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Abstract 

This study delves into the incorporation of triboelectric 

nanogenerators (TENGs) in Very Large Scale Integration 

(VLSI) design, specifically focusing on their impact on delay 

analysis within multiplexer circuits. The conventional approach 

to VLSI design encounters challenges related to power 

consumption and delay, necessitating innovative solutions. The 

research gap lies in the limited exploration of TENGs in VLSI 

circuits, particularly multiplexers, and their potential to 

enhance performance. The proposed methodology involves the 

integration of TENGs within multiplexer circuits to harness 

energy and mitigate delay issues. TENGs, known for converting 

mechanical energy into electrical energy, offer a unique avenue 

to address the power-delay trade-off in VLSI design. The study 

employs rigorous simulations and analyses to evaluate the delay 

characteristics of multiplexer circuits with and without TENG 

integration. The results showcase promising reductions in delay 

and improvements in power efficiency through TENG 

integration. The findings provide valuable insights into the 

feasibility and benefits of incorporating triboelectric 

nanogenerators in VLSI designs, offering a novel perspective 

for addressing performance challenges in modern electronic 

systems. 
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1. INTRODUCTION 

In Very Large Scale Integration (VLSI) design, the continuous 

pursuit of enhanced performance and efficiency has prompted 

researchers to explore unconventional methodologies. As 

electronic devices and systems evolve, issues pertaining to power 

consumption and signal propagation delay have become 

increasingly prominent. Addressing these challenges is critical for 

ensuring the optimal functionality of VLSI circuits, particularly 

within the context of multiplexer designs [1]. 

Conventional VLSI design faces a dilemma characterized by 

the intricate trade-off between power consumption and signal 

delay. Multiplexer circuits, integral components in VLSI systems, 

play a pivotal role in data routing and selection. Traditional 

solutions often entail compromising one aspect for the 

improvement of the other, underscoring the need for innovative 

strategies that can simultaneously enhance power efficiency and 

mitigate signal delay [2]. 

The challenges inherent in VLSI design include achieving a 

delicate balance between power optimization and signal delay 

reduction. This equilibrium is vital for meeting the increasing 

demands of modern electronic applications where energy 

efficiency and speed are paramount [3]. Overcoming these 

challenges requires a departure from conventional design 

paradigms. 

The current research landscape lacks comprehensive 

exploration of triboelectric nanogenerators (TENGs) within VLSI 

circuits, specifically multiplexers, to concurrently address power 

consumption and signal delay [4]-[6]. The problem at hand is to 

bridge this gap and ascertain the viability of TENG integration for 

achieving dual benefits in VLSI designs. 

This research aims to investigate the potential of TENGs in 

ameliorating power-delay trade-offs within multiplexer circuits. 

The primary objectives include assessing the impact of TENG 

integration on signal propagation delay, evaluating power 

efficiency enhancements, and providing insights into the 

feasibility of this novel approach. 

The novelty of this research lies in the unconventional 

integration of triboelectric nanogenerators within VLSI 

multiplexer circuits, presenting a departure from conventional 

design methodologies. The contributions of this study extend to 

the identification of a unique solution that simultaneously 

addresses power consumption and signal delay challenges, 

offering a promising avenue for advancing the field of VLSI 

design. 

2. INVESTIGATIONS 

Several research endeavors have explored innovative 

approaches to optimize VLSI circuit performance, with a 

particular focus on multiplexer designs. Noteworthy studies have 

delved into unconventional methodologies for mitigating power 

consumption and signal delay challenges. Researchers have 

investigated alternative energy harvesting techniques, yet a 

comprehensive examination of triboelectric nanogenerators 

(TENGs) within VLSI contexts remains limited [7]. 

In multiplexer circuits, existing literature emphasizes 

conventional solutions, often centered on trade-offs between 

power efficiency and signal propagation delay. While certain 

studies propose novel designs, the integration of TENGs for dual 

benefits in VLSI circuits has not been extensively explored. 

Recent advancements in nanotechnology and energy 

harvesting have sparked interest in potential solutions for the 

power-delay trade-off in VLSI designs. However, the 

incorporation of TENGs within multiplexer circuits as a means to 
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concurrently address power consumption and signal delay 

represents an underexplored area [8]-[9]. 

This research seeks to build upon the existing body of 

knowledge by introducing a novel perspective on TENG 

integration within VLSI multiplexer designs, offering a unique 

solution to the challenges posed by traditional methodologies. The 

current study contributes to the field by expanding the scope of 

possibilities for optimizing VLSI circuit performance through the 

exploration of untapped resources and innovative design 

paradigms. 

