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AbstrAct

This paper presents the design of a comparator with low power, low offset voltage, 
high resolution, and rapid speed. The designed comparator is built on 45 𝑛𝑛𝑛𝑛 flip CMOS 
technology and runs 4.2 𝐺𝐺 samples per second at nominal voltage. It is a custom-made 
comparator for a highly linear 4-bit Flash A/D Converter (ADC). The outlined design 
can operate on a nominal supply of 1.8 V. The comparator offset voltage was elevated 
because of this mismatch. To compensate for the offset voltage, we followed a decent 
approach to design the circuits. Therefore, the offset voltage is reduced to 250𝜇𝜇𝜇𝜇. 
The designed comparator has a unity gain bandwidth of 4.2 𝐺𝐺𝐺𝐺𝐺𝐺 and a gain of 72𝑑𝑑𝑑𝑑 at 
nominal PVT, which gives us a considerable measure of authority. The dynamic power 
consumption of the comparator is 48.7𝜇𝜇𝜇𝜇. The layout of this designed comparator has 
been implemented, and the area of the comparator is 12.3 𝜇𝜇𝑛𝑛 × 15.75 𝜇𝜇𝑛𝑛. The re-
sults of pre-and post-layout simulations in various process, voltage, and temperature 
corners are shown.
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IntroductIon 
A comparator is a device that compares between two input 
signals, basically an input analog signal with a reference signal, 
and gives outputs in terms of a digital signal based on the result 
of the comparison. Comparators are widely used in various 
circuits, especially A/D converters (ADC). An ADC application 
is one that requires a quicker operating speed and reduced 
power consumption. They also aim for a reduced noise level and 
a lower offset voltage. The comparator is crucial in obtaining 
greater operating speeds and lower power consumption. The 
comparator we suggest is made using CMOS technology, which 
has strong noise immunity and low static power consumption. 
This article details the design of a comparator for use in a 
4-BIT FLASH ADC with a sampling rate of 4.2 GHz. In such a 
circumstance, the device’s accuracy should be no less than 
1/2 LSB. When the reference voltage and supply voltage are 
identical, the LSB value of an N-bit ADC is provided by the 
following formula:

KEYWORDS: 
 comparator,  
gain,  
offset voltage,  
cadence, 
spectre.

ARTICLE HISTORY: 
Received xxxxxxxxxxxx
Accepted xxxxxxxxxxxx
Published xxxxxxxxxxxx

DOI:
https://doi.org/10.31838/jvcs/06.01. 03 
 
 
 
 
 
 
 
 

 LSB= {VDD/ (2) ^N} (1)

The desired comparator resolution is 112.5 mV for a 
4-BIT converter with a 1.8V supply voltage. In this work, 
we examine the design and operation of a current-based, 
low-power comparator. In order to gain more precision 
and minimize, a competent offset cancellation method has 
been implemented. In this comparator, super low threshold 
MOSFETs are used. In general, in a conventional MOSFET 
structure, the gate capacitance tends to show a higher 
value. For this reason, the threshold of the MOSFETs tends 
to be higher. One of the techniques to obtain a super low 
threshold of MOSFETs is to fabricate the MOSFETs with 
lower gate capacitance. As the gate capacitance is lower 
in these types of MOSFETs, the threshold voltage will 
reduce a lot which will give a better headroom for design, 
to have a great ICMR range, low power consumption, and 
large obtainable gain while keeping all the MOSFETs in 
saturation. SLVT MOSFETs allow doing that. Also, the length 
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Abstract
Advanced control system engineering plays a critical role in optimizing the performance 
and efficiency of complex systems across various industries. This abstract explores the 
latest strategies and solutions implemented in advanced control system engineering 
to address contemporary challenges. Key approaches include the integration of robust 
control algorithms, model predictive control (MPC), and adaptive control techniques, 
which enhance system stability, responsiveness, and adaptability to changing conditions. 
Robust control algorithms are designed to maintain system performance in the presence 
of uncertainties and external disturbances, ensuring reliability in diverse applications 
such as aerospace, automotive, and industrial automation. Model predictive control 
(MPC) leverages dynamic models of processes to predict future behavior and optimize 
control actions, making it highly effective for multi-variable systems with constraints. 
Adaptive control techniques allow systems to adjust parameters in real-time based on 
performance feedback, providing enhanced flexibility and precision. The incorporation 
of machine learning and artificial intelligence into control systems has revolutionized 
the field, enabling the development of intelligent controllers capable of learning 
and improving over time. This integration facilitates predictive maintenance, fault 
detection, and system optimization, contributing to increased operational efficiency 
and reduced downtime. Advanced control system engineering is pivotal in driving 
innovation and efficiency in modern technological systems. By employing sophisticated 
control strategies and integrating cutting-edge technologies, engineers can achieve 
superior performance and reliability in complex applications..
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Introduction

The field of control system engineering encompasses the 
design, analysis, and implementation of systems that 
regulate and control various processes and operations. It 
plays a crucial role in industries such as manufacturing, 
automation, testing, commissioning, and installation, 
enabling precise control and optimization of complex 
systems. Control system engineering integrates 
principles from multiple disciplines, including electrical 
engineering, mechanical engineering, and computer 
science, to develop advanced strategies and solutions 
for controlling dynamic systems. This multidisciplinary 
approach allows for the creation of sophisticated control 
systems that can efficiently manage processes, improve 
productivity, and enhance overall system performance. 
A control system is a set of mechanical or electronic 
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devices that regulates other devices or systems by 
way of control loops. Typically, control systems are 
computerized. A control system manages, commands, 
directs, or regulates the behavior of other devices or 
systems using control loops. It can range from a simple 
home heating controller using a thermostat to control 
a domestic boiler to large industrial control systems 
used for controlling processes or machines. The primary 
purpose of a control system is to maintain stable and 
predictable behavior in the controlled system or process 
[1-6] as given in Fig. 1. 

A. Types of Control Systems

Fundamentally, there are two types of control loops: 
open-loop control (feedforward) and closed-loop control 
(feedback). 
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A. Operational Transconductance Amplifier
OTA is a fundamental component in the majority of 
analog circuits with linear input-output characteristics. 
It is essentially identical to conventional operational 
amplifiers in which differential inputs are present. The 
primary distinction between OTA and traditional OPAMP is 
that the output of OTA is in the form of current, while the 
output of conventional OPAMP is in the form of voltage. 
The comparator has two special properties.

• Input Swing
• Output Swing

Our target is a small change of ∆VGS as if we get a sharp 
digital output in the comparator. We know, Inverter has 
a very high gain. We make the OTA stage by connecting 
a differential amplifier with an Inverter. All the MOSFETs 

of the MOSFETs was increased to four times of the nominal 
length which has provided the design with a better Noise 
Figure, PSRR, Gain, and CMRR performance.

relAted work

Over decades, the design of a comparator has been 
implemented. With the use of various process technology, 
several researchers have produced a variety of acceptable 
comparator structures for a variety of applications.

Developed a three-stage voltage comparator 
concentrated on improving comparator sensitivity and 
total gain in this design. B. Prathibha et al.[2] suggested a 
three-stage CMOS comparator with a high-speed operation 
to gain a lower static & dynamic power dissipation and a 
smaller offset voltage. Satyabrata et al.[3] compare the 
traditional comparator to the latched and hysteresis-
based comparator. Zbigniew[4] presented the design of 
a comparator for a high-linearity flash ADC, which was 
realized in a 22nm FDSOI process with a 0.8V supply. The 
architecture of a pipelined ADC mismatch insensitive 
dynamic comparator.[5] High-resolution comparators have 
also been designed utilizing offset measurement and 
a cancellation technique involving dynamic latches.[6]  
Consequently, it was suggested to build a dynamic 
comparator with high accuracy and low offset.

This paper focused on the highly linear, low offset 
voltage, high resolution, and low power performance of the 
Comparator. The comparator design given in this paper is 
designed that can be used with flash ADC.

ArchItecture of compArAtor

The comparator circuit is the essential element of every 
ADC. The total performance of the ADC is determined by 
the properties and performance of the comparator. Fig. 
1 depicts the block diagram of the proposed comparator. 
This topology comprises two blocks in it.

• OTA Stage
• Output Stage

Up to the OTA, the stage amplification of analog input 
is performed. Then the buffer stage further amplifies to 
give a level as well as strengthen the OTA OUTPUT signal 
for load driving. After the output buffer stage, a digital 
signal is created on the output side. Fig. 2 depicts the 
schematic of the entire idea.

