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Abstract 

Low-power CMOS VLSI circuits are crucial for energy-efficient digital 

systems, particularly in time-domain mixed-signal (TD-MS) 

applications. Despite advancements, traditional digital circuits often 

fall short in energy and area efficiency. Conventional digital circuits 

struggle with high energy consumption and area utilization, especially 

in data acquisition, conversion, key generation, and protection tasks. 

There is a need for more efficient alternatives. This study presents a 

novel TD-MS circuit design incorporating artificial neural networks 

(ANN) and reversible perturbation adiabatic switching. We compared 

these TD-MS circuits against a baseline digital implementation in 

65nm technology. Full-stack SPICE simulations were used for both 

setups. The TD-MS circuits shown a 670× energy/frame savings 

compared to the embedded digital system. Area efficiency improved by 

3×, and energy savings were 3.2× compared to the digital baseline. 
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1. INTRODUCTION 

In the rapidly evolving field of electronics and 

communications, achieving optimal performance while managing 

power consumption and minimizing physical footprint remains a 

significant challenge [1]-[3]. With the exponential growth in data 

rates and increasing complexity of electronic systems, 

innovations in circuit design are crucial for meeting the demands 

of high-speed and high-efficiency applications. One promising 

approach that addresses these challenges is the Time-Domain 

Mixed-Signal (TD-MS) circuit methodology, which integrates 

analog and digital processing within a unified framework to 

enhance overall system performance [4]. 

The traditional digital circuits have long been the cornerstone 

of electronic design, leveraging binary logic for processing data. 

However, as network bandwidths increase and applications 

demand higher speeds, these conventional circuits face limitations 

related to energy efficiency, area consumption, and performance 

scalability [5]. Similarly, while SPICE simulations offer detailed 

insights into circuit behavior, they often do not fully capture the 

practical inefficiencies observed in hardware implementations 

[6]-[7]. Hardware-based implementations, while reflecting real-

world performance, are constrained by physical and technological 

limits, resulting in suboptimal performance in high-speed 

scenarios. 

The primary challenges in current circuit design include: 

• As data rates increase, the energy consumption of digital 

circuits rises significantly, leading to higher operational 

costs and thermal management issues. 

• Traditional circuits often require substantial physical space, 

which becomes a critical constraint in compact and portable 

devices. 

• Maintaining performance efficiency at higher bandwidths 

while managing errors and signal integrity poses a 

significant challenge. 

• High-speed communication systems are prone to increased 

bit error rates (BER) and key error rates (KER), affecting 

data integrity and system reliability. 

The problem addressed in this research is the need for a more 

efficient and scalable circuit design methodology that can 

overcome the limitations of traditional digital circuits and 

simulations. Specifically, there is a need to develop a circuit 

design that improves energy efficiency, reduces area 

consumption, and enhances performance and reliability at high 

data rates. Additionally, managing error rates and ensuring secure 

key generation and protection are crucial for maintaining the 

integrity of high-speed systems. 

• To develop and evaluate a Time-Domain Mixed-Signal 

(TD-MS) circuit design that integrates analog and digital 

processing to optimize energy consumption and reduce 

physical area requirements. 

• To compare the performance of the TD-MS method against 

traditional digital circuits, SPICE simulations, and hardware 

implementations across various network bandwidths. 

• To analyze the impact of TD-MS on key performance 

metrics, including BER, reliability, and KER, to show 

improvements in data integrity, system stability, and 

security. 

• To validate the proposed design through extensive 

simulations and hardware experiments to confirm its 

effectiveness and practical applicability. 

The novelty of the TD-MS approach lies in its unique 

integration of time-domain processing with mixed-signal 

techniques, which allows for more efficient handling of high-

speed data. Unlike traditional methods that rely solely on digital 

processing or analog simulations, TD-MS combines the strengths 

of both domains to achieve superior performance. The approach 

leverages reversible perturbation adiabatic switching to further 

enhance energy efficiency and area reduction, addressing key 

limitations of existing technologies. 

• The research introduces and develops the TD-MS circuit 

methodology, demonstrating its potential to overcome 

limitations of traditional and simulated designs. 

• The TD-MS method provides significant improvements in 

energy efficiency, area reduction, and performance scaling, 

offering a substantial advantage over existing methods. 



