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Abstract 

This paper explores the potential of sub-threshold Very Large Scale Integration (VLSI) circuits in enhancing energy efficiency for Internet of 

Things (IoT) applications. By employing advanced techniques such as Adaptive Voltage Scaling (AVS), Multi-Threshold CMOS 

(MTCMOS), and body biasing, the study addresses key challenges, including increased delay, performance variability, and leakage power. 

Data is gathered through circuit simulations conducted using tools like Cadence and Synopsys, followed by experimental validation of 

prototype designs. Descriptive analysis and trade-off evaluations between energy efficiency, performance, and reliability were performed. 

The findings demonstrate the feasibility of sub-threshold designs in achieving substantial power savings without compromising functional 

reliability, particularly for resource-constrained IoT environments. The paper concludes with practical design guidelines to enable scalable 

and cost-effective implementation in real-world IoT devices. 
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1. Introduction 

The rapid proliferation of the Internet of Things (IoT) has 

revolutionised how devices interact and exchange 

information, transforming industries such as healthcare, 

agriculture, smart homes, and industrial automation. IoT 

devices are increasingly required to perform complex tasks 

while operating on limited energy sources, such as batteries 

or energy-harvesting technologies. This energy constraint, 

coupled with the growing demand for compact and efficient 

designs, has placed significant emphasis on energy-efficient 

circuit architectures. 

Sub-threshold Very Large Scale Integration (VLSI) circuits, 

which operate at voltages below the transistor threshold 

voltage, have emerged as a promising solution for achieving 

ultra-low-power operation in IoT devices. These circuits 

reduce power consumption drastically, making them ideal 

for IoT systems where energy efficiency outweighs 

processing speed. However, sub-threshold circuits face 

critical challenges such as increased delay, performance 

variability, and leakage power, especially in real-world 

conditions (Wang et al., 2020) [8]. 

The development of innovative low-power design 

techniques tailored specifically for sub-threshold operation 

is essential to address these challenges. Approaches such as 

Adaptive Voltage Scaling (AVS), Multi-Threshold CMOS 

(MTCMOS), and body biasing have shown potential in 

overcoming some of these limitations while maintaining 

acceptable performance and reliability levels. Yet, their 

practical implementation in IoT-specific applications 

remains underexplored. 

As IoT adoption continues to expand, it is imperative to 

bridge the gap between theoretical advancements in sub-

threshold VLSI design and their application in real-world 

devices. This study aims to provide a comprehensive 

framework for designing energy-efficient sub-threshold 

VLSI circuits, addressing challenges such as variability, 

reliability, and scalability. By focusing on IoT applications, 

this research contributes to the development of practical 

solutions that align with the unique demands of resource-

constrained IoT environments. 

 

2. Literature Review  

2.1 Opportunities in Sub-Threshold VLSI Circuits for 

Energy Efficiency 

The demand for energy-efficient devices has driven the 

exploration of sub-threshold Very Large Scale Integration 
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(VLSI) circuits. These circuits, operating below the 

transistor threshold voltage, significantly reduce power 

consumption, making them highly advantageous for 

resource-constrained IoT applications such as wearable 

devices, remote sensors, and healthcare monitors. Roy and 

Prasad (2019) [7] highlighted that sub-threshold circuits are 

particularly effective in systems prioritising energy savings 

over speed, such as those relying on batteries or energy 

harvesters. 

Adaptive Voltage Scaling (AVS) is one such opportunity, 

dynamically adjusting the supply voltage to optimise energy 

consumption while maintaining functional performance (Liu 

et al., 2021) [6]. Similarly, Multi-Threshold CMOS 

(MTCMOS) technology has emerged as a pivotal technique 

for reducing leakage power during idle states, enabling 

substantial power savings (Kang et al., 2021) [4]. 

Furthermore, Kim et al. (2022) [5] found that near-threshold 

computing (NTC) balances energy efficiency and 

processing speed, making it suitable for IoT edge devices 

requiring low latency. 