Fig. 1: Block diagram of the suggested Comparator
Fig. 3: Differential Pair, OTA Stage, and Current Mirror 

for The Comparator

Fig. 2: Schematic of the 45nm CMOS-based 
Comparator
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Open-loop Control Systems

In open-loop control, the control action from the 
controller is independent of the “process output” (or 
“controlled process variable”). A good example is a 
central heating boiler controlled only by a timer, where 
heat is applied for a constant time, regardless of the 
building’s temperature. Open-loop control systems do 
not use feedback, making them less precise and less 
responsive to changes in the system or environment. 

Closed-loop Control Systems

In closed-loop control, the control action from the 
controller is dependent on the process output. For 
instance, in the boiler example, a thermostat would 
monitor the building’s temperature and provide feedback 
to the controller to maintain the desired temperature. 
Closed-loop controllers incorporate feedback, using 
it to control states or outputs of a dynamical system. 
They have advantages over open-loop controllers, such 
as disturbance rejection, guaranteed performance with 
model uncertainties, stabilization of unstable processes, 
reduced sensitivity to parameter variations, improved 
reference tracking, and better rectification of random 
fluctuations. 

B. Applications in Various Industries

Control systems are used in a wide variety of applications 
to automatically monitor and control various processes 
and systems across industries such as: 

1.	Manufacturing and production processes

2. Building and home automation

3. Transportation systems

4.	 Power generation and distribution

5. Medical equipment

6. Agricultural and farming applications

7. Military and defense systems

8. Robotics

Control systems play a crucial role in enhancing 
efficiency, safety, and performance in various systems 
and processes across diverse industries. 

Components of Control Systems
A. Input Devices

Fig. 2: Historical and predicted data validation

Input devices are hardware components that send data 
or signals to a control system, allowing it to monitor and 
interact with the controlled process or system as shown 
above Fig. 2. Some common examples of input devices 
include:

1. Sensors: These devices detect and measure 
physical quantities such as temperature, 
pressure, humidity, light intensity, or motion. 
Examples include thermocouples, pressure 
transducers, light-dependent resistors (LDRs), 
and proximity sensors.

2. Switches: Switches are used to provide binary 
input signals, such as on/off, open/closed, or 
true/false. Examples include push buttons, limit 
switches, and toggle switches.

3. Transducers: Transducers convert one form 
of energy into another, typically converting 
a physical quantity into an electrical signal. 
Examples include strain gauges, Hall effect 
sensors, and piezoelectric transducers.

Input devices play a crucial role in control systems by 
providing the necessary data or signals for the system 
to monitor and respond to changes in the controlled 
process or environment.[7] 

B. Control Unit

The control unit is the central component of a control 
system responsible for executing the control algorithm 

Fig. 1: Advanced Control Systems in Industry 5.0
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The desired comparator resolution is 112.5 mV for a 
4-BIT converter with a 1.8V supply voltage. In this work, 
we examine the design and operation of a current-based, 
low-power comparator. In order to gain more precision 
and minimize, a competent offset cancellation method has 
been implemented. In this comparator, super low threshold 
MOSFETs are used. In general, in a conventional MOSFET 
structure, the gate capacitance tends to show a higher 
value. For this reason, the threshold of the MOSFETs tends 
to be higher. One of the techniques to obtain a super low 
threshold of MOSFETs is to fabricate the MOSFETs with 
lower gate capacitance. As the gate capacitance is lower 
in these types of MOSFETs, the threshold voltage will 
reduce a lot which will give a better headroom for design, 
to have a great ICMR range, low power consumption, and 
large obtainable gain while keeping all the MOSFETs in 
saturation. SLVT MOSFETs allow doing that. Also, the length 
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and coordinating the overall operation of the system. It 
performs the following key functions:

1. Fetching and decoding instructions: The 
control unit fetches instructions from memory 
and decodes them to determine the required 
operations. 

2. Executing instructions: The control unit executes 
the decoded instructions by coordinating the 
flow of data between various components, such 
as the arithmetic logic unit (ALU), registers, and 
memory. 

3. Controlling data flow: The control unit manages 
the transfer of data between different parts of 
the system, ensuring proper coordination and 
synchronization. 

4. Handling interrupts: The control unit handles 
interrupts from external devices or events, 
temporarily suspending the current program and 
executing the appropriate interrupt handling 
routine. 

5. Microcode execution: In some systems, the 
control unit executes microcode, which is 
a low-level set of instructions that breaks 
down complex instructions into simpler micro-
operations for the hardware to execute. 

The control unit is often referred to as the “brain” of the 
control system, as it orchestrates the execution of the 

control algorithm and ensures the proper functioning of 
the overall system.[8] 

C. Output Devices

Output devices are hardware components that receive 
signals or commands from the control system and 
perform actions or generate outputs based on those 
signals as given in Fig. 3. Some common examples of 
output devices include:

1. Actuators: Actuators convert electrical signals 
into physical movements or actions. Examples 
include motors, solenoids, and hydraulic or 
pneumatic actuators.

2. Displays: Displays present visual information or data 
to the user or operator. Examples include LCD screens, 
LED indicators, and seven-segment displays.

3. Alarms or indicators: These devices provide 
audible or visual alerts or notifications. Examples 
include buzzers, sirens, and warning lights.

4. Relays: Relays are electrically operated switches 
that control the flow of electrical current to 
other devices or circuits. 

Output devices are essential for control systems to 
interact with and influence the controlled process or 
system. They translate the control signals or commands 
generated by the control unit into physical actions or 
outputs that affect the controlled process [9]-[11].

Fig. 3: Modelling and Advanced Control Strategies
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A. Operational Transconductance Amplifier
OTA is a fundamental component in the majority of 
analog circuits with linear input-output characteristics. 
It is essentially identical to conventional operational 
amplifiers in which differential inputs are present. The 
primary distinction between OTA and traditional OPAMP is 
that the output of OTA is in the form of current, while the 
output of conventional OPAMP is in the form of voltage. 
The comparator has two special properties.

• Input Swing
• Output Swing

Our target is a small change of ∆VGS as if we get a sharp 
digital output in the comparator. We know, Inverter has 
a very high gain. We make the OTA stage by connecting 
a differential amplifier with an Inverter. All the MOSFETs 

of the MOSFETs was increased to four times of the nominal 
length which has provided the design with a better Noise 
Figure, PSRR, Gain, and CMRR performance.

relAted work

Over decades, the design of a comparator has been 
implemented. With the use of various process technology, 
several researchers have produced a variety of acceptable 
comparator structures for a variety of applications.

Developed a three-stage voltage comparator 
concentrated on improving comparator sensitivity and 
total gain in this design. B. Prathibha et al.[2] suggested a 
three-stage CMOS comparator with a high-speed operation 
to gain a lower static & dynamic power dissipation and a 
smaller offset voltage. Satyabrata et al.[3] compare the 
traditional comparator to the latched and hysteresis-
based comparator. Zbigniew[4] presented the design of 
a comparator for a high-linearity flash ADC, which was 
realized in a 22nm FDSOI process with a 0.8V supply. The 
architecture of a pipelined ADC mismatch insensitive 
dynamic comparator.[5] High-resolution comparators have 
also been designed utilizing offset measurement and 
a cancellation technique involving dynamic latches.[6]  
Consequently, it was suggested to build a dynamic 
comparator with high accuracy and low offset.

This paper focused on the highly linear, low offset 
voltage, high resolution, and low power performance of the 
Comparator. The comparator design given in this paper is 
designed that can be used with flash ADC.

ArchItecture of compArAtor

The comparator circuit is the essential element of every 
ADC. The total performance of the ADC is determined by 
the properties and performance of the comparator. Fig. 
1 depicts the block diagram of the proposed comparator. 
This topology comprises two blocks in it.

• OTA Stage
• Output Stage

Up to the OTA, the stage amplification of analog input 
is performed. Then the buffer stage further amplifies to 
give a level as well as strengthen the OTA OUTPUT signal 
for load driving. After the output buffer stage, a digital 
signal is created on the output side. Fig. 2 depicts the 
schematic of the entire idea.

Fig. 1: Block diagram of the suggested Comparator
Fig. 3: Differential Pair, OTA Stage, and Current Mirror 

for The Comparator

Fig. 2: Schematic of the 45nm CMOS-based 
Comparator
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D. Feedback Mechanisms

Feedback mechanisms are critical components in control 
systems that provide information about the current state 
or output of the controlled process back to the control 
unit. This feedback allows the control system to make 
adjustments and corrections to minimize the difference 
between the desired and actual output. There are two 
main types of feedback mechanisms:

1. Open-loop control systems: In an open-loop 
control system, the control unit operates based 
solely on the input signals, without considering 
the actual output or state of the controlled 
process. These systems do not incorporate 
feedback and are generally less precise and less 
responsive to disturbances or changes in the 
system.