ISSN: 2395-1680 (ONLINE)                                   ICTACT JOURNAL ON MICROELECTRONICS, JULY 2024, VOLUME: 10, ISSUE: 02 

1823 

• Through detailed simulations and hardware testing, the 

research validates the effectiveness of TD-MS, showcasing 

its benefits in practical applications. 

• The approach shows reduced BER and KER, contributing to 

enhanced data integrity and system reliability. 

2. RELATED WORKS 

The advancement of electronic circuit design has seen 

numerous innovations aimed at improving performance, energy 

efficiency, and reliability. To provide context for the proposed 

Time-Domain Mixed-Signal (TD-MS) methodology, it is 

essential to review related works that address similar challenges 

and explore existing solutions in circuit design, energy efficiency, 

and error management. 

Traditional digital circuits, based on binary logic, have been 

extensively studied and optimized for various applications. Early 

works focused on increasing clock speeds and reducing power 

consumption through techniques such as dynamic voltage and 

frequency scaling (DVFS) and clock gating. However, as data 

rates continued to escalate, these methods reached their 

limitations. Recent studies have explored advanced digital 

designs such as low-power CMOS circuits, which aim to 

minimize energy usage while maintaining high performance. For 

instance, [8] proposed energy-efficient digital circuits using 

adaptive body biasing techniques, achieving notable reductions in 

power consumption. Despite these advancements, digital circuits 

alone struggle to address the growing demands for space and 

performance scalability in high-speed applications. 

Mixed-signal circuits, which integrate both analog and digital 

components, offer advantages in terms of performance and power 

efficiency. One notable approach is the use of time-domain 

analog-to-digital converters (ADCs) and digital-to-analog 

converters (DACs), which optimize signal processing by 

leveraging time-domain techniques. For example, [9] shown a 

high-speed time-domain ADC design that significantly improved 

conversion efficiency. Similarly, mixed-signal design techniques 

have been employed to enhance signal integrity and reduce noise 

in high-speed communication systems. However, these 

approaches often fall short in addressing the comprehensive needs 

for area reduction and energy efficiency in complex, high-

bandwidth applications. 

SPICE (Simulation Program with Integrated Circuit 

Emphasis) simulations have been a cornerstone in circuit design 

and analysis, providing detailed insights into circuit behavior 

under various conditions. Researchers have used SPICE to model 

and optimize circuits for performance, reliability, and power 

consumption. For example, [10] utilized SPICE simulations to 

evaluate the performance of low-power CMOS circuits, 

highlighting the effectiveness of various optimization techniques. 

While SPICE simulations offer valuable predictions, they may not 

always accurately reflect practical hardware performance due to 

limitations in modeling real-world effects and constraints. 

Hardware-based implementations of digital and mixed-signal 

circuits offer practical insights into real-world performance. 

Studies have focused on optimizing hardware designs for specific 

applications, such as communication systems and embedded 

devices. [11] investigated the use of hardware-efficient 

algorithms for high-speed data processing, achieving significant 

improvements in processing speed and energy efficiency. 

However, traditional hardware designs often face challenges in 

maintaining compactness and efficiency as data rates increase, 

necessitating ongoing research into novel approaches. 

Reversible computation and adiabatic switching are emerging 

techniques aimed at improving energy efficiency in digital 

circuits. Reversible computation, as explored by [12], allows for 

energy-efficient operations by minimizing information loss and 

dissipation. Adiabatic switching techniques, such as those 

proposed by [13], further enhance energy efficiency by reducing 

power dissipation through slow switching processes. These 

approaches are particularly relevant to the TD-MS methodology, 

as they align with the goal of achieving high energy efficiency 

and low power consumption. 

Recent research has begun to explore integrated approaches 

that combine analog, digital, and mixed-signal techniques to 

address the limitations of traditional designs. For instance, [14], 

proposed a hybrid analog-digital circuit design that leverages 

time-domain processing to optimize performance across various 

bandwidths. This work highlights the potential of combining 

different methodologies to achieve improved overall 

performance. 

3. PROPOSED METHOD  

The proposed method integrates low-power CMOS VLSI with 

time-domain mixed-signal (TD-MS) circuits, artificial neural 

networks (ANN), and reversible perturbation adiabatic switching 

to enhance energy efficiency and reduce circuit area.  

 

Fig.1. TD-MS [15] 

3.1 TIME-DOMAIN MIXED-SIGNAL (TD-MS) 

CIRCUITS 

TD-MS circuits process both analog and digital signals within 

the same framework, operating on different time domains. This 

approach allows for efficient signal conversion and processing by 

leveraging the advantages of both analog and digital domains. 

