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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:
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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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Abstract

A dramatic leap in spectral efficiency is required to enable ultra-high data rates, exceptionally 
low latency, and immense device connection for the sixth generation (6G) wireless 
communication networks. The environment of 6G is far too dynamic for static scheduling 
methods to work given the rapid fluctuations in channel conditions and unpredictable 
user demands. This paper proposes using AI to create an adaptive modulation framework 
that identifies the most appropriate modulation scheme, given the real-time wireless 
conditions. We apply machine learning algorithms, intense reinforcement learning, to 
create a system that learns through the captured real-time monitoring of the channel state 
information (CSI), signal to noise ratio (SNR), user traffic volumes, and historical trends 
over time to make optimal modulation decision adjustments. The main contribution of this 
work lies in developing intelligent modulation control combined with advanced antenna 
systems like massive MIMO, intelligent reflecting surfaces (IRS), and beamforming. These 
antennas offer spatial diversity and improved signal quality which are fundamental to the 
functional performance of adaptive modulation systems. We perform realistic 6G channel 
model simulations and show that our AI-integrated method significantly improves spectral 
efficiency, bit error rates, and resistance to mobility and interference. This investigation 
highlights the feasibility of integrating Artificial Intelligence with advanced antenna 
systems to satisfy the requirements for future 6G networks. It provides a groundwork for 
smart, context-sensitive modulation techniques for modern wireless systems.
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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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Introduction
The projection for 6G networks includes supporting 
ultra-reliable, low-latency communication and 
extremely high data throughput to accommodate new 
autonomous systems, holographic media, and fully 
immersive virtual environments.[1] The efficiency with 
which data is transmitted over a given spectrum becomes 
more important than ever to meet the tremendous 
requirements imposed by the goals. Autonomous 
systems, virtual environments, and spectral efficiency 
pose new avenues for research and commercial 
competitiveness of nations. Achieving these goals 
“rushes” traditional and spectral considerations “to the 
next level,” entering novel domains of flexibility and 
multifaceted optimization. Moreover, highly dynamic 
6G environments, including rapidly varying channel 
conditions, user mobility, and inputs from dense device 
deployment, require far more than a static approach 
to modulation standard, fixed threshold parameters, 
dynamic knee values, SNR, and unpredictable network 
conditions.[2] All of those must be gracefully surmounted 
to achieve the goals. Overcoming the hurdles through 
adaptive modulation techniques is an emerging area of 
research. However, many traditional adaptive strategies 
depend on sufficient present levels, predetermined 
thresholds, and guard band signals rather than real-
time optimization for more intricate environments. 
It’s here where AI adaptive modulation appears to 
take the lead: With the benefit of wired pre-seto-
threshold fences, AI has no issue breaking known fences. 
Better still, deploying powerful external antennas like  
MIMO, beamforming, and increased IRS, to mention but 
a few is reshaping the wireless communication industry. 
These antenna systems improve the link quality with spatial 
multiplexing and signal concentrating, subsequently 
affecting adaptive modulation techniques’ performance 
and dependability. This study focuses on developing a 
unified framework that uses AI-based decision-making 
alongside smart antennas to optimize efficiency, 
facilitate adaptation to environmental changes, and 
fulfil the high demands of 6G communications systems.[3]

The Objective of the Research

• To Create an AI-based adaptive modulation 
framework capable of changing the modulation 
method in real-time according to the state of the 
wireless channel using machine learning, especially 
deep reinforcement learning.

• Combining modulation methods with modern antenna 
systems, such as massive MIMO and beamforming, 
will improve spectral efficiency and communication 
accuracy in mobile 6G network environments.

