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Abstract 

In recent years, analog design has faced increasing demands due to the 

rapid advancement of emerging technologies such as Internet of 

Things (IoT), 5G communications, and artificial intelligence (AI). 

These applications require high-performance, energy-efficient circuits 

with reduced noise and improved speed. Traditional analog design 

methodologies struggle to meet these needs, prompting the development 

of innovative approaches that leverage emerging technologies and 

novel design techniques. The main challenge in analog design is 

balancing power consumption, speed, and accuracy. In conventional 

methods, trade-offs between these factors often result in suboptimal 

circuit performance. To address this, we propose the combination of 

advanced analog design techniques with emerging technologies like 

nanometer-scale devices, FinFETs, and carbon nanotube transistors 

(CNTs). These technologies enable the design of high-speed, low-power 

circuits that meet the growing demands of modern applications. Our 

approach incorporates process-aware design techniques, adaptive 

biasing, and the use of multi-threshold voltage transistors to optimize 

performance. We also explore hybrid analog-digital design 

methodologies to further enhance circuit functionality. Simulation 

results of our designs show significant improvements. For example, a 

low-noise amplifier (LNA) designed with FinFET technology 

demonstrates a 20% reduction in power consumption compared to 

traditional CMOS designs, while maintaining a noise figure of 1.2 dB. 

Similarly, operational amplifiers utilizing CNTs exhibit a 15% 

improvement in gain-bandwidth product (GBW) and a 25% reduction 

in power consumption. These results indicate that the combination of 

emerging technologies with innovative analog design approaches 

offers substantial performance enhancements. Our study underscores 

the potential of these techniques to meet the demands of future 

technologies, providing a foundation for further research in the field. 
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1. INTRODUCTION 

The rapid advancement of modern applications such as the 

Internet of Things (IoT), artificial intelligence (AI), 5G 

communications, and autonomous systems has significantly 

increased the demand for high-performance analog circuits. These 

systems require analog components that offer enhanced precision, 

lower power consumption, and higher speed to handle the 

increasing complexity and performance demands [1-3]. 

Traditional analog design methods, however, are increasingly 

unable to meet these growing needs due to limitations in power 

efficiency, noise performance, and bandwidth [4-5]. Emerging 

technologies such as nanometer-scale devices, FinFETs, and 

carbon nanotube transistors (CNTs) present a unique opportunity 

to address these challenges and revolutionize analog circuit 

design [6-7]. 

Analog circuits, unlike their digital counterparts, are highly 

sensitive to variations in process parameters, noise, and 

temperature [4]. Achieving the desired performance 

characteristics often involves complex trade-offs between key 

parameters such as power consumption, speed, linearity, and 

noise. For instance, low-power designs often result in reduced 

speed and degraded noise performance [5]. As device geometries 

continue to shrink, these trade-offs become even more 

pronounced, making it difficult to achieve a balance that meets 

the stringent performance requirements of modern applications 

[6]. 

Another challenge is the increasing demand for analog circuits 

in power-sensitive applications such as wearables, medical 

devices, and IoT nodes, which require ultra-low-power operation 

without sacrificing performance [7]. Designing circuits that can 

operate efficiently at low voltages while maintaining high-speed 

and accuracy is a significant hurdle. Additionally, analog design 

is further complicated by the increasing combination of analog 

and digital components on the same chip, which can introduce 

noise and crosstalk between the two domains [6-7]. 

As the performance requirements for analog circuits continue 

to grow, there is a pressing need for innovative design techniques 

that can overcome the limitations of traditional methods [8-9]. 

Existing approaches are often limited by their inability to 

simultaneously optimize multiple performance parameters such 

as power, speed, and noise. Moreover, the continued scaling of 

CMOS technology introduces new challenges in terms of 

variability, leakage currents, and short-channel effects, which 

degrade the overall performance of analog circuits [10]. 

The problem can be further defined by the need to design 

circuits that are process-agnostic, meaning they can perform 

reliably across different process nodes and manufacturing 

variations [11-12]. This requires not only new circuit topologies 

but also the combination of emerging technologies that can push 

the boundaries of analog design performance. 

The main objectives of this work are to explore innovative 

analog design techniques that leverage emerging technologies 

such as FinFETs, carbon nanotube transistors, and other 

nanoscale devices. These techniques aim to: 

• Improve power efficiency without sacrificing performance. 

• Enhance noise performance for high-precision applications. 

• Achieve higher bandwidth and speed for modern 

communication systems. 

• Develop adaptive design methodologies that can handle 

process variations. 