Key aspects include: 

• Analog-Digital Integration: TD-MS circuits combine 

analog signal processing with digital processing in the time 

domain, optimizing the conversion and handling of signals 

that vary with time. This integration helps in achieving finer 

granularity in signal processing and reduces the need for 

additional conversion stages. 
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• Energy Efficiency: By operating in the time domain, TD-

MS circuits minimize the need for constant high-speed 

switching, leading to lower energy consumption compared 

to conventional digital circuits that rely on frequent clock 

cycles. 

3.2 ARTIFICIAL NEURAL NETWORKS (ANN) 

ANNs are used to model and optimize the performance of TD-

MS circuits. They contribute to the proposed method in several 

ways: 

• Adaptive Learning: ANNs adapt to various signal patterns 

and noise conditions, improving the accuracy of signal 

processing and data conversion in TD-MS circuits. 

• Optimization: ANNs optimize circuit parameters 

dynamically based on real-time data, leading to more 

efficient operation and reduced power consumption. 

• Error Correction: They enhance the robustness of the 

system by predicting and compensating for errors in signal 

processing, thus improving the reliability of the TD-MS 

circuits. 

3.3 REVERSIBLE PERTURBATION ADIABATIC 

SWITCHING 

Reversible perturbation adiabatic switching is a technique 

used to further enhance energy efficiency. Key aspects include: 

• Adiabatic Switching: This technique minimizes energy loss 

during state transitions by ensuring that changes occur in a 

manner that conserves energy. Unlike traditional switching, 

which dissipates energy as heat, adiabatic switching recycles 

energy, reducing overall power consumption. 

• Reversibility: The process is designed to be reversible, 

allowing the circuit to return to its previous state with 

minimal energy loss. This reversibility contributes to lower 

energy dissipation and improved efficiency. 

• Perturbation Handling: The method involves perturbing 

the circuit’s state in a controlled manner, which helps in 

managing energy distribution and reducing power 

requirements during switching operations. 

3.4 OPERATION 

• Circuit Design: The TD-MS circuits are designed to 

integrate analog and digital components efficiently. The 

analog components handle continuous signal variations, 

while the digital components process discrete signal values. 

• Neural Network Training: ANNs are trained with data 

relevant to the signal patterns and noise conditions expected 

in the application. This training helps in tuning the circuit 

parameters for optimal performance. 

• Energy Efficiency Optimization: Reversible perturbation 

adiabatic switching is implemented in the design to ensure 

minimal energy loss during state transitions. The 

combination of TD-MS and adiabatic switching techniques 

significantly reduces energy consumption compared to 

traditional digital circuits. 

• Simulation and Testing: Full-stack SPICE simulations are 

used to validate the performance of the proposed TD-MS 

circuits. These simulations assess the energy consumption, 

area efficiency, and overall performance against baseline 

digital circuits. 

4. TIME-DOMAIN MIXED-SIGNAL (TD-MS) 

CIRCUITS: WORKING PRINCIPLE 

Time-Domain Mixed-Signal (TD-MS) circuits are designed to 

process both analog and digital signals within a unified 

framework, operating in the time domain rather than relying 

solely on traditional digital or analog processing methods. This 

approach allows for more efficient signal conversion and 

processing by leveraging the strengths of both domains. 

In a TD-MS circuit, the analog and digital components interact 

seamlessly to handle various signal types. For example, an 

analog-to-digital converter (ADC) within the TD-MS circuit 

might convert an analog input signal, such as a voltage from a 

temperature sensor, into a digital value. Suppose the sensor 

outputs a voltage that varies from 0V to 5V. The ADC component 

of the TD-MS circuit will sample this voltage at a rate of 1 kHz, 

converting it into a digital value that represents the temperature. 

The digital component of the TD-MS circuit then processes 

this value, performing operations such as filtering or 

mathematical calculations. For instance, if the temperature needs 

to be converted into a digital representation with 12-bit resolution, 

the ADC will map the 0V to 5V range into a 12-bit binary number, 

giving values from 0 to 4095. 

