effectiveness.
The findings contribute to advancing the integration of sub-
threshold circuits in 10T devices, enabling energy-efficient
solutions that align with the growing demands of modern
10T ecosystems.
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2. Literature Review

2.1 Opportunities in Sub-Threshold VLSI Circuit Design
Sub-threshold VLSI circuits present an exciting opportunity
to address energy efficiency challenges in loT applications.
By operating below the transistor threshold voltage, these
circuits reduce power consumption drastically, making them
ideal for devices such as wearable health monitors,
environmental sensors, and smart agriculture tools (Roy &
Prasad, 2019) 12,

Techniques like Adaptive Voltage Scaling (AVS) and body
biasing have shown significant potential. AVS optimises
supply voltage based on workload requirements, resulting in
real-time energy savings (Liu et al., 2021). Body biasing, on
the other hand, fine-tunes threshold voltages to reduce
leakage currents, thereby enhancing circuit reliability and
efficiency (Zhang et al., 2021) 11,

Near-threshold computing (NTC) is another promising
strategy, balancing the trade-off between power savings and
computational speed. Kim et al. (2022) 1 demonstrated the
efficacy of NTC in latency-sensitive edge computing
devices, achieving a 10x improvement in energy efficiency
compared to traditional designs. These advancements
underscore the growing relevance of sub-threshold circuits
in 10T ecosystems.

2.2 Challenges in Sub-Threshold Circuit Design and
Integration

While sub-threshold circuits offer significant energy
savings, they face critical challenges in design and
integration. One major issue is increased delay, as the
reduced supply voltage slows down switching speeds,
impacting performance (Kang et al., 2021) . Variability in
process, temperature, and voltage further complicates the
reliability of sub-threshold circuits, particularly in loT
environments that often operate under unpredictable
conditions (Wang et al., 2020) B,

Leakage power remains a dominant concern, particularly as
technology nodes advance. Techniques like MTCMOS and
power gating mitigate this issue but introduce additional
complexity, increasing design costs and limiting scalability
(Borkar & Chien, 2021) 61, Moreover, noise susceptibility
and environmental disturbances affect the reliability and
accuracy of sub-threshold circuits in practical applications.
Integration challenges are particularly pronounced in loT
systems, where sub-threshold circuits must interact
seamlessly with sensors, communication modules, and
processors. Wang et al. (2020) B! highlighted the need for
holistic design strategies to address these interdependencies
and ensure system-wide energy efficiency.

2.3 Opportunities and Challenges in Practice

The implementation of sub-threshold circuits in loT
applications has demonstrated their potential but also
exposed practical challenges. For example, Jin et al. (2022)
[l reported significant energy savings in wearable health
monitors powered by sub-threshold circuits, while Kang et
al. (2021) ¥ noted that variability remains a major hurdle to
their widespread adoption.

Emerging techniques such as machine learning for real-time
optimisation and collaborative efforts between academia

https://researchtrendsjournal.com

https://researchtrendsjournal.com

and industry hold promise in addressing these challenges.
By leveraging these advancements, sub-threshold circuits
can be effectively integrated into scalable and cost-effective
10T solutions.

2.4 Hypotheses for Further Research

Hi: Techniques like AVS and MTCMOS significantly
enhance the energy efficiency of sub-threshold circuits
in 10T applications.

Ha: The trade-offs between power savings, performance,
and reliability are critical to the successful adoption of
sub-threshold circuits in 10T devices.

3. Research Methodology

This study employs a dual-phase research methodology to
investigate the design challenges and trade-offs associated
with sub-threshold VLSI circuits in 10T applications. The
first phase involves simulation-based modelling of sub-
threshold circuits using tools like HSPICE and Synopsys,
focusing on key parameters such as power consumption,
delay, and variability. Techniques like AVS, MTCMOS,
and leakage reduction methods are implemented to address
identified challenges.

The second phase includes experimental validation, wherein
prototype circuits are fabricated and tested under controlled
conditions. Testing equipment such as logic analysers and
oscilloscopes is used to measure power efficiency, delay
variability, and reliability across different operating
environments. Simulated and experimental results are
compared to ensure consistency and accuracy.

Data is analysed using descriptive statistics to summarise
findings and exploratory factor analysis (EFA) to validate
the relationships between design techniques and circuit
performance. Statistical tests such as ANOVA and
correlation analysis are conducted to evaluate the trade-offs
between power, performance, and reliability. Hypotheses
are tested to explore how variability and scalability impact
the adoption of sub-threshold designs in real-world loT
systems.

4. Results

4.1 Exploratory factor analysis

This study analysed the trade-offs and challenges in sub-
threshold VLSI circuits using constructs such as design
complexity, scalability, variability, power-performance
balance, and cost-effectiveness. Factor loadings and
Cronbach’s alpha values were computed to evaluate the
relationships and consistency of these constructs.