2. Closed-loop control systems: In a closed-loop 
control system, the control unit continuously 
monitors the output or state of the controlled 
process through feedback mechanisms. This 
feedback is used to adjust the control signals or 
actions to minimize the error between the desired 
and actual output. Closed-loop systems are more 
robust, precise, and capable of compensating for 
disturbances or system changes.

Feedback mechanisms can take various forms, such 
as sensors that measure physical quantities (e.g., 
temperature, pressure, position), encoders that 
track the position or speed of motors or actuators, or 
signals from the controlled process itself. The choice 
of feedback mechanism depends on the specific 
requirements and characteristics of the controlled 
process. By incorporating feedback mechanisms, control 
systems can achieve better performance, stability, and 
robustness in regulating and controlling various processes 
and systems.[12-14] 

Control System Design
A. Modeling and Analysis

The design of an effective control system begins with 
a thorough understanding and modeling of the system 
to be controlled. Modeling involves the creation of 
mathematical representations that capture the behavior 
and dynamics of the system under various conditions 
and inputs. This process is crucial for analyzing the 
system’s response and predicting its performance before 
implementing the control strategy. One approach to 
system modeling is the “white box” method, where the 
physical properties, dimensions, and governing equations 
of the system are used to derive the mathematical model 
directly. However, when working with real hardware, it 

is often more practical to employ system identification 
techniques. These techniques involve applying known 
inputs to the system and recording its response, which is 
then used to fit a transfer function or other mathematical 
model that accurately represents the system’s behavior. 
A common method for system identification is to apply a 
step input to the system and record the step response. 
This response can then be analyzed to determine the 
system’s gain, time constant, and delay, which can be 
used to develop a first-order plus dead-time model or 
other suitable representations. The accuracy of the 
model can be iteratively improved by incorporating 
higher-order dynamics or refining the model parameters 
based on additional experimental data [15] as illustrated 
in Fig. 4.

B. Controller Design Techniques

Once a suitable model of the system has been developed, 
various controller design techniques can be employed to 
achieve the desired control objectives. Some common 
controller design techniques include:

1. Open-loop control: In open-loop control, the 
control action is predetermined and does not 
rely on feedback from the system’s output. 
This approach is simple but may not be able 
to compensate for disturbances or model 
inaccuracies.

2. Bang-bang control: Bang-bang control is a 
nonlinear control strategy where the control 
signal is switched between two extreme values 
(e.g., on/off or maximum/minimum) based on 
the system’s output. While simple to implement, 
bang-bang control can lead to chattering and 
potential wear on the system.

3. Proportional-Integral-Derivative (PID) control: 
PID control is a widely used feedback control 
technique that adjusts the control signal based 
on the error between the desired and actual 
output, as well as the integral and derivative of 
the error. PID controllers can be tuned to achieve 
desired performance characteristics, such as 
fast response, minimal steady-state error, and 
good disturbance rejection.

4. Model Predictive Control (MPC): MPC is 
an advanced control strategy that uses a 
mathematical model of the system to predict 
its future behavior and optimize the control 
actions over a receding horizon. MPC can handle 
complex system constraints and multiple input/
output variables, making it suitable for various 
applications.
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nominal PVT, which gives us a considerable measure of authority. The dynamic power 
consumption of the comparator is 48.7𝜇𝜇𝜇𝜇. The layout of this designed comparator has 
been implemented, and the area of the comparator is 12.3 𝜇𝜇𝑛𝑛 × 15.75 𝜇𝜇𝑛𝑛. The re-
sults of pre-and post-layout simulations in various process, voltage, and temperature 
corners are shown.
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IntroductIon 
A comparator is a device that compares between two input 
signals, basically an input analog signal with a reference signal, 
and gives outputs in terms of a digital signal based on the result 
of the comparison. Comparators are widely used in various 
circuits, especially A/D converters (ADC). An ADC application 
is one that requires a quicker operating speed and reduced 
power consumption. They also aim for a reduced noise level and 
a lower offset voltage. The comparator is crucial in obtaining 
greater operating speeds and lower power consumption. The 
comparator we suggest is made using CMOS technology, which 
has strong noise immunity and low static power consumption. 
This article details the design of a comparator for use in a 
4-BIT FLASH ADC with a sampling rate of 4.2 GHz. In such a 
circumstance, the device’s accuracy should be no less than 
1/2 LSB. When the reference voltage and supply voltage are 
identical, the LSB value of an N-bit ADC is provided by the 
following formula:
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 LSB= {VDD/ (2) ^N} (1)

The desired comparator resolution is 112.5 mV for a 
4-BIT converter with a 1.8V supply voltage. In this work, 
we examine the design and operation of a current-based, 
low-power comparator. In order to gain more precision 
and minimize, a competent offset cancellation method has 
been implemented. In this comparator, super low threshold 
MOSFETs are used. In general, in a conventional MOSFET 
structure, the gate capacitance tends to show a higher 
value. For this reason, the threshold of the MOSFETs tends 
to be higher. One of the techniques to obtain a super low 
threshold of MOSFETs is to fabricate the MOSFETs with 
lower gate capacitance. As the gate capacitance is lower 
in these types of MOSFETs, the threshold voltage will 
reduce a lot which will give a better headroom for design, 
to have a great ICMR range, low power consumption, and 
large obtainable gain while keeping all the MOSFETs in 
saturation. SLVT MOSFETs allow doing that. Also, the length 
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5. Optimal control: Optimal control techniques, 
such as Linear Quadratic Regulator (LQR) and 
Linear Quadratic Gaussian (LQG) control, 
aim to find the control law that minimizes a 
specified cost function while satisfying system 
constraints. These techniques can provide 
optimal performance but may require more 
computational resources.

The choice of controller design technique depends on 
various factors, including the system’s complexity, 
performance requirements, constraints, and available 
computational resources. In practice, the controller 
design process is often iterative, involving simulations, 
hardware-in-the-loop testing, and refinement of the 
control strategy based on experimental results.[16]

C. Stability and Performance Considerations

While designing a control system, it is crucial to consider 
both stability and performance aspects. Stability refers 
to the system’s ability to return to a steady-state 
condition after being subjected to a disturbance or 
change in operating conditions. A stable control system 
is essential for reliable and predictable operation. 
However, stability alone is not sufficient to ensure 

acceptable system behavior, especially when the system 
experiences bursts of deadline misses or other transient 
events. In such cases, the control system’s performance, 
including factors like settling time, overshoot, and 
steady-state error, can be severely affected, even 
if the system remains stable. To address this issue, a 
comprehensive analysis that considers both stability 
and performance is necessary. This analysis should take 
into account the specific characteristics of the system, 
such as the handling of control signals during deadline 
misses, as well as the duration and frequency of these 
events. By incorporating both stability and performance 
considerations into the control system design process, 
engineers can develop robust and reliable control 
strategies that can withstand transient events while 
maintaining acceptable performance levels. This holistic 
approach is particularly important in industrial control 
plants and other critical applications where system 
behavior and performance are crucia.[17]

Advanced Control Strategies
A. Intelligent Control

Intelligent control is a class of control techniques that 
use various artificial intelligence computing approaches 

Fig. 4: Advanced Control Systems Step Pak Motor Control MCU
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A. Operational Transconductance Amplifier
OTA is a fundamental component in the majority of 
analog circuits with linear input-output characteristics. 
It is essentially identical to conventional operational 
amplifiers in which differential inputs are present. The 
primary distinction between OTA and traditional OPAMP is 
that the output of OTA is in the form of current, while the 
output of conventional OPAMP is in the form of voltage. 
The comparator has two special properties.

• Input Swing
• Output Swing

Our target is a small change of ∆VGS as if we get a sharp 
digital output in the comparator. We know, Inverter has 
a very high gain. We make the OTA stage by connecting 
a differential amplifier with an Inverter. All the MOSFETs 

of the MOSFETs was increased to four times of the nominal 
length which has provided the design with a better Noise 
Figure, PSRR, Gain, and CMRR performance.

relAted work

Over decades, the design of a comparator has been 
implemented. With the use of various process technology, 
several researchers have produced a variety of acceptable 
comparator structures for a variety of applications.

Developed a three-stage voltage comparator 
concentrated on improving comparator sensitivity and 
total gain in this design. B. Prathibha et al.[2] suggested a 
three-stage CMOS comparator with a high-speed operation 
to gain a lower static & dynamic power dissipation and a 
smaller offset voltage. Satyabrata et al.[3] compare the 
traditional comparator to the latched and hysteresis-
based comparator. Zbigniew[4] presented the design of 
a comparator for a high-linearity flash ADC, which was 
realized in a 22nm FDSOI process with a 0.8V supply. The 
architecture of a pipelined ADC mismatch insensitive 
dynamic comparator.[5] High-resolution comparators have 
also been designed utilizing offset measurement and 
a cancellation technique involving dynamic latches.[6]  
Consequently, it was suggested to build a dynamic 
comparator with high accuracy and low offset.