The novelty of this work lies in the combination of emerging 

device technologies with advanced analog design techniques. 

Specifically, we explore the use of FinFET and CNT technologies 

to achieve low-power, high-speed circuit designs that outperform 

traditional CMOS-based circuits. Our contributions include: 
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• We introduce adaptive biasing and multi-threshold voltage 

transistor techniques to optimize performance across 

different process nodes. 

• By leveraging digital design techniques in analog circuits, 

we improve both functionality and efficiency. 

• Through simulation and experimentation, we demonstrate 

that circuits designed with emerging technologies exhibit a 

significant reduction in power consumption (up to 25%) and 

improved gain-bandwidth product (up to 15%) compared to 

conventional designs. 

2. RELATED WORKS 

The field of analog circuit design has undergone significant 

evolution with the advancement of semiconductor technologies, 

particularly in the context of emerging applications such as the 

Internet of Things (IoT), 5G communication systems, and 

artificial intelligence (AI). As these applications demand higher 

performance, there has been increasing interest in innovative 

analog design approaches that address challenges like power 

consumption, noise, speed, and scalability. This section reviews 

notable works and trends in analog design, with a focus on the 

combination of emerging technologies. 

Traditional analog design methods, which predominantly rely 

on CMOS (complementary metal-oxide-semiconductor) 

technology, have been the foundation of analog circuit 

development for several decades. CMOS technology has the 

advantage of being low-power and cost-effective, but it faces 

challenges as the demand for higher performance increases. At 

smaller process nodes, short-channel effects, leakage currents, 

and reduced voltage margins become more pronounced, limiting 

the effectiveness of standard CMOS designs in low-power and 

high-speed applications [1]. 

To tackle these challenges, several design techniques have 

been proposed. For example, multi-threshold CMOS (MTCMOS) 

techniques have been widely adopted to balance the power-

performance trade-off by using transistors with different 

threshold voltages to reduce leakage current and improve power 

efficiency [2]. Another approach is the use of dynamic biasing to 

optimize power consumption while maintaining performance 

under varying operating conditions [3]. These methods have been 

successful in improving power efficiency, but they often do not 

adequately address the noise performance and bandwidth 

requirements for emerging technologies. 

With the introduction of FinFET technology, the design of 

analog circuits has seen notable improvements, particularly in 

terms of scalability and performance at smaller nodes. FinFETs, 

due to their 3D structure, offer better control over short-channel 

effects, reduced leakage currents, and improved drive current 

compared to traditional planar CMOS transistors. This makes 

them suitable for low-voltage operation and high-speed 

applications, which are essential for modern communication 

systems and AI applications. 

Recent works have shown that FinFETs can significantly 

improve the performance of analog circuits, such as operational 

amplifiers and low-noise amplifiers. For instance, in [4], the 

authors demonstrated the design of a low-power, high-speed 

operational amplifier using FinFETs, achieving improved power 

gain and lower noise compared to conventional CMOS designs. 

Additionally, the use of FinFET-based sub-threshold logic 

circuits has been explored in [5], where the authors achieved ultra-

low power consumption without compromising the bandwidth or 

noise performance. These works indicate that FinFETs are 

promising for designing energy-efficient circuits that meet the 

demands of future technologies. 

Another emerging technology that has garnered attention is 

the use of carbon nanotube transistors (CNTs) for analog circuit 

design. CNTs offer unique properties such as high electron 

mobility, low power consumption, and excellent scalability. 

CNTs can potentially outperform silicon-based devices in terms 

of power efficiency and performance at nanometer scales. 

Recent studies have investigated the use of CNTs in various 

analog circuit components. In [6], CNTs were utilized in the 

design of high-performance voltage-controlled oscillators 

(VCOs), achieving a higher gain-bandwidth product (GBW) 

compared to conventional CMOS circuits. The inherent properties 

of CNTs also allow for higher combination densities and reduced 

parasitic effects, which are essential for noise-sensitive 

applications in IoT and 5G systems. Furthermore, CNTs have 

been shown to exhibit superior thermal stability and reliability in 

extreme operating conditions, making them ideal candidates for 

automotive and aerospace applications where high performance 

and robustness are critical [7]. 

The combination of analog and digital circuits on the same 

chip has become a popular approach to optimize performance and 

reduce power consumption. Recent works have shown that hybrid 

analog-digital design methodologies can provide significant 

advantages in terms of circuit functionality and efficiency. 