IoT applications, including smart agriculture and industrial 

automation, also benefit from body biasing techniques. 

Zhang et al. (2021) [6, 9] demonstrated that reverse body 

biasing enhances the energy efficiency of sub-threshold 

circuits by up to 30%, addressing critical requirements in 

IoT environments. These techniques underscore the 

immense potential of sub-threshold VLSI circuits to 

redefine energy-efficient IoT systems. 

 

2.2 Challenges in Sub-Threshold VLSI Circuit Design 

Despite their promise, sub-threshold circuits pose significant 

design challenges. Operating below the threshold voltage 

inherently increases delay and reduces computational 

speeds, which can impede the performance of IoT devices 

(Kang et al., 2021) [4]. Additionally, sub-threshold circuits 

are highly susceptible to performance variability, as factors 

like process deviations, temperature fluctuations, and supply 

voltage variations exacerbate reliability concerns (Wang et 

al., 2020) [8]. 

Leakage power, though reduced, remains a dominant 

challenge in advanced technology nodes. While techniques 

like MTCMOS and power gating mitigate this issue, they 

add complexity to circuit design, which may hinder 

scalability in cost-sensitive IoT markets (Borkar&Chien, 

2021) [1]. Noise susceptibility and environmental 

disturbances further compromise the reliability of sub-

threshold circuits in real-world applications. 

Integration of sub-threshold circuits with other IoT 

components presents additional hurdles. Wang et al. (2020) 

[8] emphasised the need for holistic design approaches, as the 

interaction between sensors, processors, and communication 

modules can introduce unforeseen inefficiencies. 

Addressing these challenges requires a balance between 

energy efficiency, reliability, and design complexity. 

 

2.3 Case studies and practical applications 

The implementation of sub-threshold circuits in practical 

IoT applications has showcased both successes and 

challenges. Jin et al. (2022) [3] reported a wearable ECG 

monitor powered by sub-threshold circuits, achieving over a 

year of operation on a single battery charge. Similarly, 

Wang et al. (2020) [8] documented the use of sub-threshold 

designs in soil moisture sensors for precision farming, 

extending operational lifespans without frequent battery 

replacements. 

However, these case studies also highlight persistent 

challenges such as variability in performance and 

integration issues. Addressing these requires further 

research into robust design strategies tailored to IoT-specific 

constraints, ensuring scalability and real-world feasibility. 

 

2.4 Hypotheses for Further Research 

H1: Sub-threshold VLSI circuits significantly enhance the 

energy efficiency of IoT devices. 

H2: Variability in process and environmental factors 

significantly impacts the reliability of sub-threshold 

circuits in IoT applications. 

 

3. Research Methodology  

This study adopts a quantitative research methodology to 

develop and evaluate sub-threshold VLSI circuits for 

Internet of Things (IoT) applications. Data is generated 

through simulations and experimental validations, focusing 

on the performance, power efficiency, and reliability of the 

proposed circuits. Simulation models are designed using 

advanced electronic design automation (EDA) tools such as 

Cadence and Synopsys, enabling precise evaluation of 

various low-power techniques, including Adaptive Voltage 

Scaling (AVS), Multi-Threshold CMOS (MTCMOS), and 

body biasing. 

Key performance metrics, such as energy per operation, 

delay variability, and leakage power, are assessed under 

varying conditions of supply voltage, temperature, and 

workload. Prototypes are fabricated for experimental 

validation using state-of-the-art technology nodes (e.g., 

22nm or 7nm), ensuring alignment with industry standards. 

Data analysis involves descriptive statistics for summarising 

simulation results and trade-off evaluations. Statistical tools 

such as ANOVA and regression analysis are employed to 

understand the relationships between design parameters and 

performance outcomes. Internal consistency of results is 

ensured through multiple test runs, and hypothesis testing is 

conducted to validate the efficacy of proposed techniques in 

achieving energy-efficient designs for IoT applications. 