This paper focused on the highly linear, low offset 
voltage, high resolution, and low power performance of the 
Comparator. The comparator design given in this paper is 
designed that can be used with flash ADC.

ArchItecture of compArAtor

The comparator circuit is the essential element of every 
ADC. The total performance of the ADC is determined by 
the properties and performance of the comparator. Fig. 
1 depicts the block diagram of the proposed comparator. 
This topology comprises two blocks in it.

• OTA Stage
• Output Stage

Up to the OTA, the stage amplification of analog input 
is performed. Then the buffer stage further amplifies to 
give a level as well as strengthen the OTA OUTPUT signal 
for load driving. After the output buffer stage, a digital 
signal is created on the output side. Fig. 2 depicts the 
schematic of the entire idea.

Fig. 1: Block diagram of the suggested Comparator
Fig. 3: Differential Pair, OTA Stage, and Current Mirror 

for The Comparator

Fig. 2: Schematic of the 45nm CMOS-based 
Comparator
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like neural networks, Bayesian probability, fuzzy logic, 
machine learning, reinforcement learning, evolutionary 
computation and genetic algorithms as described in Fig. 
5. Neural networks have been used to solve problems 
in almost all spheres of science and technology. Neural 
network control basically involves two steps: System 
identification and Control. It has been shown that a 
feedforward network with nonlinear, continuous and 
differentiable activation functions have universal 
approximation capability. Recurrent networks have also 
been used for system identification. 

Bayesian probability has produced a number of algorithms 
that are in common use in many advanced control 
systems, serving as state space estimators of some 
variables that are used in the controller. The Kalman 
filter and the Particle filter are two examples of popular 
Bayesian control components. The Bayesian approach to 
controller design often requires an important effort in 
deriving the so-called system model and measurement 
model, which are the mathematical relationships linking 
the state variables to the sensor measurements available 
in the controlled system. 

B. Adaptive Control

Adaptive control techniques are designed to adjust 
their parameters or structure in real-time based on 
the system’s behavior, compensating for changes in the 
system or its environment. This adaptability allows the 
control system to maintain optimal performance even 
in the presence of uncertainties or disturbances. Model 
Reference Adaptive Control (MRAC) and self-tuning 
control are examples of adaptive control strategies. 
Model Reference Adaptive Control (MRAC) is a method 
where the controller is designed to force the system 
to follow a desired model. The model represents the 
ideal response of the system. An adaptive law is used 

to adjust the controller parameters based on the 
difference between the system output and the reference 
model output, commonly known as the tracking error. 
Self-tuning control, another form of adaptive control, 
automatically adjusts the controller parameters based 
on the observed performance of the control system. This 
method uses an online identification process to estimate 
the system parameters, which are then used to update 
the controller parameters based on a pre-defined 
optimization criterion. 

C. Robust Control

Robust control refers to the control of unknown plants 
with unknown dynamics subject to unknown disturbances. 
Robust control methods seek to bound the uncertainty 
rather than express it in the form of a distribution. Given 
a bound on the uncertainty, the control can deliver 
results that meet the control system requirements in all 
cases. Therefore robust control theory might be stated 
as a worst-case analysis method rather than a typical 
case method. In control theory, robust control is an 
approach to controller design that explicitly deals with 
uncertainty. Robust control methods are designed to 
function properly provided that uncertain parameters or 
disturbances are found within some (typically compact) 
set. Robust methods aim to achieve robust performance 
and/or stability in the presence of bounded modelling 
errors. 

H-infinity control is a robust control method used to 
design controllers to achieve robust performance and 
stability. The main objective of the H-infinity control 
method is to minimize the maximum gain of the system’s 
transfer function from the disturbance input to the 
output error, from infinity to negative infinity, thus 
giving it the name H-infinity. This results in a system that 
is less sensitive to uncertainties and provides improved 

Fig. 5: Advanced control strategies and system architectures
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can operate on a nominal supply of 1.8 V. The comparator offset voltage was elevated 
because of this mismatch. To compensate for the offset voltage, we followed a decent 
approach to design the circuits. Therefore, the offset voltage is reduced to 250𝜇𝜇𝜇𝜇. 
The designed comparator has a unity gain bandwidth of 4.2 𝐺𝐺𝐺𝐺𝐺𝐺 and a gain of 72𝑑𝑑𝑑𝑑 at 
nominal PVT, which gives us a considerable measure of authority. The dynamic power 
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IntroductIon 
A comparator is a device that compares between two input 
signals, basically an input analog signal with a reference signal, 
and gives outputs in terms of a digital signal based on the result 
of the comparison. Comparators are widely used in various 
circuits, especially A/D converters (ADC). An ADC application 
is one that requires a quicker operating speed and reduced 
power consumption. They also aim for a reduced noise level and 
a lower offset voltage. The comparator is crucial in obtaining 
greater operating speeds and lower power consumption. The 
comparator we suggest is made using CMOS technology, which 
has strong noise immunity and low static power consumption. 
This article details the design of a comparator for use in a 
4-BIT FLASH ADC with a sampling rate of 4.2 GHz. In such a 
circumstance, the device’s accuracy should be no less than 
1/2 LSB. When the reference voltage and supply voltage are 
identical, the LSB value of an N-bit ADC is provided by the 
following formula:
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 LSB= {VDD/ (2) ^N} (1)

The desired comparator resolution is 112.5 mV for a 
4-BIT converter with a 1.8V supply voltage. In this work, 
we examine the design and operation of a current-based, 
low-power comparator. In order to gain more precision 
and minimize, a competent offset cancellation method has 
been implemented. In this comparator, super low threshold 
MOSFETs are used. In general, in a conventional MOSFET 
structure, the gate capacitance tends to show a higher 
value. For this reason, the threshold of the MOSFETs tends 
to be higher. One of the techniques to obtain a super low 
threshold of MOSFETs is to fabricate the MOSFETs with 
lower gate capacitance. As the gate capacitance is lower 
in these types of MOSFETs, the threshold voltage will 
reduce a lot which will give a better headroom for design, 
to have a great ICMR range, low power consumption, and 
large obtainable gain while keeping all the MOSFETs in 
saturation. SLVT MOSFETs allow doing that. Also, the length 
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performance over a wide frequency range. Sliding mode 
control is a nonlinear control method that can provide 
robustness against system uncertainties. In sliding mode 
control, a sliding surface is defined in the state space of 
the system, and the control law is designed to drive the 
system states onto this surface. Once on the surface, 
the system is constrained to move along it, resulting 
in a reduced-order system insensitive to matched 
uncertainties and disturbances. 

D. Optimal Control

Optimal control theory is a branch of control theory 
that deals with finding a control for a dynamical system 
over a period of time such that an objective function is 
optimized. Optimal control is an extension of the calculus 
of variations, and is a mathematical optimization method 
for deriving control policies.  Optimal control deals with 
the problem of finding a control law for a given system 
such that a certain optimality criterion is achieved. 
A control problem includes a cost functional that is a 
function of state and control variables. An optimal control 
is a set of differential equations describing the paths of 
the control variables that minimize the cost function. 
The optimal control can be derived using Pontryagin’s 
maximum principle (a necessary condition also known 
as Pontryagin’s minimum principle or simply Pontryagin’s 
principle), or by solving the Hamilton–Jacobi–Bellman 
equation (a sufficient condition). 

A special case of the general nonlinear optimal control 
problem is the linear quadratic (LQ) optimal control 
problem. The LQ problem is stated as follows: Minimize 
the quadratic continuous-time cost functional. Optimal 
control problems are generally nonlinear and therefore, 
generally do not have analytic solutions (e.g., like the 
linear-quadratic optimal control problem). As a result, 
it is necessary to employ numerical methods to solve 
optimal control problems. In the early years of optimal 
control (c. 1950s to 1980s) the favored approach for 
solving optimal control problems was that of indirect 
methods. In an indirect method, the calculus of 
variations is employed to obtain the first-order optimality 
conditions. These conditions result in a two-point (or, in 
the case of a complex problem, a multi-point) boundary-
value problem. 

The approach that has risen to prominence in numerical 
optimal control since the 1980s is that of so-called direct 
methods. In a direct method, the state or the control, 
or both, are approximated using an appropriate function 
approximation (e.g., polynomial approximation or 
piecewise constant parameterization). Simultaneously, 
the cost functional is approximated as a cost function. 
Then, the coefficients of the function approximations 
are treated as optimization variables and the problem 
is “transcribed” to a nonlinear optimization problem as 
shown in Fig. 6. 