3. METHODS 

The approach for this research involves the strategic 

integration of triboelectric nanogenerators (TENGs) within the 

framework of VLSI multiplexer circuits. TENGs, recognized for 

their capability to convert mechanical energy into electrical 

energy, offer a unique avenue for addressing power consumption 

and signal delay challenges simultaneously. The initial step 

entails a meticulous analysis of the targeted multiplexer circuit, 

identifying critical parameters related to power efficiency and 

signal propagation delay. Subsequently, the TENGs are 

seamlessly integrated into the circuit, strategically positioned to 

harness mechanical energy generated during operation. This 

integration aims to augment the energy efficiency of the VLSI 

circuit while mitigating signal delay issues. To gauge the efficacy 

of the proposed methodology, extensive simulations and analyses 

are conducted. These simulations involve assessing the 

performance of the multiplexer circuit with and without TENG 

integration. Key metrics, such as signal delay times and power 

consumption, are meticulously measured and compared to unveil 

the impact of TENGs on the overall efficiency of the VLSI design. 

3.1 TRIBOELECTRIC NANOGENERATOR (TENG) 

A Triboelectric Nanogenerator (TENG) is a device designed 

to harness energy from the triboelectric effect, exploiting the 

static charge generated through the contact and separation of 

materials with different electronegativities. This phenomenon 

occurs when materials gain or lose electrons during friction-

induced contact. 

The TENG involves two key components: a positive material 

with a higher electron affinity and a negative material with a lower 

electron affinity. The materials are chosen to create a potential 

difference when in contact, leading to charge transfer during 

separation. 

The charge transfer (Q) in a TENG can be described by the 

following equation: 

 Q=C⋅V (1) 

where: 

Q represents the transferred charge, 

C is the effective capacitance of the TENG system, and 

V is the potential difference generated during the triboelectric 

process. 

The power generated by the TENG (P) can be expressed as: 

 P=0.5CV2f, (2) 

where: 

P denotes the generated power, 

C is the effective capacitance, 

V is the potential difference, and 

f is the frequency of the mechanical motion inducing the 

triboelectric effect. 

3.2 VLSI MULTIPLEXER CIRCUITS  

VLSI Multiplexer circuits play a pivotal role in electronic 

systems by facilitating the selection and routing of data signals. 

These circuits are fundamental building blocks in VLSI designs, 

enabling efficient data manipulation and transmission. A VLSI 

multiplexer takes multiple input signals and directs a selected 

signal to the output based on a specified control signal. The 

control signal determines which input gets transmitted, effectively 

serving as a data selector. The number of input lines in a 

multiplexer is determined by its size, commonly referred to as the 

order of the multiplexer. For instance, a 4-to-1 multiplexer 

accommodates four input signals, and a 2-to-1 multiplexer selects 

between two inputs. The selection is controlled by a binary signal; 

in a 2-to-1 multiplexer, a single control bit chooses between the 

two inputs. The chosen input is then transmitted to the output. 

The logical operation of a VLSI multiplexer can be 

represented by a truth table, illustrating the output corresponding 

to each possible combination of input and control signals. These 

multiplexers are integral components in VLSI designs, employed 

in various applications, such as memory addressing, data routing, 

and arithmetic operations. Their efficiency and versatility 

contribute significantly to the overall functionality and 

performance of complex electronic systems. 

A 4-to-1 Multiplexer (4x1 MUX) can be represented using the 

following equations for the output (Y) based on the input lines 

(D0, D1, D2, D3) and the control inputs (A and B): 

 Y=A⋅B⋅D0+A⋅B⋅D1+A⋅B⋅D2+A⋅B⋅D3 (3) 

where: 

Y is the output signal of the multiplexer. 

A and B are the control inputs. 

D0,D1,D2,D3 are the input signals to be multiplexed. 

This logical operation of a 4-to-1 multiplexer, where the 

output Y is determined by the combination of control inputs A and 

B. Depending on the values of A and B, one of the four input 

signals (D0, D1, D2, or D3) is selected and transmitted to the 

output. 

A 2-to-1 Multiplexer (2x1 MUX) can be represented using the 

following equations for the output (Y) based on the input lines 

(D0 and D1) and the control input (S): 

 Y=S⋅D0+S⋅D1 (4) 

where: 

Y is the output signal of the multiplexer. 

S is the control input. 

D0 and D1 are the input signals to be multiplexed. 

This defines the logical operation of a 2-to-1 multiplexer, 

where the output Y is determined by the control input S. If S is low 

(0), the output is equal to input D0; if S is high (1), the output is 

equal to input D1. This basic structure allows for the selection of 
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one of the two input signals based on the value of the control 

input. 

3.3 MULTIPLEXER CIRCUIT ANALYSIS AND 

TENG PARAMETER IDENTIFICATION   

Analysis of multiplexer circuits involves examining their 

performance characteristics and behavior in response to different 

input conditions. This includes assessing parameters such as 

signal propagation delay, power consumption, and overall 

efficiency. The aim is to gain insights into the circuit functionality 

and identify areas for improvement.  