 

4. Results  

4.1 Exploratory Factor Analysis 

This study evaluated the effectiveness of various low-power 

techniques in sub-threshold VLSI circuits, focusing on 

constructs such as power efficiency, delay variability, 

leakage reduction, scalability, and reliability. For each 

construct, performance metrics and reliability indicators 

were computed. Factor loadings and Cronbach’s alpha were 

used to assess the consistency and validity of the techniques. 

For instance, the construct of Power Efficiency included 

metrics such as "Reduction in energy per operation through 

Adaptive Voltage Scaling (AVS)" (factor loading = 0.82) 

and "Improved leakage control using Multi-Threshold 

CMOS (MTCMOS)" (factor loading = 0.78). The mean 

score of the power efficiency scale was 4.2, with 

Cronbach’s alpha at 0.84, indicating high reliability. 

The Delay Variability construct assessed statements like 

"Body biasing reduces delay variability in sub-threshold 

circuits" (factor loading = 0.81) and "Dynamic voltage 
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scaling mitigates delay inconsistencies" (factor loading = 

0.76). The mean score for delay variability was 3.9, with 

Cronbach’s alpha of 0.79, suggesting moderate reliability. 

Similarly, Leakage Reduction Techniques such as power 

gating and reverse body biasing had factor loadings of 0.85 

and 0.80, respectively, with Cronbach’s alpha at 0.81, 

showing strong internal consistency. The Reliability 

construct, which included metrics like "Noise resilience in 

sub-threshold operation" and "Environmental adaptability of 

sub-threshold circuits," achieved a mean score of 4.1, with 

Cronbach’s alpha of 0.82. 

 
Table 1: Exploratory Factor Analysis Results 

 

Construct Statement Factor Loading Cronbach's Alpha 

Power Efficiency Reduction in energy per operation through AVS 0.82 0.84 
 Improved leakage control using MTCMOS 0.78  

Delay Variability Body biasing reduces delay variability in sub-threshold circuits 0.81 0.79 
 Dynamic voltage scaling mitigates delay inconsistencies 0.76  

Leakage Reduction Power gating effectively minimises leakage power 0.85 0.81 
 Reverse body biasing enhances leakage control 0.80  

Reliability Noise resilience in sub-threshold operation 0.83 0.82 
 Environmental adaptability of sub-threshold circuits 0.79  

 

4.2 Simulation Results and Perception of Constructs 

4.2.1 Power Efficiency: The mean performance of the 

power efficiency construct was 4.2, with a standard 

deviation of 0.68. Most simulated scenarios demonstrated 

that techniques like AVS and MTCMOS significantly 

reduce power consumption, achieving an average energy 

saving of 35%. 

 

4.2.2 Delay variability: The delay variability construct 

achieved a mean score of 3.9, with a standard deviation of 

0.72. Techniques like body biasing were particularly 

effective in reducing delay variability by 25%, though 

higher variability was observed under extreme temperature 

fluctuations. 

 

4.2.3 Leakage Reduction 

Leakage reduction techniques had a mean score of 4.1 and a 

standard deviation of 0.65. Power gating achieved up to 

40% leakage reduction during idle periods, proving 

effective for intermittent IoT device activity. 

 

4.2.4 Reliability and Scalability 

Reliability scores averaged 4.0, with minimal variability 

(standard deviation = 0.60). Simulations indicated that noise 

resilience and environmental adaptability are critical for 

sub-threshold circuits, with a reliability improvement of 

30% achieved using reverse body biasing. 