For instance, in [8], a hybrid approach that combines digital 

signal processing (DSP) techniques with analog components was 

proposed for high-speed data converters. This design not only 

enhanced the speed and resolution of the converter but also 

reduced power consumption by using digital circuits for error 

correction and calibration. In another study [9], the combination 

of analog-to-digital converters (ADCs) with digital circuits 

enabled the design of ultra-low-power, multi-functional sensors 

for IoT applications. These designs are advantageous for 

applications where high precision is required, and analog 

components are limited by power constraints. 

Process-aware design techniques that take manufacturing 

variations into account have also gained popularity in recent 

years. As semiconductor manufacturing processes become more 

complex, process variations have a substantial impact on circuit 

performance, especially for analog circuits. In [10], a process-

aware design framework was proposed, which used Monte Carlo 

simulations to optimize circuit parameters in the presence of 

process variations. This framework provided guidelines for 

designing analog circuits that could maintain performance across 

different process nodes, a critical need for scaling emerging 

technologies. 

Moreover, machine learning-based approaches for process-

aware analog design have been explored in [11], where algorithms 

were trained on process data to predict and compensate for 

performance degradation due to process variations. These 

techniques are becoming essential as the design and 

manufacturing of analog circuits at advanced process nodes 

become increasingly challenging. 
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Thus, recent advancements in analog circuit design focus on 

integrating emerging technologies such as FinFETs and CNTs to 

overcome the limitations of traditional CMOS designs. Hybrid 

analog-digital approaches and process-aware design techniques 

are also gaining traction as solutions for managing power, speed, 

and noise in the context of modern applications. However, many 

challenges remain, particularly in optimizing performance across 

different technologies and manufacturing nodes. 

The novelty of our approach lies in combining emerging 

device technologies, such as FinFETs and CNTs, with advanced 

analog design methodologies to address the increasing demands 

for low-power, high-speed, and noise-immune circuits. By 

incorporating process-aware techniques and hybrid analog-digital 

strategies, we aim to create analog designs that are more efficient, 

scalable, and resilient to process variations. 

Table.1. Summary 

Method Algorithm Outcomes 

Traditional 

CMOS 

Analog 

Design 

Multi-threshold 

CMOS (MTCMOS), 

Dynamic Biasing 

Reduced leakage, 

improved power 

efficiency; limited noise 

performance and speed. 

FinFET-based 

Analog 

Design 

FinFET Device 

Modelling, Sub-

threshold Logic, 

Monte Carlo 

Simulations 

Lower leakage, 

improved speed and 

scalability, enhanced 

power efficiency for 

low-voltage designs. 

Carbon 

Nanotube 

Transistor 

(CNT) 

CNT-based Voltage-

Controlled Oscillators, 

Thermal & Electrical 

Performance 

Modelling 

Enhanced gain-

bandwidth product 

(GBW), lower power 

consumption, improved 

noise immunity. 

Hybrid 

Analog-

Digital 

Design 

DSP Algorithms for 

Error Correction, 

ADC-Digital 

Combination 

Improved speed, 

resolution, power 

consumption reduction, 

higher functional 

combination. 

Process-

Aware Design 

Techniques 

Monte Carlo 

Simulations, Machine 

Learning-based 

Optimization 

Robust performance 

across process 

variations, reduced 

sensitivity to 

manufacturing changes. 

While existing methodologies improve power efficiency and 

speed, they often compromise noise performance or scalability. 

Additionally, hybrid analog-digital and process-aware designs are 

underexplored for addressing multi-objective optimization in 

emerging technology nodes. 

3. PROPOSED METHOD 

The proposed method combines emerging device technologies 

(FinFETs and Carbon Nanotube Transistors) with innovative 

analog design techniques to achieve high-performance circuits 

with optimized power, speed, and noise characteristics. The 

method follows these steps: 

• Device Selection: Choose FinFETs for high-speed operation 

and CNTs for noise immunity and low power consumption 

based on application requirements. 

• Process-Aware Design: Utilize Monte Carlo simulations to 

account for process variations and ensure robust circuit 

performance across different manufacturing nodes. This step 

identifies optimal transistor sizing and layout to minimize 

variation-induced performance degradation. 

• Adaptive Biasing: Implement adaptive biasing techniques 

that adjust the operating point of devices dynamically, 

reducing power consumption without sacrificing speed or 

accuracy. 

• Multi-Threshold Voltage Design: Use multi-threshold 

voltage (MTV) techniques to balance power consumption 

and performance, optimizing transistor operation under 

different voltage conditions. 

• Hybrid Analog-Digital Optimization: Incorporate digital 

signal processing algorithms for analog circuits, such as 

using digital calibration techniques for ADCs, which 

improve overall system performance in terms of speed, 

accuracy, and power consumption. 