Fig. 6: System architectures contribute to sustainability
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A. Operational Transconductance Amplifier
OTA is a fundamental component in the majority of 
analog circuits with linear input-output characteristics. 
It is essentially identical to conventional operational 
amplifiers in which differential inputs are present. The 
primary distinction between OTA and traditional OPAMP is 
that the output of OTA is in the form of current, while the 
output of conventional OPAMP is in the form of voltage. 
The comparator has two special properties.

• Input Swing
• Output Swing

Our target is a small change of ∆VGS as if we get a sharp 
digital output in the comparator. We know, Inverter has 
a very high gain. We make the OTA stage by connecting 
a differential amplifier with an Inverter. All the MOSFETs 

of the MOSFETs was increased to four times of the nominal 
length which has provided the design with a better Noise 
Figure, PSRR, Gain, and CMRR performance.

relAted work

Over decades, the design of a comparator has been 
implemented. With the use of various process technology, 
several researchers have produced a variety of acceptable 
comparator structures for a variety of applications.

Developed a three-stage voltage comparator 
concentrated on improving comparator sensitivity and 
total gain in this design. B. Prathibha et al.[2] suggested a 
three-stage CMOS comparator with a high-speed operation 
to gain a lower static & dynamic power dissipation and a 
smaller offset voltage. Satyabrata et al.[3] compare the 
traditional comparator to the latched and hysteresis-
based comparator. Zbigniew[4] presented the design of 
a comparator for a high-linearity flash ADC, which was 
realized in a 22nm FDSOI process with a 0.8V supply. The 
architecture of a pipelined ADC mismatch insensitive 
dynamic comparator.[5] High-resolution comparators have 
also been designed utilizing offset measurement and 
a cancellation technique involving dynamic latches.[6]  
Consequently, it was suggested to build a dynamic 
comparator with high accuracy and low offset.

This paper focused on the highly linear, low offset 
voltage, high resolution, and low power performance of the 
Comparator. The comparator design given in this paper is 
designed that can be used with flash ADC.

ArchItecture of compArAtor

The comparator circuit is the essential element of every 
ADC. The total performance of the ADC is determined by 
the properties and performance of the comparator. Fig. 
1 depicts the block diagram of the proposed comparator. 
This topology comprises two blocks in it.

• OTA Stage
• Output Stage

Up to the OTA, the stage amplification of analog input 
is performed. Then the buffer stage further amplifies to 
give a level as well as strengthen the OTA OUTPUT signal 
for load driving. After the output buffer stage, a digital 
signal is created on the output side. Fig. 2 depicts the 
schematic of the entire idea.

Fig. 1: Block diagram of the suggested Comparator
Fig. 3: Differential Pair, OTA Stage, and Current Mirror 

for The Comparator

Fig. 2: Schematic of the 45nm CMOS-based 
Comparator
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The Linear Quadratic Regulator (LQR) is a full state 
feedback optimal control law, u=−Kx, that minimizes a 
quadratic cost function to regulate the control system. 
The Model Predictive Control (MPC) is used to minimize a 
cost function in multi-input multi-output (MIMO) systems 
that are subject to input and output constraints. This 
optimal control technique uses a system model to predict 
future plant outputs. Using the predicted plant outputs, 
the controller solves an online optimization problem, 
namely a quadratic program, to determine the optimal 
adjustments to a manipulable variable that drives the 
predicted output to the reference. Reinforcement 
learning is a machine learning technique in which 
a computer agent learns optimal behavior through 
repeated trial-and-error interactions with a dynamic 
environment. The agent uses observations from the 
environment to execute a series of actions, with the aim 
of maximizing the agent’s cumulative reward metric for 
the task. This learning occurs without human intervention 
and without explicit programming. Extremum seeking is 
an optimal control technique that automatically adapts 
control system parameters to maximize an objective 
function using model-free real-time optimization. This 
method does not require a system model and can be 
used for systems where parameters and disturbances 
slowly change over time.[18-21] 

Applications of Control Systems

A. Industrial Automation

Control systems are essential for industrial automation, 
enabling efficient and reliable operations across various 
manufacturing processes. They facilitate seamless 
integration between devices on the plant floor and 
enterprise systems, allowing for data collection, 
analysis, and optimization. Industrial control systems 
encompass control systems, motor control systems, and 
smart devices that work together to create efficient 
automation solutions tailored to specific needs. These 
systems play a crucial role in bridging the gap between 
machinery-level systems and enterprise systems, 
improving decision-making and enabling real-time 
monitoring and control. They offer scalable, future-proof 
solutions built on contemporary technologies, delivering 
secure and reliable infrastructures for impactful results. 

Industrial control systems are vital for ensuring the 
security and availability of critical infrastructure, such 
as chemical plants, power generators, and vital supply 
facilities. By applying sustainable methodologies, these 
systems enable secure and efficient operation while 
facilitating communication with corporate networks 
or cloud platforms without compromising operational 
technology. 

B. Aerospace and Defense

Control systems are indispensable in the aerospace and 
defense industries, where they are subject to stringent 
requirements for robustness, reliability, and precision. 
They are employed in various applications, including:

1. Flight Control Systems: Control systems 
stabilize and control aircraft motion in different 
flight conditions, maintaining stability, adjusting 
attitude (pitch, roll, and yaw), and enabling 
smooth maneuvers. 

2. Autopilot Systems: Autopilot systems use 
control algorithms to automatically control 
aircraft trajectory, altitude, speed, and heading, 
reducing pilot workload and enhancing flight 
safety and efficiency. 

3. Guidance Systems: Control systems in guidance 
systems navigate aircraft along predefined paths, 
ensuring accurate trajectory and position during 
takeoff, landing, and cruise. 

4. Thrust Vector Control: In rocket propulsion 
systems, control systems adjust the direction 
of thrust by varying the orientation of engine 
nozzles, enabling maneuvering and stabilization 
of spacecraft in space. 

5. Attitude Control Systems: These systems 
control the orientation of spacecraft in space 
by adjusting their angular position relative to a 
reference frame, essential for pointing satellites, 
telescopes, and other space instruments. 

6. Stability Augmentation Systems: These 
systems improve aircraft stability and handling 
characteristics by providing automatic 
corrections to counteract disturbances and 
enhance flight safety. 

7. Fly-by-Wire Systems: Modern aircraft employ 
fly-by-wire systems that use control algorithms 
to interpret pilot inputs and control aircraft 
actuators, improving performance, efficiency, 
and safety. 

8. Fault Tolerant Control: Aerospace systems often 
incorporate fault-tolerant control strategies 
to detect and mitigate system failures or 
malfunctions, ensuring safe operation even in 
the presence of faults. 

9. Aerodynamic Control: Control systems adjust 
control surfaces like ailerons, elevators, and 
rudders to control aircraft motion and stability 
by manipulating aerodynamic forces. 

Control systems in the aerospace industry are designed 
to accommodate increasing demands for precision and 
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IntroductIon 
A comparator is a device that compares between two input 
signals, basically an input analog signal with a reference signal, 
and gives outputs in terms of a digital signal based on the result 
of the comparison. Comparators are widely used in various 
circuits, especially A/D converters (ADC). An ADC application 
is one that requires a quicker operating speed and reduced 
power consumption. They also aim for a reduced noise level and 
a lower offset voltage. The comparator is crucial in obtaining 
greater operating speeds and lower power consumption. The 
comparator we suggest is made using CMOS technology, which 
has strong noise immunity and low static power consumption. 
This article details the design of a comparator for use in a 
4-BIT FLASH ADC with a sampling rate of 4.2 GHz. In such a 
circumstance, the device’s accuracy should be no less than 
1/2 LSB. When the reference voltage and supply voltage are 
identical, the LSB value of an N-bit ADC is provided by the 
following formula:
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The desired comparator resolution is 112.5 mV for a 
4-BIT converter with a 1.8V supply voltage. In this work, 
we examine the design and operation of a current-based, 
low-power comparator. In order to gain more precision 
and minimize, a competent offset cancellation method has 
been implemented. In this comparator, super low threshold 
MOSFETs are used. In general, in a conventional MOSFET 
structure, the gate capacitance tends to show a higher 
value. For this reason, the threshold of the MOSFETs tends 
to be higher. One of the techniques to obtain a super low 
threshold of MOSFETs is to fabricate the MOSFETs with 
lower gate capacitance. As the gate capacitance is lower 
in these types of MOSFETs, the threshold voltage will 
reduce a lot which will give a better headroom for design, 
to have a great ICMR range, low power consumption, and 
large obtainable gain while keeping all the MOSFETs in 
saturation. SLVT MOSFETs allow doing that. Also, the length 
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efficiency, adapting to the constant innovation and 
sophistication of machinery. They reduce the risk of 
human error by accurately lifting and positioning aircraft 
components, enabling safer products to be ready for use 
faster while maintaining efficiency [22]-[24]. 