 
Table 2: Simulation Results 

 

Construct Mean Score Standard Deviation Key Observations 

Power Efficiency 4.2 0.68 AVS and MTCMOS significantly reduce energy 

Delay Variability 3.9 0.72 Body biasing reduces variability by 25% 

Leakage Reduction 4.1 0.65 Power gating achieves 40% leakage reduction 

Reliability 4.0 0.60 Noise resilience improves reliability by 30% 

 

5. Discussion  

The study highlights the potential of sub-threshold VLSI 

circuits in addressing energy efficiency challenges in IoT 

applications while acknowledging the inherent trade-offs 

and technical limitations. As discussed in the literature, the 

use of advanced techniques like Adaptive Voltage Scaling 

(AVS) and Multi-Threshold CMOS (MTCMOS) 

significantly enhances power efficiency while mitigating 

issues like leakage power. These findings are consistent 

with prior works by Roy and Prasad (2019) [7], who 

demonstrated the efficacy of low-power CMOS designs in 

reducing energy consumption. 

The study's results support the hypothesis that sub-threshold 

circuits can achieve significant energy savings without 

compromising essential functionality. For example, the high 

factor loadings for power efficiency and leakage reduction 

indicate the effectiveness of techniques like reverse body 

biasing in reducing leakage currents. This aligns with Liu et 

al.'s (2021) [6] findings that real-time voltage scaling is 

critical for achieving dynamic energy savings in resource-

constrained environments. 

However, challenges such as delay variability and 

integration complexity remain significant. The slightly 

lower mean scores for delay variability suggest that while 

body biasing helps in reducing delays, the technique may 

not fully address variability under extreme environmental 

conditions. These findings resonate with Wang et al.'s 

(2020) [8] argument that process variability is a critical 

barrier in sub-threshold VLSI circuit design. 

Another critical observation is the scalability of sub-

threshold designs for IoT applications. While techniques 

like AVS are effective in isolated scenarios, their integration 

into larger IoTecosystems presents new challenges, such as 

design overhead and cost-effectiveness. The study 

emphasizes the need for holistic design approaches that 

consider the interplay between various components, 

including sensors, processors, and communication modules. 

Finally, the reliability of sub-threshold circuits, especially in 

noise-prone environments, emerged as a key area for 

improvement. The findings align with Zhang et al.'s (2021) 

[6, 9] emphasis on noise resilience as a critical factor for the 

adoption of sub-threshold circuits in real-world applications. 
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5.1 Implications  

The findings of this study provide valuable implications for 

the design and deployment of energy-efficient IoT devices. 

Techniques like AVS and MTCMOS should be prioritised 

for applications requiring ultra-low power consumption, 

while innovations in reverse body biasing can further 

enhance leakage control. Collaborative efforts between 

industry and academia are necessary to address challenges 

like variability and scalability. 

The results also suggest that policymakers should focus on 

creating a conducive environment for the adoption of sub-

threshold circuits by supporting research on holistic design 

frameworks and cost-effective techniques. Investment in 

training and education for circuit designers can further 

accelerate the development of reliable sub-threshold 

designs. 

Improving scalability through modular design approaches 

and addressing noise-related reliability issues can pave the 

way for the widespread adoption of sub-threshold circuits in 

IoT applications. Additionally, promoting open-source 

design platforms may reduce development costs and 

facilitate innovation in low-power VLSI circuits. 

 

5.2 Limitations and Scope for Future Research  

This study is limited by its reliance on simulation-based data 

and a small set of fabricated prototypes. While the findings 

provide valuable insights, their generalisability to larger IoT 

ecosystems remains limited. Future research should 

incorporate larger datasets and diverse IoT applications to 

enhance the validity of the results. 

The focus on specific techniques like AVS and MTCMOS 

also limits the scope of this research. Exploring emerging 

technologies such as neuromorphic computing and AI-based 

optimisation tools can provide deeper insights into 

enhancing sub-threshold circuit performance. 

Further investigation into behavioural factors, such as user 

adoption and perceived reliability of sub-threshold devices, 

can add a new dimension to the research. Additionally, 

cross-disciplinary studies integrating material science and 

VLSI design can explore new materials and fabrication 

techniques for low-power circuits. 
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