• Simulate the designed circuits using industry-standard EDA 

tools, measuring key performance metrics such as power 

consumption, speed (gain-bandwidth product), and noise 

figure. Results are compared to traditional CMOS designs to 

quantify improvements. 

By combining these steps, the method ensures the design of 

circuits that are efficient, scalable, and capable of meeting the 

performance demands of next-generation technologies. 

3.1 DEVICE SELECTION: FINFETS AND CARBON 

NANOTUBE TRANSISTORS (CNTS) 

The proposed method begins with the selection of the optimal 

transistor technology: FinFETs and Carbon Nanotube Transistors 

(CNTs) based on the specific performance needs of the target 

application, such as power consumption, speed, and noise 

immunity. 

3.1.1 FinFET Selection:  

FinFETs are a promising technology for analog circuit design 

due to their superior electrostatic control and reduced short-

channel effects, which are prevalent in traditional CMOS devices 

as the technology node scales down. The key advantage of 

FinFETs lies in their ability to operate at lower supply voltages 

without compromising performance. 

The drain current equation for a FinFET can be expressed as: 

 ( )( )1D n ox GS th DS

W
I C V V V

L
 = − +  (1) 

where: 

DI is the drain current, 

n  is the carrier mobility, 

Cox is the gate capacitance per unit area, 

W is the width of the FinFET, 

L is the effective channel length, 

VGS is the gate-source voltage, 



ISSN: 2395-1680 (ONLINE)                          ICTACT JOURNAL ON MICROELECTRONICS, OCTOBER 2024, VOLUME: 10, ISSUE: 03 

1903 

Vth is the threshold voltage, 

λ is the channel-length modulation parameter, and 

VDS is the drain-source voltage. 

This equation shows that the drain current is dependent on the 

gate voltage (VGS), and the current can be controlled more 

effectively at low VGS with FinFETs. This control over current is 

crucial for analog designs where maintaining accurate voltage 

levels and current gains is essential. FinFETs, with their enhanced 

electrostatic control, allow for lower Vth, enabling operation at low 

voltages, which is a key requirement for low-power applications 

like IoT. 

3.1.2 Carbon Nanotube Transistor (CNT) Selection:  

CNTs are an emerging technology that offers ultra-high 

electron mobility and can operate at lower power and smaller 

scales than conventional silicon-based devices. Their inherent 

properties make them suitable for high-speed and low-power 

applications. CNTs, being zero-bandgap semiconductors, can be 

used for analog circuits where high gain and low noise are critical. 

The current-voltage characteristics for CNTFETs (Carbon 

Nanotube Field-Effect Transistors) can be modeled using the 

following equation: 

 ( )D ox DS GS th

L
I C V V V

W
=     −  (2) 

where, 

ID is the drain current, 

μ is the effective mobility of carriers in the CNT, 

Cox is the oxide capacitance per unit area, 

L is the effective channel length, 

W is the width of the CNT, 

VDS is the drain-source voltage, 

VGS is the gate-source voltage, and 

Vth is the threshold voltage of the CNT. 

This shows that the drain current in CNTs is also dependent 

on the gate-source voltage VGS, but due to their high carrier 

mobility (μ), CNTs are able to achieve higher current densities 

compared to traditional CMOS and FinFET devices, leading to 

faster switching times. Moreover, CNTs exhibit significantly 

lower noise levels due to their unique physical properties, making 

them ideal for noise-sensitive applications like analog signal 

processing and RF circuits. 

The choice between FinFETs and CNTs is made based on the 

specific application requirements: 

• FinFETs are ideal when power efficiency and high speed at 

low voltages are paramount, especially in high-density, low-

power circuits such as those required in IoT and wearable 

technology. 

• CNTs are selected when low noise, high current density, and 

high bandwidth are needed, making them suitable for 

applications such as analog signal processing, high-

frequency RF communication, and AI-based signal 

amplifiers. 

Thus, the proposed method strategically selects FinFETs for 

applications where low power and high-speed operation at small 

nodes are essential, while CNTs are chosen for noise-sensitive 

applications that require high current density and excellent 

performance at extremely small dimensions. By choosing the 

appropriate transistor technology based on these criteria, the 

method ensures optimal performance across a range of emerging 

technologies. 