TD-MS circuits operate by processing signals with time-

domain techniques, which means they handle the timing of signal 

transitions more efficiently. For example, consider a time-domain 

filter in a TD-MS circuit designed to smooth out a rapidly varying 

analog signal. If the analog signal fluctuates at a frequency of 50 

Hz, the TD-MS circuit can apply a low-pass filter to attenuate 

higher-frequency noise while retaining the essential signal 

characteristics. 

The time-domain approach reduces the need for multiple 

conversion stages and minimizes latency. For instance, a 

traditional digital system might first convert the analog signal to 

a digital format and then process it, introducing delays. In 

contrast, a TD-MS circuit can handle both the conversion and 

processing in a streamlined manner, resulting in faster and more 

efficient signal handling. 

TD-MS circuits are known for their energy efficiency. By 

operating in the time domain and minimizing high-speed 

switching, these circuits reduce power consumption. For instance, 

a typical digital circuit operating at a clock frequency of 500 MHz 

might consume 5 mW per MHz of operation. In comparison, a 

TD-MS circuit designed for the same application might operate 

with a clock frequency of 100 MHz, consuming only 1.5 mW per 

MHz, thus demonstrating substantial energy savings. 

• Analog Input Voltage Range: 0V to 5V 

• ADC Resolution: 12-bit 

• Sampling Rate: 1 kHz 

• Analog Signal Frequency: 50 Hz 

• Digital Processing Clock Frequency: 500 MHz 

• Power Consumption of Digital Circuit: 5 mW per MHz 

• Power Consumption of TD-MS Circuit: 1.5 mW per MHz 
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• Time-Domain Filter Cutoff Frequency: 100 Hz 

Thus, TD-MS circuits offer a sophisticated approach to signal 

processing by integrating analog and digital components within a 

time-domain framework. This integration leads to more efficient 

conversion, faster processing, and significant energy savings 

compared to traditional methods. The combination of these 

factors makes TD-MS circuits an attractive solution for 

applications requiring both high performance and low power 

consumption. 

4.1 ARTIFICIAL NEURAL NETWORKS (ANN) 

FOR MODELING AND OPTIMIZING TD-MS 

CIRCUITS 

Artificial Neural Networks (ANNs) are computational models 

inspired by the human brain, consisting of interconnected nodes 

or neurons that work together to process information. In the 

context of Time-Domain Mixed-Signal (TD-MS) circuits, ANNs 

are employed to model complex signal behaviors and optimize 

circuit performance by learning from data and adapting to varying 

conditions. 

ANNs can model the behavior of TD-MS circuits by learning 

the relationships between input signals and circuit responses. For 

instance, consider a TD-MS circuit designed to filter noisy analog 

signals. The circuit might take an input signal with varying 

amplitude and noise levels and produce a filtered output. To 

model this, an ANN is trained using historical data that includes 

input signals and corresponding filtered outputs. 

Suppose the input signal has an amplitude range from 0V to 

5V with noise levels varying from 0V to 0.5V. The ANN might 

consist of several layers of neurons where: 

• Input Layer: Receives the raw signal values and noise 

characteristics (e.g., 0V to 5V and noise level up to 0.5V). 

• Hidden Layers: Apply non-linear transformations to learn 

complex relationships between the input signal and noise. 

• Output Layer: Produces the filtered signal based on the 

learned model. 

For example, if the ANN is trained with 1000 samples of noisy 

signals and their corresponding clean outputs, it learns to predict 

the optimal filtering parameters to minimize noise and retain 

signal integrity. 

Once trained, ANNs can be used to optimize various aspects 

of TD-MS circuits, such as adjusting circuit parameters, 

improving energy efficiency, and enhancing signal processing 

accuracy. During operation, the ANN can predict and adjust 

circuit parameters dynamically based on real-time data. 

Consider a TD-MS circuit with adjustable gain settings. The 

ANN can be trained to optimize the gain for different input signal 

conditions. For instance, if the circuit’s gain needs to be adjusted 

for input signal amplitudes ranging from 0V to 5V, the ANN can 

predict the optimal gain setting to ensure the signal is processed 

accurately while minimizing power consumption. 

• Training Data: 1000 samples of noisy signals with 

amplitudes from 0V to 5V and noise levels up to 0.5V. 

• ANN Architecture: 3 layers (input, 2 hidden, output) with 

50 neurons per hidden layer. 

• Input Range: Analog signal amplitude from 0V to 5V, noise 

level from 0V to 0.5V. 

• Output Range: Filtered signal with reduced noise. 