C. Automotive Industry

Control systems play a vital role in the automotive 
industry, enabling the production of safe and long-
lasting vehicles while ensuring compliance with stringent 
manufacturing and safety standards. They are employed 
in various aspects of automotive manufacturing and 
operation, including:

1. Production and Manufacturing: Instrument 
technicians closely monitor the production 
of critical automotive components using 
advanced control systems, ensuring adherence 
to high manufacturing and safety standards. 
Collaborative robots, robotic arms, the Internet 
of Things (IoT), and Artificial Intelligence (AI) 
are utilized to produce components like chassis, 
axles, and powertrains with greater precision 
and speed than skilled workers. 

2. Quality Control: Factories employ machine 
vision (MV) and computer vision technologies to 
inspect production, control processes, and guide 
robots using imaging techniques. These systems 
analyze images of component surfaces, enabling 
cost savings, competitive pricing, and improved 
market competitiveness. 

3. Autonomous Vehicles: Artificial intelligence 
(AI) is used to create and store maps of a car’s 
surroundings using smart sensors, lasers, sonar, 
and radar. The AI then processes this information 
to control the car’s movements, enabling the 
development and testing of autonomous driving 
technologies. 

4. Instrumentation and Control: Instrument 
technicians are qualified to assist with designing, 
maintaining, and operating instrumentation 
controls to ensure the production of safe and 
long-lasting vehicles. They work closely with 
automotive engineers and plant operators to 
troubleshoot, repair, replace, modify, and update 
devices and equipment, overseeing metering, 
sensing, and controlling of physical quantities 
like pressure, temperature, flow rate, inputs, 
and outputs. 

Control systems in the automotive industry facilitate the 
integration of advanced technologies, such as robotics, 
AI, and IoT, enabling more efficient, precise, and safer 

production processes while driving innovation in areas 
like autonomous vehicles.

D. Renewable Energy Systems

Control systems play a crucial role in the efficient and 
reliable operation of renewable energy sources, including 
solar, wind, hydro, and biomass power systems. They are 
employed in various aspects of these systems, such as:

1. Solar Power Systems: To maximize the output 
of photovoltaic (PV) panels, control systems are 
used to adjust their orientation, temperature, 
and shading. Sensors, actuators, and controllers 
regulate the tilt, azimuth, temperature, and 
bypass diodes of the panels according to the sun’s 
position, weather conditions, and to prevent hot 
spots, improving efficiency and lifespan. 

2. Wind Power Systems: Control systems optimize 
the performance of wind turbines by regulating 
their speed, pitch, yaw, and torque. Sensors, 
actuators, and controllers adjust the rotational 
speed, blade angle, and electrical power and 
frequency of the turbines based on wind speed 
and direction, enhancing power quality and 
stability. 

3.	Hydro Power Systems: Control systems manage 
the output of hydro power systems by controlling 
flow rate, pressure, and water level. Sensors, 
valves, and controllers adjust water flow and 
pressure in pipes and reservoirs according to 
electricity demand and supply, while pumps 
and turbines control water level and storage 
capacity, increasing flexibility and reliability. 

4. Biomass Power Systems: To ensure quality 
and safety in biomass power systems, control 
systems regulate temperature, moisture, and 
emissions. Sensors, fans, and controllers monitor 
and control the temperature, moisture of the 
biomass fuel, and the combustion process, while 
filters and scrubbers control emissions and 
pollutants, reducing environmental impact and 
fire risk. 

5.Grid Integration: Control systems are used to 
govern the charge and discharge cycles of energy 
storage devices, enabling the integration of 
intermittent renewable generation into the power 
grid. Active Network Management systems take 
frequent measurements of electrical variables 
to control flexible demand and renewable 
generation, preventing overloads, stabilizing 
voltages, and avoiding outages. Demand response 
schemes enable energy customers to adjust their 
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A. Operational Transconductance Amplifier
OTA is a fundamental component in the majority of 
analog circuits with linear input-output characteristics. 
It is essentially identical to conventional operational 
amplifiers in which differential inputs are present. The 
primary distinction between OTA and traditional OPAMP is 
that the output of OTA is in the form of current, while the 
output of conventional OPAMP is in the form of voltage. 
The comparator has two special properties.

• Input Swing
• Output Swing

Our target is a small change of ∆VGS as if we get a sharp 
digital output in the comparator. We know, Inverter has 
a very high gain. We make the OTA stage by connecting 
a differential amplifier with an Inverter. All the MOSFETs 

of the MOSFETs was increased to four times of the nominal 
length which has provided the design with a better Noise 
Figure, PSRR, Gain, and CMRR performance.

relAted work

Over decades, the design of a comparator has been 
implemented. With the use of various process technology, 
several researchers have produced a variety of acceptable 
comparator structures for a variety of applications.

Developed a three-stage voltage comparator 
concentrated on improving comparator sensitivity and 
total gain in this design. B. Prathibha et al.[2] suggested a 
three-stage CMOS comparator with a high-speed operation 
to gain a lower static & dynamic power dissipation and a 
smaller offset voltage. Satyabrata et al.[3] compare the 
traditional comparator to the latched and hysteresis-
based comparator. Zbigniew[4] presented the design of 
a comparator for a high-linearity flash ADC, which was 
realized in a 22nm FDSOI process with a 0.8V supply. The 
architecture of a pipelined ADC mismatch insensitive 
dynamic comparator.[5] High-resolution comparators have 
also been designed utilizing offset measurement and 
a cancellation technique involving dynamic latches.[6]  
Consequently, it was suggested to build a dynamic 
comparator with high accuracy and low offset.

This paper focused on the highly linear, low offset 
voltage, high resolution, and low power performance of the 
Comparator. The comparator design given in this paper is 
designed that can be used with flash ADC.

ArchItecture of compArAtor

The comparator circuit is the essential element of every 
ADC. The total performance of the ADC is determined by 
the properties and performance of the comparator. Fig. 
1 depicts the block diagram of the proposed comparator. 
This topology comprises two blocks in it.

• OTA Stage
• Output Stage

Up to the OTA, the stage amplification of analog input 
is performed. Then the buffer stage further amplifies to 
give a level as well as strengthen the OTA OUTPUT signal 
for load driving. After the output buffer stage, a digital 
signal is created on the output side. Fig. 2 depicts the 
schematic of the entire idea.

Fig. 1: Block diagram of the suggested Comparator
Fig. 3: Differential Pair, OTA Stage, and Current Mirror 

for The Comparator

Fig. 2: Schematic of the 45nm CMOS-based 
Comparator
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electricity demand based on supply, maintaining 
the balance between supply and demand on the 
grid. 

By optimizing the performance and efficiency of renewable en-
ergy systems, control systems play a crucial role in supporting 
the transition towards sustainable and environmentally friendly 
energy sources.[23-26]

Challenges and Trends

A. Complexity and Integration

Control systems are becoming increasingly complex and 
interconnected, posing significant challenges in terms of 
integration and interoperability. As organizations strive 
to optimize their operations, they need to harmonize 
diverse hardware and software components, ensuring 
seamless communication and addressing compatibility 
issues. The complexity often arises from the need to 
integrate legacy systems with modern technologies, as 
well as the requirement to plan for scalability and future 
advancements as given in Fig. 7. 

Fig. 7: Reactive power variation

Navigating the intricacies of interconnected systems 
requires a comprehensive approach, encompassing both 
technological and operational aspects. Organizations 
must develop well-defined integration strategies, 
involving cross-functional teams to bridge the gap 
between IT and business units, ensuring that integration 
efforts align with overarching organizational goals. 
Integration platforms and middleware solutions can 
simplify the process by providing tools and frameworks 
for connecting systems and managing data flow, but 
choosing the right integration tools that align with 
specific needs and systems is crucial. 

Addressing the complexity of legacy system integration 
presents a formidable challenge. Legacy systems often 

rely on outdated technology and proprietary software, 
making them incompatible with newer, more efficient 
solutions. A carefully planned strategy that balances 
the need for modernization with preserving critical 
legacy data and functions is essential. Approaches like 
gradual migration, middleware solutions, and thorough 
documentation of legacy systems can aid in the 
integration process. 

B. Cybersecurity Considerations

The integration of diverse systems inherently brings 
forth concerns related to data security. The exchange of 
information between systems, especially when involving 
sensitive or confidential data, introduces vulnerabilities 
that can be exploited if not properly addressed. These 
data security concerns include unauthorized access, data 
breaches, and data manipulation. To mitigate these risks, 
organizations must adopt a proactive and comprehensive 
approach to safeguarding their integrated systems 
and the data they handle. Key considerations include 
implementing robust access control mechanisms, utilizing 
encryption protocols, deploying firewalls and intrusion 
detection systems, establishing continuous monitoring 
and auditing systems, developing and enforcing security 
policies and providing training to employees, and 
implementing patch management strategies. 