3.2 PROCESS-AWARE DESIGN AND ADAPTIVE 

BIASING 

The proposed method incorporates process-aware design and 

adaptive biasing techniques to enhance the performance and 

robustness of analog circuits. These techniques address the impact 

of process variations, which can significantly affect circuit 

reliability, especially at advanced technology nodes. The goal is 

to create designs that remain performant even in the presence of 

manufacturing variations, such as changes in threshold voltage 

(Vth), channel length (L), and oxide thickness (Tox). 

3.2.1 Process-Aware Design: 

As process technology scales down, manufacturing variations, 

such as random dopant fluctuations, oxide thickness variations, 

and line-edge roughness, lead to significant deviations in 

transistor performance. In traditional analog designs, these 

variations can lead to drastic performance degradation, 

particularly in low-power, high-speed circuits. The process-aware 

design approach accounts for these variations and optimizes the 

design for robustness. 

3.2.2 Monte Carlo Simulation for Process Variations: 

To model and mitigate the effects of process variations, Monte 

Carlo simulations are employed. The main idea is to simulate 

many scenarios by introducing random variations in key 

parameters such as the transistor's threshold voltage (Vth), channel 

length (L), and oxide thickness (Tox). The Monte Carlo method is 

used to predict how these variations will affect circuit 

performance metrics like gain, bandwidth, and noise figure. 

For example, if Vth varies due to process changes, the drain 

current equation for a MOSFET in saturation region can be 

written as: 

 ( ) ( )
2

1n ox

D GS th DS

C W
I V V V

L


= − +  (3) 

In the presence of process variations, Vth becomes a random 

variable, and the drain current ID will fluctuate, which directly 

impacts the performance of the analog circuit. Monte Carlo 

simulations allow the designers to statistically predict how these 

fluctuations affect overall circuit performance (e.g., bias points, 

gain, noise figure) and optimize the design accordingly by 

selecting device dimensions that minimize sensitivity to 

variations. 

After simulating the effects of process variations, the 

optimization process adjusts design parameters to achieve optimal 

performance across a range of possible manufacturing conditions. 

This may involve adjusting transistor sizes (W and L) to ensure 

that the circuit remains within its performance specifications (e.g., 

gain, noise, and bandwidth) despite variations in Vth, L, and Tox. 

Adaptive biasing is a technique used to dynamically adjust the 

operating point of a circuit to maintain its performance under 

varying operating conditions, such as temperature changes, 

supply voltage variations, and process variations. This is 

particularly important in analog circuits, where the bias current is 
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a crucial parameter influencing power consumption, linearity, and 

speed. 

The adaptive biasing technique dynamically adjusts the bias 

current Ibias based on real-time measurements of circuit 

parameters such as output voltage or current. The bias current in 

a transistor can be controlled using a voltage-controlled current 

source (VCCS), where the current is a function of the control 

voltage Vbias. For example, in a MOSFET, the drain current is 

related to the gate-source voltage VGS  by: 

 ( )
2n ox

bias GS th

C W
I V V

L


= −  (4) 

where, bias current Ibias can be adjusted by controlling VGS (gate-

source voltage). To implement adaptive biasing, the control 

voltage Vbias is dynamically adjusted based on feedback from the 

circuit's output to maintain optimal performance under varying 

conditions. This can be done using a feedback loop or a voltage 

reference circuit, which measures the output and adjusts Vbias 

accordingly. The key advantage of adaptive biasing is that it 

allows the circuit to maintain power efficiency while ensuring that 

it meets the required performance metrics (such as gain, noise, 

and bandwidth) in the presence of process, voltage, and 

temperature variations. By lowering the bias current under low-

performance conditions and increasing it when higher 

performance is required, adaptive biasing enables the circuit to 

operate with reduced power consumption during less demanding 

states. 

In adaptive biasing, the bias current Ibias is regulated according 

to a feedback loop that ensures the operating point remains 

optimal. The feedback loop can adjust VGS as: 

 ( ) ( ( ) )GS ref out targetV t V K V t V= +  −  (5) 

where, 

VGS(t) is the gate-source voltage at time t, 

Vref is a reference voltage, 

K is a feedback gain constant, 

Vout(t) is the circuit output voltage at time t, and 

Vtarget  is the desired target output voltage. 

This ensures that VGS, and consequently Ibias, is adjusted in 

real-time to maintain the desired performance under varying 

environmental and process conditions. Together, these methods 

enable the design of robust, low-power analog circuits that are 

resilient to the variations of modern semiconductor processes and 

real-world operating conditions. 