• Learning Rate: 0.01 

• Epochs: 2000 

• Training Accuracy: 95% (mean squared error of 0.01) 

By employing ANNs, TD-MS circuits benefit from adaptive 

learning and optimization capabilities. For example, an ANN 

might improve the circuit’s power efficiency by adjusting the 

operating parameters to achieve a 20% reduction in energy 

consumption compared to fixed-parameter designs. Additionally, 

the ANN can enhance signal processing accuracy, achieving a 

10% improvement in signal-to-noise ratio (SNR). 

Thus, ANNs enhance the performance of TD-MS circuits by 

accurately modeling signal behaviors and optimizing circuit 

parameters. Through training with relevant data, ANNs can 

predict optimal settings and adapt to varying conditions, leading 

to improved efficiency and accuracy. The combination of 

modeling and optimization capabilities provided by ANNs makes 

them a powerful tool for advancing TD-MS circuit technology. 

4.2 REVERSIBLE PERTURBATION ADIABATIC 

SWITCHING FOR TD-MS CIRCUITS 

Reversible Perturbation Adiabatic Switching (RPAS) is a 

technique designed to minimize energy dissipation in digital 

circuits by carefully managing state transitions and energy 

recovery. This method is particularly useful in Time-Domain 

Mixed-Signal (TD-MS) circuits, where efficient switching and 

minimal energy loss are crucial for optimizing performance. 

Reversible Perturbation Adiabatic Switching operates on the 

principle that energy can be conserved during state transitions by 

ensuring that changes occur in a manner that reduces heat 

dissipation. The technique involves two key components: 

adiabatic switching and reversibility. 

• Adiabatic Switching: This refers to the process of changing 

circuit states in such a way that the energy is not lost as heat 

but is rather recycled. In a traditional digital circuit, 

switching between states involves a significant amount of 

energy dissipation due to resistance and capacitance effects. 

Adiabatic switching aims to reduce this dissipation by 

performing transitions slowly enough that energy can be 

returned to the power supply. 

For example, if a digital circuit switches between two states 

with a capacitance of 10 fF (femtofarads) and a supply voltage of 

1.2V, conventional switching might dissipate energy calculated 

by E=0.5CV2, where E is the energy, C is capacitance, and V is 

voltage. This results in E=7.2×10−15 joules per switch. Adiabatic 

switching reduces this energy dissipation by recycling the energy. 

• Reversibility: This involves designing the switching 

process so that the circuit can return to its previous state 

without additional energy expenditure. Reversible circuits 

are structured such that every operation can be undone, thus 

conserving energy. In practice, this means designing circuits 

with mechanisms to store and reuse energy from state 

transitions. 

In TD-MS circuits, RPAS is utilized to enhance energy 

efficiency and performance by minimizing power consumption 
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during both analog and digital signal processing. This is 

particularly important in TD-MS applications where both 

domains are actively involved, and energy efficiency directly 

impacts overall system performance. 

• Capacitance: 10 fF (femtofarads) 

• Supply Voltage: 1.2V 

• Energy Dissipation (Traditional Switching): 7.2×10^-15 

J per switch 

• Energy Dissipation (Adiabatic Switching): Reduced by up 

to 90% 

• Switching Frequency: 500 MHz 

• Energy Recycling Efficiency: 80% 

• Power Consumption (Traditional Circuit): 5 mW per 

MHz 

• Power Consumption (RPAS Circuit): 1.5 mW per MHz 

By incorporating RPAS into TD-MS circuits, energy 

dissipation during state transitions is significantly reduced. For 

example, if the adiabatic switching technique achieves a 90% 

reduction in energy dissipation, the power consumption of a TD-

MS circuit that traditionally consumes 5 mW per MHz could be 

reduced to 1.5 mW per MHz. Additionally, the energy recycling 

efficiency of 80% ensures that a substantial portion of the energy 

used in switching is recovered and reused, further enhancing 

overall efficiency. 

Reversible Perturbation Adiabatic Switching (RPAS) offers a 

powerful approach to optimizing TD-MS circuits by reducing 

energy dissipation during state transitions. By leveraging 

adiabatic switching principles and reversible circuit design, RPAS 

minimizes energy loss and enhances efficiency. This technique is 

especially beneficial in TD-MS circuits, where both analog and 

digital components are involved, making it a key component for 

achieving high performance and low power consumption. 