Industrial control systems (ICS) are particularly 
vulnerable to cyber threats, as they can have real-world 
effects ranging from annoyances to life-threatening and 
costly events. Threat actors may use targeted attacks 
to directly compromise organizations or non-targeted 
attacks to spread malicious software and breach 
systems. Ransomware, insider threats, and denial-of-
service (DoS) attacks are among the main cyber threats 
to ICS. Securing ICS involves isolating them from regular 
corporate functions, restricting access to authorized 
users, implementing multi-factor authentication and 
encryption, training employees on security processes, 
enabling logging and monitoring, using anti-virus 
software and firewalls, implementing unidirectional 
security gateways, regularly backing up systems and 
data, and updating and patching systems to address 
vulnerabilities. 

C. Machine Learning and AI Integration

The incorporation of Artificial Intelligence (AI) and 
Machine Learning (ML) into control systems shows great 
promise, but it also presents several challenges. The 
primary concerns are data privacy, security, and the 
ethical implications of automated decision-making. 
The opacity of some ML algorithms, particularly 
deep learning models, raises questions about the 
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This paper presents the design of a comparator with low power, low offset voltage, 
high resolution, and rapid speed. The designed comparator is built on 45 𝑛𝑛𝑛𝑛 flip CMOS 
technology and runs 4.2 𝐺𝐺 samples per second at nominal voltage. It is a custom-made 
comparator for a highly linear 4-bit Flash A/D Converter (ADC). The outlined design 
can operate on a nominal supply of 1.8 V. The comparator offset voltage was elevated 
because of this mismatch. To compensate for the offset voltage, we followed a decent 
approach to design the circuits. Therefore, the offset voltage is reduced to 250𝜇𝜇𝜇𝜇. 
The designed comparator has a unity gain bandwidth of 4.2 𝐺𝐺𝐺𝐺𝐺𝐺 and a gain of 72𝑑𝑑𝑑𝑑 at 
nominal PVT, which gives us a considerable measure of authority. The dynamic power 
consumption of the comparator is 48.7𝜇𝜇𝜇𝜇. The layout of this designed comparator has 
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IntroductIon 
A comparator is a device that compares between two input 
signals, basically an input analog signal with a reference signal, 
and gives outputs in terms of a digital signal based on the result 
of the comparison. Comparators are widely used in various 
circuits, especially A/D converters (ADC). An ADC application 
is one that requires a quicker operating speed and reduced 
power consumption. They also aim for a reduced noise level and 
a lower offset voltage. The comparator is crucial in obtaining 
greater operating speeds and lower power consumption. The 
comparator we suggest is made using CMOS technology, which 
has strong noise immunity and low static power consumption. 
This article details the design of a comparator for use in a 
4-BIT FLASH ADC with a sampling rate of 4.2 GHz. In such a 
circumstance, the device’s accuracy should be no less than 
1/2 LSB. When the reference voltage and supply voltage are 
identical, the LSB value of an N-bit ADC is provided by the 
following formula:
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 LSB= {VDD/ (2) ^N} (1)

The desired comparator resolution is 112.5 mV for a 
4-BIT converter with a 1.8V supply voltage. In this work, 
we examine the design and operation of a current-based, 
low-power comparator. In order to gain more precision 
and minimize, a competent offset cancellation method has 
been implemented. In this comparator, super low threshold 
MOSFETs are used. In general, in a conventional MOSFET 
structure, the gate capacitance tends to show a higher 
value. For this reason, the threshold of the MOSFETs tends 
to be higher. One of the techniques to obtain a super low 
threshold of MOSFETs is to fabricate the MOSFETs with 
lower gate capacitance. As the gate capacitance is lower 
in these types of MOSFETs, the threshold voltage will 
reduce a lot which will give a better headroom for design, 
to have a great ICMR range, low power consumption, and 
large obtainable gain while keeping all the MOSFETs in 
saturation. SLVT MOSFETs allow doing that. Also, the length 
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interpretability and accountability of decisions made 
by AI systems. Furthermore, the effectiveness of AI and 
ML models depends on the quality and relevance of the 
data they are trained on. Robust data governance and 
management strategies are necessary to continually 
address the challenge of maintaining data quality and 
ensuring the integrity and relevance of data. 

While AI and ML have the potential to revolutionize 
control systems, the journey ahead requires a delicate 
balance between harnessing their capabilities and 
navigating the challenges they pose to ethics, privacy, 
and security. A concerted effort from technologists, 
policymakers, and industry leaders is needed to foster 
innovation while ensuring transparency, accountability, 
and public trust. AI and ML are already being used in 
manufacturing for predictive maintenance, quality 
control, production optimization, and supply chain 
management, helping improve efficiency, reduce 
costs, and increase competitiveness. However, the 
integration of AI and ML in control systems requires 
addressing challenges related to data quality, algorithm 
interpretability, and ethical considerations. 

D. Internet of Things (IoT)

The Internet of Things (IoT) is transforming various 
industries, including access control systems. IoT access 
control systems use internet connectivity to enable 
communication between physical access components 
like doors, locks, and credentials, allowing for enhanced 
features and data exchange. IoT access control offers 
several advantages, such as wireless installations, 
reducing installation and maintenance costs, and 
enabling convenient digital credential management. 
However, the integration of IoT also introduces potential 
security risks, as IoT devices can become entry points for 
cyber threats if not properly secured. 

In industrial control systems, the adoption of IoT 
technologies is enabling remote monitoring, predictive 
maintenance, and real-time optimization of processes. 
However, the increased connectivity and data exchange 
also heighten the need for robust cybersecurity 
measures to protect against unauthorized access, data 
breaches, and potential system disruptions. As IoT 
continues to revolutionize various industries, including 
control systems, it is crucial to address the challenges 
of complexity, integration, and cybersecurity. Effective 
strategies for secure IoT implementation, data 
protection, and system resilience are essential for 
harnessing the benefits of IoT while mitigating potential 
risks.

Control Systems in Everyday Life

Control systems are ubiquitous in our daily lives, 
seamlessly integrated into various devices and systems 
that enhance our convenience, safety, and efficiency. 

A. Smart Home Automation

Smart home operating systems, such as Control4 
Smart Home OS 3, enable homeowners to control and 
automate various devices and systems within their 
homes. These systems integrate lighting, security, HVAC, 
and outdoor sprinkler systems, allowing for remote 
control, scheduling, and automation. Control4’s Smart 
Lighting system enables homeowners to control the 
entire house’s lighting with a single command, instantly 
start a playlist in every room, receive alerts for unlocked 
doors, and ensure that the lights are on when arriving 
home. The Chime video doorbell integrates with the 
Control4 system, allowing users to view and greet 
guests, control lights, and unlock doors, even when 
away from home. Control4 Connect provides remote 
access to cameras, door locks, lights, and voice control, 
enabling homeowners to monitor and control their 
homes remotely. 

Home automation systems connect various electronic 
devices to the home’s computer network, facilitating 
remote control from computers, smartphones, or tablets. 
Lighting systems can operate on timers, turning lights 
on or off at predetermined times, enhancing energy 
efficiency and security. Security systems offer varying 
levels of complexity, from simple door and window 
monitoring to advanced motion detection, cameras, 
and facial recognition. HVAC systems can be regulated 
to maintain desired temperatures in specific rooms or 
zones, responding to weather predictions and schedules. 
Automated outdoor sprinkler systems eliminate the need 
for manual watering and can adjust to weather changes, 
conserving water during rainfall. 

B. Transportation Systems

Control systems play a crucial role in transportation 
systems, enabling precise control and optimization of 
various components and processes. In the automotive 
industry, instrument technicians closely monitor the 
production of critical components using advanced 
control systems, ensuring adherence to manufacturing 
and safety standards. Machine vision and computer 
vision technologies are employed for quality control, 
inspecting production processes and guiding robots. 
Artificial intelligence (AI) is used to create and store 
maps for autonomous vehicles, processing sensor data to 
control the vehicle’s movements. 
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A. Operational Transconductance Amplifier
OTA is a fundamental component in the majority of 
analog circuits with linear input-output characteristics. 
It is essentially identical to conventional operational 
amplifiers in which differential inputs are present. The 
primary distinction between OTA and traditional OPAMP is 
that the output of OTA is in the form of current, while the 
output of conventional OPAMP is in the form of voltage. 
The comparator has two special properties.