3.3 PROPOSED MULTI-THRESHOLD VOLTAGE 

DESIGN AND HYBRID ANALOG-DIGITAL 

OPTIMIZATION 

The Multi-Threshold Voltage Design and Hybrid Analog-

Digital Optimization techniques are combined into the proposed 

method to optimize power consumption, performance, and noise 

immunity in analog circuits. These techniques are particularly 

crucial in advanced nodes where low power and high performance 

are conflicting objectives, and where combining analog and 

digital approaches can significantly enhance circuit efficiency. In 

modern analog circuit design, the trade-off between power 

consumption and performance can be effectively managed 

through the use of multi-threshold voltage (MTV) techniques. The 

MTV approach assigns different threshold voltages Vth to 

different transistors within a circuit, depending on their role and 

operating conditions. This allows for optimized power efficiency 

without sacrificing performance, particularly in low-voltage 

circuits. In a typical MOSFET, the threshold voltage Vth is a 

critical parameter that determines when the device starts 

conducting. By using multiple threshold voltages, we can reduce 

power consumption in non-critical parts of the circuit while 

maintaining higher performance in critical paths. The drain 

current equation for a MOSFET operating in saturation can be 

written as: 

 ( ) ( )
2

1
2

n ox

D GS th DS

C W
I V V V

L


= − +  (5) 

In MTV design, transistors in non-critical sections are 

designed with low VVth to minimize power consumption, while 

transistors in critical paths (those involved in high-speed 

operations) are given high VVth to ensure faster switching speeds 

and reduced leakage. This allows for a significant reduction in 

power consumption without adversely affecting performance in 

high-speed circuits. By using the correct combination of low and 

high VVth, the circuit achieves a balance between power 

consumption and performance across the entire design. For 

example, in a low-power amplifier circuit, low-threshold 

transistors can be used in the input stage to reduce power 

consumption while ensuring fast response times, whereas higher-

threshold transistors can be used in the output stage to improve 

voltage gain without increasing leakage current. 

In a Hybrid Analog-Digital Optimization approach, analog 

and digital techniques are combined to enhance the performance 

of the circuit. Analog circuits are typically used for high-

bandwidth, low-latency operations (such as signal amplification 

and filtering), whereas digital circuits excel in error correction, 

signal processing, and adaptive control. The hybrid approach 

combines digital signal processing (DSP) algorithms with analog 

designs to improve overall system performance. For example, 

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

converters (DACs) can be optimized using digital techniques to 

minimize their error rates and improve signal integrity. A key 

element in this approach is the error correction algorithms applied 

to analog-to-digital conversions. These algorithms adjust the 

output of ADCs to improve their resolution and accuracy, 

effectively combining the advantages of both analog and digital 

designs. 

For an ADC, the output voltage Vout can be expressed as: 

 
out inV V= +ò  (6) 

where, 

Vin is the input analog voltage, and 

ϵ is the error term introduced by non-idealities such as noise, 

quantization error, and distortion. 

Using digital techniques, an error-correction algorithm can 

adjust the output as: 

 ( )out corrected out correctionV V= −ò  (7) 

where, 

ϵcorrection is the correction factor derived from the error analysis of 

the digital signal. 
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The goal is to minimize the error ϵ\epsilonϵ, leading to an 

ADC output that more accurately represents the input signal. This 

hybrid approach enhances the overall system's performance, 

enabling the analog part to handle real-world signals with higher 

fidelity while digital circuits perform complex tasks like noise 

filtering and error correction. 

3.3.1 Digital Calibration of ADCs: 

In a hybrid system, digital calibration techniques can be 

applied to analog-to-digital converters (ADCs). For example, a 

pipeline ADC may have multiple stages that suffer from non-

linearity or mismatch errors. The digital portion of the circuit can 

apply a correction algorithm to adjust the digital output 

accordingly. 

The calibration can be represented as: 

 ( ) ( )( ),out in calD n f D n C=  (8) 

where, 

Dout(n) is the calibrated digital output for the nth conversion cycle, 

Din(n) is the raw digital output from the ADC, 

Ccal is the correction coefficient based on calibration. 

By incorporating this hybrid analog-digital optimization, the 

overall system performance is improved because analog signals 

are processed with higher accuracy, while digital techniques 

provide corrections and adjustments based on the real-time data. 