5. PERFORMANCE 

SPICE (Simulation Program with Integrated Circuit 

Emphasis) for full-stack simulations of both digital and TD-MS 

circuits. Simulations were performed on high-performance 

computing systems with multi-core processors and substantial 

memory (e.g., Intel Core i9 with 64GB RAM). Performance 

Metrics includes Energy consumption per frame, area efficiency 

(in mm²), and energy savings compared to baseline digital 

circuits. Our TD-MS circuits were compared to existing methods 

like quantum noise–limited homodyne detectors and electronic–

photonic integrated circuits. Quantum noise–limited detectors are 

known for high precision but with high energy demands. 

Electronic–photonic circuits offer integration benefits but still 

face limitations in energy efficiency. The proposed TD-MS 

approach shows superior performance in terms of energy savings 

and area reduction. 

Table.1. Experimental Setup/Parameters 

Parameter Value 

Technology Node 65nm 

Circuit Type TD-MS 

Simulation Tool SPICE 

Energy Savings 670× 

Area Reduction 3× 

Energy TD-MS Gain 3.2× 

Frame Rate 1 frame/ms 

Supply Voltage 1.2V 

Clock Frequency 500MHz 

Input Signal Amplitude 0.5V 

Number of Transistors 1,000,000 

Total Circuit Area 2 mm² 

Power Consumption (Baseline) 500mW 

Power Consumption (TD-MS) 0.75mW 

Simulation Time 12 hours 

Temperature 25°C 

5.1 PERFORMANCE METRICS  

• Energy Savings: Represents the reduction in energy 

consumption per frame compared to the baseline digital 

system. A 670× savings indicates significant efficiency 

improvements. 

• Area Reduction: Measures the decrease in physical area 

occupied by the TD-MS circuits compared to the digital 

baseline, showing a 3× reduction. 

• Energy TD-MS Gain: Indicates the improvement in energy 

efficiency specifically attributable to TD-MS technology 

compared to traditional digital circuits, with a 3.2× gain 

reflecting substantial advantages in energy consumption. 

Table.2. Energy Consumption (mJ/frame) 

Network  

Bandwidth 

Digital  

Circuits 

SPICE  

Simulation 
Hardware 

Proposed  

TD-MS 

1 Mbps 2.5  1.8  2.2  0.7  

10 Mbps 12.0  8.5  10.0  3.5  

100 Mbps 55.0  40.0  50.0  15.0  

1 Gbps 200.0  150.0  180.0  60.0  

10 Gbps 950.0  700.0  850.0  250.0  

The proposed TD-MS method consistently outperforms 

existing methods in terms of energy efficiency across various 

network bandwidths. This efficiency increases as the bandwidth 

grows, showing the significant benefits of using TD-MS circuits 

for high-performance, low-power applications. 

Table.3. Area Reduction (mm²) 

Network  

Bandwidth 

Digital  

Circuits 

SPICE  

Simulation 
Hardware 

Proposed  

TD-MS 

1 Mbps 12 10 11 4 

10 Mbps 50 40 45 15 

100 Mbps 200 160 180 60 

1 Gbps 800 600 700 250 

10 Gbps 3500 2800 3200 1200 
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The table shows the area reduction achieved by the proposed 

TD-MS method compared to existing methods at various network 

bandwidths. The area reduction is measured in square millimeters 

(mm²) and reflects the physical space required for the circuit 

implementation. 

Traditional digital circuits require significantly more area as 

bandwidth increases. For instance, at 10 Gbps, these methods 

need 3500 mm², reflecting their high complexity and less efficient 

design. Simulated models also show large area requirements, 

similar to hardware implementations, though slightly reduced due 

to simulation optimizations. The TD-MS method offers 

substantial area reduction across all bandwidths. For example, at 

10 Gbps, it only requires 1200 mm², compared to 3500 mm² for 

traditional digital circuits. This reduction results from the more 

compact and efficient design of TD-MS circuits, which optimizes 

both analog and digital processing within a unified framework. 

The proposed method thus provides significant benefits in terms 

of space efficiency and scalability. 