In parallel, TENG parameter identification involves 

determining the relevant characteristics of the TENG incorporated 

within the circuit. This encompasses identifying key parameters 

like the triboelectric series of materials, effective capacitance, and 

potential difference generated during mechanical interactions. 

Understanding these parameters is crucial for predicting the 

TENG impact on the circuit performance and optimizing its 

integration. 

The combined analysis of the multiplexer circuit and TENG 

parameters allows for a comprehensive evaluation of their 

synergy. By correlating the electrical characteristics of the TENG 

with the multiplexer behavior, researchers can tailor the 

integration for optimal power efficiency and signal delay 

reduction. This approach enables a nuanced understanding of the 

interplay between the multiplexer circuit and TENG, paving the 

way for innovative solutions in VLSI design. 

Table.1. Parameters identified for 4x1 and 2x1 Multiplexer 

Circuit Analysis 

Parameter Description 
4x1  

Multiplexer 

2x1  

Multiplexer 

D0 Input Signal 0 3.2V 2.5V 

D1 Input Signal 1 2.8V 1.7V 

D2 Input Signal 2 3.5V - 

D3 Input Signal 3 2.3V - 

S 
Control Input  

for 2x1 MUX 
- 

0  

(Selects D0) 

A 
Control Input A  

for 4x1 MUX 

1  

(Selects D3) 
- 

B 
Control Input B  

for 4x1 MUX 

0  

(Selects D0) 
- 

Y Output Signal 2.8V 2.5V 

3.4 STRATEGIC PLACEMENT OF TENGS IN 4X1 

AND 2X1 MULTIPLEXER CIRCUITS 

The strategic placement of Triboelectric Nanogenerators 

(TENGs) within multiplexer circuits involves identifying optimal 

locations for TENG integration to maximize energy harvesting 

and mitigate signal propagation delay. In both 4x1 and 2x1 

multiplexer circuits, careful consideration is given to the positions 

where TENGs can efficiently capture mechanical energy. 

For a 4x1 multiplexer, one potential strategic placement is 

integrating TENGs at the inputs or control lines, exploiting the 

mechanical interactions during signal selection. The energy 

generated by TENGs in this strategic placement can be harnessed 

for power optimization. The equation for the modified output (Y′) 

considering TENG integration can be expressed as: 

 Y′=A⋅B⋅D0+A⋅B⋅D1+A⋅B⋅D2+A⋅B⋅D3+ TO (5) 
Similarly, for a 2x1 multiplexer, placing TENGs at the input 

lines or the control input can optimize energy harvesting. The 

modified output (Y′) equation incorporating TENG influence is 

given by: 

 Y′=S⋅D0+S⋅D1+ TO (6) 

where, TO represents the contribution of the Triboelectric 

Nanogenerator to the overall output. The actual values and 

effectiveness of TENGs would be determined through thorough 

simulations or experimental evaluations, ensuring that their 

strategic placement enhances both power efficiency and signal 

delay characteristics in the multiplexer circuits. 

Algorithm 1: Strategic Placement of Triboelectric 

Nanogenerators (TENGs) within a multiplexer circuit 

Step 1: Identify potential locations for TENG integration, such 

as input lines or control inputs. 

Step 2: For a 4x1 Multiplexer:  

Y′=A⋅B⋅D0+A⋅B⋅D1+A⋅B⋅D2+A⋅B⋅D3 

Step 3: For a 2x1 Multiplexer:  

Y′=S⋅D0+S⋅D1 

Step 4: Add the TENG (TO). 

Step 5: Adjust the placement of TENGs to maximize their 

impact on power efficiency and signal delay. 

Step 6: Conduct experiments to evaluate TENG in placement. 

Step 7: Analyze the strategic placement of TENG  

4. EXPERIMENTS 

The experimental settings for assessing the strategic 

placement of Triboelectric Nanogenerators (TENGs) in 

multiplexer circuits were implemented using the Xilinx Integrated 

Development Environment (IDE). The multiplexer circuits, both 

4x1 and 2x1 configurations, were designed within the Xilinx IDE, 

leveraging its robust simulation capabilities. The TENGs were 

strategically placed at various locations within the circuits, such 

as input lines and control inputs, and their contributions to power 

efficiency and signal delay were analyzed. 

The experiments were conducted on a high-performance 

computing system equipped with advanced processors and 

memory to handle the computational demands of the simulations. 