4. RESULTS AND DISCUSSION 

The experimental settings for evaluating the performance of 

the proposed method involve simulating analog circuits designed 

with FinFETs, CNTs, and Multi-Threshold Voltage (MTV) 

techniques, using Cadence Virtuoso and HSPICE for circuit-level 

simulations. These tools are industry-standard for analog design 

and provide robust support for device modeling, process 

variations, and power-performance trade-offs. Cadence Virtuoso 

is used for layout and schematic design, while HSPICE is used for 

simulation and analysis, specifically focusing on power 

consumption, gain, noise figure, and other important metrics in 

analog circuits. Simulation is done across a range of technology 

nodes (28nm, 16nm, and 7nm) to ensure that the results are valid 

across modern semiconductor processes. We compare the 

proposed method with three existing methods: Traditional CMOS 

Design: A standard method used in conventional CMOS analog 

circuit design. FinFET-only Design: This approach uses FinFETs 

without multi-threshold voltage design or hybrid analog-digital 

optimization. It focuses purely on reducing leakage power. 

Hybrid Analog-Digital Design: A design that uses digital 

algorithms to optimize analog circuits, without the use of process-

aware or MTV techniques. Each of the methods is evaluated based 

on the following experimental setup and performance metrics. 

Table.2. Experimental Setup/Parameters 

Parameter 
Proposed 

Method 

Traditional 

CMOS 

FinFET-

only 

Hybrid 

Analog-

Digital 

Technology 

Node 
7nm 28nm 16nm 16nm 

Supply 

Voltage 
0.9V 1.0V 0.9V 0.9V 

Threshold 

Voltage 

Variable 

(MTV) 
0.35V 0.25V 0.30V 

Device Type 
FinFET, 

CNT 
CMOS FinFET CMOS 

Clock 

Frequency 
1 GHz 0.5 GHz 0.8 GHz 1 GHz 

Temperature 300K 300K 300K 300K 

4.1 PERFORMANCE METRICS 

The performance of the proposed method is evaluated using 

the following six metrics: 

• Power Consumption: The total power consumed by the 

circuit, including both dynamic and static power. Power 

consumption is an important metric for battery-powered 

applications. The power consumption 
totalP can be calculated 

as: 

 total dynamic staticP P P= +  (9) 

where, 

2

dynamicP CV f=  (Switching power), 

static leak DDP I V=    (Leakage power). 

• Speed (Gain-Bandwidth Product, GBW): The gain-

bandwidth product is a measure of the speed of the amplifier 

or filter circuit. A higher GBW indicates faster performance, 

which is crucial in high-frequency applications. The GBW 

is defined as: 

 
3dBW Gain f=   (10) 

where, Gain is the circuit's voltage gain, f3dB is the 3-dB 

bandwidth. 

• Noise Figure (NF): The noise figure is the measure of how 

much noise a circuit adds to the signal. It is a critical 

parameter for analog front-end systems, especially in RF or 

audio applications. NF is defined as: 

 10

SNR
10 log

SNR

in

out

NF
 

=   
 

 (11) 

where, SNRin
 is the signal-to-noise ratio at the input, SNRout

 is 

the signal-to-noise ratio at the output. 

• Total Harmonic Distortion (THD): THD is used to 

quantify the harmonic distortion introduced by the circuit. 

For an ideal amplifier, THD should be minimal, ideally 

below 1%. THD is expressed as: 

 

2 2 2

2 3

1

nV V V
THD

V

+ + +
=  (12) 

where, V1 is the fundamental voltage, V2,V3,…,Vn are the 

harmonic voltages. 

• Linearity (Integral Non-Linearity, INL): Linearity refers 

to the circuit’s ability to maintain a straight relationship 

between input and output signals. INL measures deviations 

from this linearity. INL is defined as: 
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 100actual ideal

ideal

V V
INL

V

−
=   (13) 

where, Vactual is the actual output voltage, Videal is the ideal output 

voltage. 

• Area Efficiency (Area per Functionality): This metric 

measures how efficiently the design uses chip area. It is 

essential in modern IC designs, where chip area and cost are 

major constraints. It is given by: 

2Area (cm )
Area Efficiency

Functionality (operations/logic gates)
=  (14) 

Smaller area for the same functionality results in better area 

efficiency, which reduces manufacturing costs and improves 

performance. 

Table.3. Performance on various design technologies 

Metric 

Proposed 

Method 

(7nm) 

Traditional 

CMOS 

(28nm) 

FinFET-

only 

(16nm) 

Hybrid 

Analog-

Digital 

(16nm) 

Power Consumption  

(mW) 
8.4 11.5 9.5 10.2 

Speed  

(GBW, GHz·MHz) 
4.5 3.0 3.8 4.1 

Noise Figure 

(NF, dB) 
3.2 4.8 3.6 4.0 

Total Harmonic 

Distortion  

(THD, %) 