For example, the Design Complexity construct included
statements like "Increased design overhead due to Adaptive
Voltage Scaling (AVS)" (factor loading = 0.80) and
"Implementation challenges in power gating" (factor loading
= 0.78). The mean score for this construct was 3.8, with
Cronbach’s alpha at 0.76, indicating moderate reliability.
The Power-Performance Balance construct assessed
statements like "Trade-offs between power savings and
computational delay" (factor loading = 0.83) and "Near-
threshold computing improves performance efficiency"
(factor loading = 0.79). The mean score was 4.1, with
Cronbach’s alpha at 0.82, suggesting high reliability.
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Table 1: Exploratory Factor Analysis Results

Construct Statement Factor Loading | Cronbach's Alpha

Design Complexity Increased design overhead due to AVS 0.80 0.76
Implementation challenges in power gating 0.78

Power-Performance Balance | Trade-offs between power savings and computational delay 0.83 0.82
Near-threshold computing improves performance efficiency 0.79

Scalability Integration challenges with 0T systems 0.81 0.79
High-cost barriers for advanced techniques 0.77

Variability Performance variability due to environmental factors 0.84 0.81
Process variability in sub-threshold circuits 0.80

4.2 Simulation and Validation Results

4.2.1 Design Complexity

The design complexity construct scored a mean of 3.8 with
a standard deviation of 0.75. Techniques like AVS and
MTCMOS, while effective, introduced significant design
overhead, particularly in high-density 10T systems.

4.2.2 Power-Performance Balance

The mean score for power-performance balance was 4.1,
with a low standard deviation of 0.68, indicating strong
agreement among simulations. Near-threshold computing
achieved an optimal balance, providing 10x energy
efficiency compared to traditional designs.

4.2.3 Variability and Reliability

Variability-related constructs averaged 4.0, with a standard
deviation of 0.72. Reverse body biasing was particularly
effective in reducing process variability by 20%, though
higher variability was observed under extreme conditions.

4.2.4 Scalability and Cost-Effectiveness

Scalability scores averaged 3.7, with a standard deviation of
0.80. High-cost barriers limited the adoption of techniques
like power gating and body biasing in low-budget loT
applications, highlighting a need for cost-effective design
solutions.

Table 2: Simulation and Validation Results

Construct Mean Score Standard Deviation Key Observations
Design Complexity 3.8 0.75 AVS and MTCMOS introduce design overhead
Power-Performance Balance 4.1 0.68 Near-threshold computing offers 10x efficiency
Variability 4.0 0.72 Reverse body biasing reduces variability by 20%
Scalability 3.7 0.80 High-cost barriers limit adoption
5. Discussion for improvement. While the results indicate that sub-

This study sheds light on the critical challenges and trade-
offs inherent in designing sub-threshold VLSI circuits for
loT applications. While the findings reinforce the potential
of sub-threshold circuits to enhance energy efficiency, they
also highlight issues related to design complexity,
variability, and scalability.

The results support the hypothesis that advanced techniques
like AVS and body biasing can address key design
challenges. For example, the high mean scores for power-
performance balance indicate that near-threshold computing
is a viable strategy for achieving energy efficiency while
maintaining computational performance. These findings are
consistent with Kim et al.'s (2022) B! observations on the
trade-offs between power savings and performance in edge
computing devices.

However, design complexity emerged as a significant
barrier. The slightly lower factor loadings for design
complexity suggest that techniques like power gating and
MTCMOS introduce overheads that may hinder scalability
in cost-sensitive 10T markets. This supports Kang et al.'s
(2021) ™ argument that design overhead is a critical
limitation of current sub-threshold techniques.

Variability remains another critical issue. The study
highlights that environmental and process variability
significantly impact the reliability of sub-threshold circuits,
especially in diverse 10T environments. These findings align
with Wang et al.'s (2020) ! emphasis on the need for robust
variability mitigation strategies in sub-threshold design.
Scalability and cost-effectiveness also emerged as key areas

https://researchtrendsjournal.com

threshold circuits can be scaled for large 10T ecosystems,
the associated costs of advanced techniques like AVS limit
their adoption. This underscores the need for innovative
design approaches that balance scalability with affordability.

5.1 Implications

The study underscores the importance of addressing design
challenges and trade-offs to unlock the full potential of sub-
threshold circuits in loT applications. Policymakers and
industry leaders should focus on supporting research into
cost-effective and scalable design techniques.

The findings also highlight the need for collaborative efforts
between academia and industry to develop holistic design
frameworks that address integration challenges. Investment
in training and upskilling for circuit designers can accelerate
the adoption of sub-threshold techniques in real-world
applications.

Additionally, promoting  open innovation and
standardisation in sub-threshold design can reduce costs and
enhance scalability. Policymakers should also focus on
creating an enabling environment for innovation through
funding and incentives for research into low-power VLSI
circuits.

5.2 Limitations and Scope for Future Research

This study is limited by its focus on simulation-based data
and a small set of prototypes, which may not fully capture
the challenges of integrating sub-threshold circuits into
large-scale 10T systems. Future research should incorporate

279


https://researchtrendsjournal.com/
https://researchtrendsjournal.com/

International Journal of Trends in Emerging Research and Development

larger datasets and diverse 10T applications to enhance the
generalisability of the findings.

The study's focus on established techniques like AVS and
MTCMOS limits its scope. Future research should explore
emerging technologies such as Al-based optimisation and
new materials for low-power circuit design.
Cross-disciplinary studies that integrate insights from
material science, loT architecture, and cybersecurity can
provide a holistic understanding of the challenges and
opportunities in sub-threshold VLSI circuit design.
Exploring user adoption and behavioural factors can also
add a new dimension to the research, highlighting the
human-centric aspects of technology deployment.
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