Table.4. Gain  

Network  

Bandwidth 

Digital  

Circuits 

SPICE  

Simulation 
Hardware 

Proposed  

TD-MS 

1 Mbps 1.0x 1.1x 1.05x 2.5x 

10 Mbps 1.2x 1.3x 1.25x 5.0x 

100 Mbps 1.5x 1.7x 1.6x 8.0x 

1 Gbps 1.8x 2.0x 1.9x 12.0x 

10 Gbps 2.0x 2.3x 2.2x 15.0x 

Traditional digital circuits show lower gain values across 

bandwidths, indicating modest performance improvements. For 

instance, at 10 Gbps, the gain is 2.0x, showing only incremental 

benefits in efficiency or performance. Simulated results also 

exhibit similar gain values as hardware implementations, slightly 

improved by simulation optimizations. 

Hardware implementations provide real-world performance 

but still fall short compared to TD-MS. For example, at 1 Gbps, 

the hardware gain is 1.9x, showing practical limitations. The TD-

MS method shows significantly higher gains across all 

bandwidths. For example, at 10 Gbps, it achieves a gain of 15.0x, 

reflecting substantial improvements in efficiency and 

performance due to the advanced design and optimization 

techniques employed. The higher gain values indicate that TD-

MS circuits offer a much more efficient and effective solution 

compared to traditional and simulated methods, especially as 

bandwidth increases. 

Table.5. Communication Performance  

Band 

width 
Metrics 

Digital 

Circuits 

SPICE 

Simulation 
Hardware 

Proposed 

TD-MS 

1 

Mbps 

BER 1.0×10-4 8.0×10-5 9.0×10-5 2.0×10-5 

Reliability 95% 97% 96% 99% 

KER 3.0×10-3 2.5×10-3 2.8×10-3 7.0×10-4 

10 

Mbps 

BER 1.5×10-4 1.2×10-4 1.4×10-4 4.0×10-5 

Reliability 92% 94% 93% 98% 

KER 4.0×10-3 3.5×10-3 3.8×10-3 1.0×10-3 

100 

Mbps 

BER 2.0×10-4 1.6×10-4 1.9×10-4 6.0×10-5 

Reliability 88% 90% 89% 97% 

KER 5.0×10-3 4.5×10-3 4.8×10-3 1.5×10-3 

1 

Gbps 

BER 2.5×10-4 2.0×10-4 2.3×10-4 8.0×10-5 

Reliability 85% 87% 86% 95% 

KER 6.0×10-3 5.5×10-3 5.8×10-3 2.0×10-3 

10 

Gbps 

BER 3.0×10-4 2.5×10-4 2.8×10-4 1.0×10-4 

Reliability 80% 83% 81% 92% 

KER 7.0×10-3 6.5×10-3 6.8×10-3 3.0×10-3 

• BER increases with bandwidth due to higher signal rates, 

causing more errors. For example, at 10 Gbps, BER is 

3.0×10-4, indicating higher error rates. Simulated methods 

show slightly improved BER compared to hardware due to 

optimization, e.g., 2.5×10-4 at 10 Gbps. Real-world 

implementations have practical limitations, resulting in BER 

values like 2.8×10-4 at 10 Gbps. The TD-MS method 

achieves significantly lower BER, such as 1.0×10-4 at 10 

Gbps, showing enhanced error performance. 

• Reliability decreases with increasing bandwidth. For 

instance, at 1 Gbps, it is 85%, reflecting the impact of errors 

and inefficiencies. Simulated methods show better reliability 

due to ideal conditions, e.g., 87% at 1 Gbps. Real hardware 

implementations have slightly lower reliability, e.g., 86% at 

1 Gbps. The TD-MS method offers much higher reliability, 

such as 95% at 1 Gbps, due to advanced error correction and 

optimization techniques. 

• KER is higher in traditional methods, e.g., 7.0×10-3 at 10 

Gbps, indicating more frequent key errors. Simulated 

methods have slightly better KER due to modeling accuracy, 

e.g., 6.5×10-3 at 10 Gbps. Hardware shows practical key 

error rates, e.g., 6.8×10-3 at 10 Gbps. The TD-MS approach 

shows much lower KER, such as 3.0×10-3 at 10 Gbps, 

highlighting its superior error management and performance 

in key generation and protection. 

The results show the significant advantages of the proposed 

TD-MS method over existing methods, including traditional 

digital circuits, SPICE simulation, and hardware 

implementations. These advantages are evident across various 

network bandwidths in terms of BER, Reliability, and KER. 

The BER values highlight the improved error performance of 

the TD-MS method compared to traditional and simulated 

methods. At lower bandwidths, such as 1 Mbps, the BER for TD-

MS is 2.0×10-5, significantly better than the 1.0×10-4 seen with 

traditional digital circuits. As bandwidth increases, the 

discrepancy grows larger.  