Literature Survey

Within current 5G networks, Quadrature Amplitude 
Modulation (QAM) and Phase Shift Keying (PSK) are some 
of the most commonly employed modulation methods.[4]  
Such schemes often use a set signal-to-noise ratio (SNR) 
delimiter and fixed channel parameters. These static 
approaches perform well in predictable conditions but 
do not accommodate swiftly changing channel attributes 
during high mobility or interference scenarios common 
in next-generation networks.[6] Due to static channel 
expectation algorithms, these approaches inefficiently 
use the available bandwidth, leading to high bit error 
rates. The need to overcome these challenges gave 
birth to Adaptive Modulation and Coding (AMC) where 
the modulation scheme and the coding rate can 
vary according to the honest time feedback on the 
channel.[12] By dynamically altering the modulation 
and coding schemes based on real-time feedback, 
AMC has considerably increased the throughput and 
reliability of links throughout the network. However, 
conventional AMC techniques depend on rules that 
rely on fixed threshold limits, leading to slow and 
inaccurate responses to dynamic changes. These 
techniques lack any predictive elements essential to 
the image of 6G networks, considering the advanced yet 
multidimensional context in which they must operate.[5] 
The evolving intricacies of wireless networks have given 
rise to the use of Artificial Intelligence (AI) and Machine 
Learning (ML) technologies as pivotal resources for 
communication system enhancement. Unlike traditional 
systems based on heuristics, AI/ML techniques can learn 
from data, adapt to novel scenarios, and take actions 
on the spot, capabilities crucial in next-generation 
wireless environments. In particular, machine learning 
techniques like reinforcement learning, deep neural 
networks, and support vector machines have been 
empirically applied to resource allocation, channel 
estimation, power control, and routing optimization. In 
terms of modulation optimization, AI makes it possible 
to intelligently select modulation using algorithmic 
predictions of channel dynamics and link quality and 
dynamically changing decisions.[16] Such models are 
expected to surpass conventional Adaptive Modulation 
and Coding (AMC) methods by improving spectral 
efficiency and reducing latency through learning and 
exploiting past observations in a continually changing 
environment. Moreover, AI techniques are increasingly 
effective in joint optimization with antenna systems 
whereby parameters such as beam direction, antenna 
gain, channel state information, and modulation 
decision can be co-optimized for enhanced end-to-end 
system performance.[8] However, the joint treatment of 
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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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modulation and antenna adaptation within the context 
of AI algorithms is often overlooked in current research, 
thus constituting an unfilled gap in comprehensive AI 
modulation based solutions.[14]

Technological progress concerning antennas greatly 
improves the capability, range, and accuracy of the 
new sixth-generation 6G mobile communication 
networks.[20] The base station is equipped with 
numerous antennas grouped into a single unit, which is 
referred to as a Massive Multiple-Input Multiple-Output 
(MIMO) system. Such systems enable high-reliability 
communication with numerous users at reliable data 
rates due to Spatial Multiplexing, Beamforming, and 
other advanced techniques.[18] This is extremely useful 
in urban areas and regions with high vehicular traffic as 
it increases data link stability and throughput. Another 
emerging antenna paradigm is the use of Reconfigurable 
Intelligent Surface (RIS) programmable electromagnetic 
modules that change phase shifts and reflection angles 
to control the environment for waves to propagate 
better. This advance enables many opportunities as 
the wireless channels can be manipulated instantly to 
enhance the strength of the incoming wireless signal 
and discard any electrical noise in the signal. RIS, 
along with other technologies, can use directional 
beamforming, which enables increasing the energy of 
a signal in a specific direction while suppressing it in 
others, thereby increasing the signal-to-noise ratio 
(SNR) and conserving energy. The quality of service 
and coverage in the presence of AI-controlled beam 
selection and steering is much better across diverse 
operational environments. No matter how sophisticated 
individual advancements are, implementing adaptive 
modulation methods is still in its early stages. 
Existing literature appears to have overlooked holistic 
system optimizations by treating antenna steering 
and modulation change as separate components of a 
singular system. This work attempts to fill that void by 
presenting an AI-based adaptive modulation technique 
that works in synergy with smart antennas on mobile 
devices for better spectral efficiency in 6G Networks.

Methodology

It is foreseen that the architecture of the 6G networks 
will build on the 5G networks, incorporating even more 
complex models and technologies to cater to the even 
more stringent requirements of ultra-reliable low latency 
communication (URLLC) and high bandwidth [13]. The 
dynamic base stations will be transformed into active 
hubs due to the incorporation of massive MIMO, smart 
antennas, and Reconfigurable Intelligent Surfaces (RIS), 

which can resourcefully alter beamforming patterns and 
obey channel conditions. These base stations will use edge 
computing, further worsening the latency and increasing 
processing power by moving computation closer to the 
user. In 6G, user terminals will support an extensive 
range of applications ranging from consumer devices to 
more critical infrastructure, advertise dual connectivity 
for reliability, and device-to-device communication for 
low-latency relay reduction.[9] Most importantly, energy 
efficiency will become the top goal since devices will 
be required to operate with low power protocols and 
energy harvesting autonomously, harnessing the power 
spent on energy.[10] 6G will suffer the most with highly 
variable channel conditions due to using high-frequency 
bands like mmWave and terahertz, which suffer 
severely from fading, interference, and attenuation. 
Solving these problems will involve advanced antenna 
configurations, such as smart antennas and massive 
MIMO, allowing beamforming, spatial multiplexing, 
and interference management.[7] Through the use of 
RIS technology, the performance of a network will be 
improved by manipulating electromagnetic waves to 
strengthen the signal even under challenging conditions. 
Together, these technologies will form a 6G network 
that is efficient, adaptable, scalable, and versatile while 
maintaining high data throughput, low latency, and 
energy consumption.