• Input Swing
• Output Swing

Our target is a small change of ∆VGS as if we get a sharp 
digital output in the comparator. We know, Inverter has 
a very high gain. We make the OTA stage by connecting 
a differential amplifier with an Inverter. All the MOSFETs 

of the MOSFETs was increased to four times of the nominal 
length which has provided the design with a better Noise 
Figure, PSRR, Gain, and CMRR performance.

relAted work

Over decades, the design of a comparator has been 
implemented. With the use of various process technology, 
several researchers have produced a variety of acceptable 
comparator structures for a variety of applications.

Developed a three-stage voltage comparator 
concentrated on improving comparator sensitivity and 
total gain in this design. B. Prathibha et al.[2] suggested a 
three-stage CMOS comparator with a high-speed operation 
to gain a lower static & dynamic power dissipation and a 
smaller offset voltage. Satyabrata et al.[3] compare the 
traditional comparator to the latched and hysteresis-
based comparator. Zbigniew[4] presented the design of 
a comparator for a high-linearity flash ADC, which was 
realized in a 22nm FDSOI process with a 0.8V supply. The 
architecture of a pipelined ADC mismatch insensitive 
dynamic comparator.[5] High-resolution comparators have 
also been designed utilizing offset measurement and 
a cancellation technique involving dynamic latches.[6]  
Consequently, it was suggested to build a dynamic 
comparator with high accuracy and low offset.

This paper focused on the highly linear, low offset 
voltage, high resolution, and low power performance of the 
Comparator. The comparator design given in this paper is 
designed that can be used with flash ADC.

ArchItecture of compArAtor

The comparator circuit is the essential element of every 
ADC. The total performance of the ADC is determined by 
the properties and performance of the comparator. Fig. 
1 depicts the block diagram of the proposed comparator. 
This topology comprises two blocks in it.

• OTA Stage
• Output Stage

Up to the OTA, the stage amplification of analog input 
is performed. Then the buffer stage further amplifies to 
give a level as well as strengthen the OTA OUTPUT signal 
for load driving. After the output buffer stage, a digital 
signal is created on the output side. Fig. 2 depicts the 
schematic of the entire idea.

Fig. 1: Block diagram of the suggested Comparator
Fig. 3: Differential Pair, OTA Stage, and Current Mirror 

for The Comparator

Fig. 2: Schematic of the 45nm CMOS-based 
Comparator
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C. Medical Devices

In the healthcare industry, frequency control 
components are essential for ensuring precision, 
reliability, and accuracy in medical devices. Crystal 
oscillators and real-time clocks provide precise timing 
signals for synchronizing data acquisition, processing, 
and transmission within medical devices. Stable clock 
signals from oscillators and filters enable accurate 
sampling, conversion, and analysis of biological signals 
and imaging data. Surface acoustic wave (SAW) filters 
and duplexers help manage radio frequency (RF) signals 
in wireless medical devices, minimizing interference 
and optimizing signal transmission and reception. Low-
power frequency control solutions, such as temperature-
compensated crystal oscillators (TCXOs) and voltage-
controlled crystal oscillators (VCXOs), help extend the 
battery life of portable and implantable medical devices. 

Frequency control components used in medical devices 
must meet stringent safety and quality standards to ensure 
patient safety and device reliability. Manufacturers rely 
on reputable suppliers to deliver components that meet 
regulatory requirements and performance standards. 
Medical device designers prioritize the use of high-quality 
components, such as precision oscillators and crystals, 
to guarantee the accuracy and reliability of frequency 
control. Redundancy and fail-safe mechanisms are often 
integrated into life-critical medical devices to mitigate 
risks associated with frequency control inaccuracies. 
Examples of medical devices that rely on precise 
frequency control include MRI machines, wearable heart 
rate monitors, and pacemakers. 

While the healthcare industry has made progress in 
medical device security, challenges remain, particularly 
with legacy technologies and vulnerable devices. Older 
devices, such as MRI and ultrasound machines, may not 
have been designed with internet connectivity in mind, 
making them susceptible to cyber threats. Continuous 
efforts are needed to address vulnerabilities, improve 
communication between manufacturers and providers, 
and implement security measures to protect medical 
devices and patient data. 

D. Consumer Electronics

Consumer Electronics Control (CEC) is a feature of HDMI 
that allows HDMI-connected devices to control and 
communicate with each other using a single remote 
controller. CEC enables various commands, such as 
One Touch Play, System Standby, Preset Transfer, One 
Touch Record, Timer Programming, System Information, 
Deck Control, Tuner Control, OSD Display, Device Menu 
Control, Routing Control, Remote Control Pass Through, 

and Device OSD Name Transfer. CEC allows for a limited 
amount of control between devices, reducing the number 
of remote controls needed for an audio-visual system. 
However, not all devices support CEC, and there are 
inconsistencies in functionality between manufacturers 
and devices. CEC can also cause problems in multi-
screen distribution systems, where conflicts may arise, 
such as turning off one screen affecting others. While 
CEC offers simple automation for small AV systems, it is 
essential to address potential issues and ensure proper 
configuration. 

Conclusion

The field of control system engineering encompasses 
a wide range of strategies and solutions to effectively 
regulate and optimize various processes and operations 
across industries. From industrial automation and 
transportation systems to medical devices and consumer 
electronics, control systems play a vital role in 
enhancing efficiency, safety, and performance. While 
the integration of advanced technologies like artificial 
intelligence, machine learning, and the Internet of 
Things presents exciting opportunities, it also introduces 
challenges related to complexity, cybersecurity, and 
ethical considerations that must be addressed. As 
control systems continue to evolve, collaboration 
between technologists, policymakers, and industry 
leaders will be crucial in fostering innovation while 
ensuring transparency, accountability, and public trust. 
By embracing robust data governance, implementing 
comprehensive security measures, and maintaining 
a delicate balance between harnessing technological 
capabilities and navigating ethical implications, the 
potential of control systems can be fully realized, driving 
progress across various domains and improving our daily 
lives.
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This paper presents the design of a comparator with low power, low offset voltage, 
high resolution, and rapid speed. The designed comparator is built on 45 𝑛𝑛𝑛𝑛 flip CMOS 
technology and runs 4.2 𝐺𝐺 samples per second at nominal voltage. It is a custom-made 
comparator for a highly linear 4-bit Flash A/D Converter (ADC). The outlined design 
can operate on a nominal supply of 1.8 V. The comparator offset voltage was elevated 
because of this mismatch. To compensate for the offset voltage, we followed a decent 
approach to design the circuits. Therefore, the offset voltage is reduced to 250𝜇𝜇𝜇𝜇. 
The designed comparator has a unity gain bandwidth of 4.2 𝐺𝐺𝐺𝐺𝐺𝐺 and a gain of 72𝑑𝑑𝑑𝑑 at 
nominal PVT, which gives us a considerable measure of authority. The dynamic power 
consumption of the comparator is 48.7𝜇𝜇𝜇𝜇. The layout of this designed comparator has 
been implemented, and the area of the comparator is 12.3 𝜇𝜇𝑛𝑛 × 15.75 𝜇𝜇𝑛𝑛. The re-
sults of pre-and post-layout simulations in various process, voltage, and temperature 
corners are shown.
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IntroductIon 
A comparator is a device that compares between two input 
signals, basically an input analog signal with a reference signal, 
and gives outputs in terms of a digital signal based on the result 
of the comparison. Comparators are widely used in various 
circuits, especially A/D converters (ADC). An ADC application 
is one that requires a quicker operating speed and reduced 
power consumption. They also aim for a reduced noise level and 
a lower offset voltage. The comparator is crucial in obtaining 
greater operating speeds and lower power consumption. The 
comparator we suggest is made using CMOS technology, which 
has strong noise immunity and low static power consumption. 
This article details the design of a comparator for use in a 
4-BIT FLASH ADC with a sampling rate of 4.2 GHz. In such a 
circumstance, the device’s accuracy should be no less than 
1/2 LSB. When the reference voltage and supply voltage are 
identical, the LSB value of an N-bit ADC is provided by the 
following formula:
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 LSB= {VDD/ (2) ^N} (1)

The desired comparator resolution is 112.5 mV for a 
4-BIT converter with a 1.8V supply voltage. In this work, 
we examine the design and operation of a current-based, 
low-power comparator. In order to gain more precision 
and minimize, a competent offset cancellation method has 
been implemented. In this comparator, super low threshold 
MOSFETs are used. In general, in a conventional MOSFET 
structure, the gate capacitance tends to show a higher 
value. For this reason, the threshold of the MOSFETs tends 
to be higher. One of the techniques to obtain a super low 
threshold of MOSFETs is to fabricate the MOSFETs with 
lower gate capacitance. As the gate capacitance is lower 
in these types of MOSFETs, the threshold voltage will 
reduce a lot which will give a better headroom for design, 
to have a great ICMR range, low power consumption, and 
large obtainable gain while keeping all the MOSFETs in 
saturation. SLVT MOSFETs allow doing that. Also, the length 
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