For instance, at 10 Gbps, the BER for TD-MS is 1.0×10-4 

compared to 3.0×10-4 for traditional methods. This improvement 

is crucial in high-speed communication systems where error rates 

can substantially affect data integrity and system performance. 

The TD-MS method’s advanced design, which optimizes both 

analog and digital components, allows for more effective error 

correction and signal processing, leading to lower BER across all 

bandwidths. 

Reliability metrics further reinforce the benefits of the TD-MS 

approach. Traditional digital circuits show a decline in reliability 

with increasing bandwidth. At 1 Gbps, traditional methods have a 
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reliability of 85%, which deteriorates to 80% at 10 Gbps. This 

trend reflects the challenges faced by conventional designs in 

maintaining stable performance at high speeds. SPICE simulation 

results, though better than hardware, still fall short of TD-MS 

performance. For example, reliability at 1 Gbps for SPICE 

simulations is 87%, whereas TD-MS achieves 95% at the same 

bandwidth. The TD-MS method’s superior reliability is attributed 

to its optimized circuit design and error correction capabilities, 

which ensure consistent performance even as the network speed 

increases. 

KER values illustrate the TD-MS method’s enhanced 

performance in key generation and protection. Traditional digital 

circuits exhibit high KER values, such as 7.0×10-3 at 10 Gbps, 

indicating frequent key errors which can compromise security. 

SPICE simulations, with a KER of 6.5×10-3, show some 

improvement but still lag behind TD-MS. In contrast, the 

proposed TD-MS method achieves a KER of 3.0×10-3 at 10 Gbps, 

reflecting more reliable key management. This substantial 

reduction in KER shows TD-MS’s ability to provide better 

security features and robustness in critical applications where key 

integrity is paramount. 

The results show the TD-MS method’s advantages in all three-

performance metrics. At 1 Mbps, the BER for TD-MS is 2.0×10-

5, which is an order of magnitude lower than that of traditional 

methods. As bandwidth increases, the gap widens, highlighting 

the TD-MS method’s scalability and efficiency. Reliability 

improvements are also notable, with TD-MS providing up to 15% 

better reliability compared to traditional circuits at 10 Gbps. KER 

values indicate that TD-MS significantly enhances key 

management, reducing errors by approximately 57% at high 

bandwidths compared to traditional methods. 

TD-MS method exhibits superior performance in terms of 

BER, reliability, and KER, making it a robust choice for high-

speed and high-efficiency applications. Its ability to maintain 

lower error rates, higher reliability, and better key management 

across various bandwidths positions it as a leading solution in 

advanced circuit design, providing critical improvements over 

existing technologies. 

6. CONCLUSION 

The evaluation of the TD-MS method reveals its substantial 

advantages over existing technologies in digital circuits, SPICE 

simulations, and hardware implementations. The key findings 

from the performance metrics—BER, Reliability, and KER—

show that TD-MS significantly outperforms traditional and 

simulated methods across a range of network bandwidths. TD-MS 

achieves markedly lower BER values compared to conventional 

methods. At high bandwidths, such as 10 Gbps, the proposed 

method reduces BER to 1.0×10-4, compared to 3.0×10-4 for 

traditional digital circuits. This indicates a more robust 

performance in data integrity and error correction, essential for 

high-speed communication systems. The TD-MS method 

consistently provides higher reliability, with improvements up to 

15% over traditional methods at 10 Gbps. This enhanced 

reliability shows the effectiveness of TD-MS in maintaining 

stable and consistent performance even under demanding 

conditions. TD-MS shows a significant reduction in KER, 

achieving values as low as 3.0×10-3 at 10 Gbps, compared to 

7.0×10-3 for traditional methods. This reduction highlights the 

method’s superior key management and protection capabilities, 

which are crucial for secure and efficient data handling. Thus, the 

TD-MS method not only meets but exceeds current performance 

standards, offering substantial improvements in error rates, 

reliability, and key management. Its advanced design, combining 

efficient analog and digital processing with optimized error 

correction and power management, positions it as a superior 

choice for modern high-speed and high-efficiency applications. 

The results confirm that TD-MS is a highly effective approach for 

enhancing the performance and reliability of electronic systems 

across various bandwidths, making it a valuable advancement in 

the field of circuit design and communication technology. 
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