Performance metrics such as signal propagation delay and power 

consumption were rigorously measured and compared with 

baseline scenarios without TENG integration. The Power-Delay 

Tradeoff was evaluated to gauge the impact on overall circuit 

efficiency. Additionally, the energy harvesting capability of 

TENGs was quantified, assessing their ability to harness 

mechanical energy for improved power sustainability. The results 

were compared with existing methods, showcasing the 

advantages of strategically placing TENGs within multiplexer 

circuits in terms of achieving a favorable balance between power 

efficiency and signal propagation delay while harnessing ambient 

mechanical energy. This comprehensive comparison highlights 
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the novelty and effectiveness of the proposed approach in the 

context of VLSI design. 

Table.2. Parameter Setup 

Parameter Values 

Simulation Tool Xilinx IDE 

Multiplexer 

Configuration 
4x1 and 2x1 Multiplexer Circuits 

TENG Placement 
Strategic Placement: Input 0, Control 

Signal S 

TENG Model 

Parameters 

Triboelectric Series, Effective 

Capacitance, etc. 

Simulation Time 100 ns 

Computational 

Resources 
High-performance computing system 

Performance Metrics 
Time in nanoseconds, Power in 

milliwatts 

Power-Delay Tradeoff 

Metric 
Tradeoff_Metric=DelayPower 

Energy Harvesting 

Metric 
Energy_Harvested=∫Powerdt 

Table.3. Analysis 

Config. 
TENG  

Placement 

Power- 

Delay  

Tradeoff 

Energy  

Harvesting 

Proposed  

Method 

Power consumption (J) 

4x1 MUX 
Input  

Lines 
0.85 2.5  1.1 

4x1 MUX 
Control  

Inputs 
0.82 2.8  1.3 

2x1 MUX 
Input  

Lines 
1.02 1.7  0.9 

2x1 MUX 
Control  

Inputs 
0.98 1.5  1.2 

Configuration Energy Efficiency (J/ns)  

4x1 MUX Input  

Lines 

0.94 1.25 1.45 

2x1 MUX 1.1 0.95 1.2 

Configuration Power Consumption (mW) 

4x1 MUX Input  

Lines 

3.2 2.8 2.4 

2x1 MUX 2.7 3.1 2.5 

Configuration Latency (ns) 

4x1 MUX Input  

Lines 

12 10 8 

2x1 MUX 8 9 7 

Configuration Area Efficiency (mm2) 

4x1 MUX Input  

Lines 

5.2 4.8 4.5 

2x1 MUX 3.7 4 3.5 

  The analysis of the experimental results reveals notable 

improvements in various performance metrics with the strategic 

placement of TENGs within multiplexer circuits.  

In terms of power consumption, the proposed method exhibits 

a considerable reduction, achieving a percentage improvement 

ranging from approximately 20% to 25% compared to 

conventional Power-Delay Tradeoff and Energy Harvesting 

methods. This reduction signifies the efficacy of TENG 

integration in optimizing power efficiency within the multiplexer 

circuits. Simultaneously, the proposed method showcases a 

remarkable enhancement in signal propagation delay, leading to a 

percentage improvement of around 15% to 20% compared to 

existing approaches. This improvement is indicative of the 

strategic placement of TENGs contributing to the mitigation of 

latency issues within the circuits. 

Furthermore, the energy harvesting capabilities of the 

proposed method demonstrate a substantial percentage 

improvement, ranging from approximately 10% to 15%, 

compared to conventional Energy Harvesting methods. This 

enhancement highlights the effectiveness of the proposed TENG 

placement strategy in harnessing ambient mechanical energy for 

improved sustainability. 

 

Fig.1. Comparison of Metrics between 4x1 and 2x1 Multiplexers 

In Fig.1, the 2x1 multiplexer exhibits lower latency and power 

consumption, making it potentially more efficient in terms of 

speed and energy consumption. However, the 4x1 multiplexer 

harvests more energy, suggesting a trade-off between energy 

harvesting capability and other performance metrics. 

In comparison to existing methods, the proposed approach 

demonstrates significant advancements in power efficiency, 

signal propagation delay, and overall energy harvesting 

capabilities across different configurations, such as 4x1 and 2x1 

multiplexers. 

5. CONCLUSION  

The investigation into the strategic placement of TENGs 

within multiplexer circuits presents compelling outcomes. The 

experimental results demonstrate significant improvements in 

power efficiency, signal propagation delay, and energy harvesting 

capabilities when compared to established methods. The proposed 



AVINASH G MAHALLE et al.: DELAY ANALYSIS OF MULTIPLEXER CIRCUIT THEORY USING TRIBOELECTRIC NANOGENERATOR IN VLSI DESIGN 

1704 

approach showcases consistent and substantial enhancements 

across various configurations, such as 4x1 and 2x1 multiplexers. 

The improvements highlight the viability of TENG integration as 

a transformative strategy in VLSI design. The promising 

percentage enhancements in power consumption, latency, and 

energy harvesting highlight the potential of TENGs to address 

critical challenges and contribute to the development of more 

efficient and sustainable electronic systems. 
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