0.7 1.1 0.9 0.8 

Linearity  

(INL, LSB) 
0.3 0.6 0.4 0.5 

Area Efficiency  

(mm²/Functionality) 
0.75 1.05 0.90 0.95 

The Proposed Method at 7nm demonstrates a 27% reduction 

in power consumption compared to the Traditional CMOS 

(28nm) method, due to improved transistor scaling and low-power 

biasing techniques. The FinFET-only (16nm) method shows a 

11.5% higher power consumption than the proposed method due 

to less efficient power management. The Proposed Method at 7nm 

exhibits a 50% improvement in speed (GBW) compared to 

Traditional CMOS (28nm), reflecting faster switching and 

optimized transistor dimensions. It also shows a 17% higher speed 

than FinFET-only (16nm), mainly due to better hybrid 

optimization and MTV design. The Proposed Method achieves 

33% lower NF than Traditional CMOS (28nm), and 11% lower 

NF than FinFET-only (16nm), indicating improved noise 

immunity due to the use of CNTs and MTV. The Proposed 

Method results in a 36% lower THD and 50% better INL than the 

Traditional CMOS (28nm), highlighting better linearity and 

reduced distortion in the analog signal path. The Proposed 

Method shows 28% better area efficiency than Traditional CMOS 

(28nm), contributing to more compact designs, which is essential 

for high-performance, low-power analog circuits. 

 

 

Table.4. Performance on different clock frequency 

Metric 

Proposed 

Method 

(1 GHz) 

Traditional 

CMOS (0.5 

GHz) 

FinFET-

only (0.8 

GHz) 

Hybrid 

Analog-

Digital 

(0.8 

GHz) 

Power Consumption 

(mW) 
8.4 12.0 9.2 10.0 

Speed (GBW, 

GHz·MHz) 
4.5 2.0 3.5 3.8 

Noise Figure (NF, 

dB) 
3.2 4.5 3.7 3.9 

Total Harmonic 

Distortion (THD, %) 
0.7 1.2 1.0 0.9 

Linearity (INL, 

LSB) 
0.3 0.7 0.5 0.6 

Area Efficiency 

(mm²/Functionality) 
0.75 1.10 0.95 1.00 

The proposed method at 1 GHz shows a 30% reduction in 

power consumption compared to Traditional CMOS (0.5 GHz). 

The FinFET-only (0.8 GHz) method consumes 8.5% more power 

than the proposed method due to less efficient power management 

techniques, while Hybrid Analog-Digital (0.8 GHz) also 

consumes 18% more power. The Proposed Method at 1 GHz 

achieves 125% higher speed than Traditional CMOS (0.5 GHz) 

and 28% faster than FinFET-only (0.8 GHz) due to optimized 

transistor designs and hybrid analog-digital combination. It also 

outperforms Hybrid Analog-Digital (0.8 GHz) by 18% in terms 

of GBW. The Proposed Method has a 29% better noise figure 

compared to Traditional CMOS (0.5 GHz), with an 11% lower 

NF than FinFET-only (0.8 GHz), reflecting its superior noise 

performance due to hybrid design. The Proposed Method achieves 

42% lower THD and 57% better INL than Traditional CMOS (0.5 

GHz), indicating higher fidelity and linearity in the analog output. 

The Proposed Method shows 32% better area efficiency than 

Traditional CMOS (0.5 GHz), making it more compact and 

efficient for high-performance applications. 

5. CONCLUSION 

In this study, we proposed a novel method integrating Multi-

Threshold Voltage Design and Hybrid Analog-Digital 

Optimization for enhanced circuit performance, particularly 

focusing on power efficiency, speed, noise immunity, and area 

efficiency. The experimental results, based on simulations in 

advanced technology nodes (7nm, 16nm, and 28nm), demonstrate 

significant improvements in key performance metrics over 

existing methods. The Proposed Method outperforms traditional 

CMOS Design, FinFET-only Design, and Hybrid Analog-Digital 

Designs across various clock frequencies. Notably, it achieves up 

to 30% reduction in power consumption, 125% improvement in 

speed, and 29% better noise figure compared to traditional CMOS 

circuits. The method also exhibits 42% lower total harmonic 

distortion (THD) and 57% better linearity (INL), which enhances 

the overall signal fidelity and quality. Additionally, the Proposed 

Method shows superior area efficiency, making it ideal for 

compact, high-performance applications. By combining advanced 

device selection techniques with process-aware design 
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approaches, this method provides a balanced solution that 

optimizes power, performance, and area. These results confirm 

the potential of the proposed approach to meet the growing 

demands of next-generation analog circuits, particularly in low-

power, high-speed, and noise-sensitive applications. 
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