Fig. 1: 6G Communication System

Figure 1, illustrates the 6G communication system. An 
AI Engine integrated into a 6G network can improve the 
performance of communications systems by deep learning 
or reinforcement learning based on channel conditions.
[15] The model can adjust the modulation technique 
dynamically, whether it is QPSK, 16-QAM, 64-QAM, or even 
higher-order modulation techniques, based on elements 
such as Channel State Information (CSI) and Signal-to-
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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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Noise Ratio (SNR) as well as environmental inputs.[11]  
The AI model would be trained to understand how various 
network conditions impact modulation schemes to ensure 
optimum network efficiency. For example, the AI engine 
would probably use 64-QAM modulation for high SNR 
situations to improve throughput. Meanwhile, the engine 
would likely default to using more robust QPSK modulation 
in low SNR situations to ensure reliable communication.[19] 
The model, however, is not limited to these parameters 
as it could include environmental parameters such as 
clutter, mobility, and interference, therefore predicting 
the optimal scheme for throughput and error rate. The 
network’s performance and user experience can be 
enhanced overall as the AI engine learns from conditions 
and feedback over time, adapts to changing scenarios, 
and meets goals. With changing scenarios provided, this 
intelligent decision making is helpful when controlling 
complexity and heterogeneity in 6G networks.

Mobility, antenna types, and interference must be 
accounted for when implementing a realistic 6G channel 
model.[17]. User mobility, Doppler shifts, environmental 
interference, and advanced technologies such as massive 
MIMO, smart antennas, and Reconfigurable Intelligent 
Surfaces (RIS) should be modeled. Determining the 
success of AI-driven modulation control can be done by 
measuring spectral efficiency (bps/Hz) for bandwidth 
utilization assessment, bit error rate (BER) for 
reliability assessment, throughput for overall data rate 
evaluation, computational overhead for measurement 
of AI processing time, and convergence time of the AI 
algorithm to measure how swiftly the model adjusts 
to the environment. A thorough assessment of the AI 
engine utilizing network throughput, error reduction, 
and adaptive capability to changing environmental 
conditions can be conducted alongside the 6G network 
constraints of low latency, energy efficiency, and high 
throughput demands.

Results and Discussion

In 6G networks, the advantages of AI decision-making 
are clearly seen when contrasting its performance 
to AI-powered adaptive modulation control. This can 
be understood further compared to older modulation 
techniques, such as fixed modulation, which employs 
QPSK, 16-QAM, and 64-QAM.

Spectral Efficiency: Adaptive Modulation powered by 
AI adaptive approaches increases spectral efficiency 
compared to traditional techniques which is depicted in 
Figure 2. Fixed patterns like QPSK and even 16-QAM have 
a set range for SNR and other external conditions; they 
lack the ‘dynamically adjust’ feature. This is contrary to 

the AI engine, which factors in all conditions, including 
the channel’s CSI, SNR, and environmental factors, and 
chooses the ideal modulation scheme for each set. This 
is most helpful in using available bandwidth optimally, 
particularly in environments with changing channel 
conditions. For instance, AI’s ability to switch to higher-
order modulation schemes increases the data rate 
without sacrificing reliability. Thus, using traditional 
methods, AI-powered systems can surpass the efficiency 
of fixed modulation techniques.

Fig. 2: Spectral Efficiency Comparison

AI adaptive Bit Error Rate (BER): The implementation of AI 
adaptive modulation increases accuracy by automatically 
selecting relevant modulation classes contoured on 
channel changes. Fixed modulation schemes can lag for 
changing channels (with changing signal to noise ratio 
(SNR)) due to rigid structures, leading to higher error 
incidences. AI is capable of intermittently adjusting 
strategies, for example, to QPSK, which stably operates 
under FC and is below lower-order limitations at the 
same time. Conventional approaches would work with 
a higher-order modulation, which leads to more errors 
and lesser reliability. Lower SNR, traditionally coupled 
with higher order, would further increase errors while 
reliability decreases working against each other which is 
illustrated in Figure 3.

Fig. 3: BER vs SNR
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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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Throughput: As with other factors evaluating network 
performance, throughput is significant as an indicator 
of network performance displayed in Figure 4. The 
system achieves higher throughput than traditional 
schemes because of AI-powered adaptive modulation. 
The AI engine chooses the most suitable modulation 
scheme in real time, which ensures maximum capacity 
optimization under varying channel conditions.  
In contrast, fixed modulation schemes cannot adapt to 
changing environments, often resulting in suboptimal 
throughput. For instance, when channel conditions 
improve, AI adapts and implements higher-order 
modulation schemes resulting in increased throughput 
with relatively low error margins. This adaptability 
increases the efficient utilization of network resources 
and improves overall throughput.

Fig. 4: Throughput Over Time Under Varying 
Conditions

Computational Overhead: The additional processing 
burden known as computational overhead is common with 
AI-enabled systems. The simpler, traditional modulation 
schemes are less demanding regarding processing 
requirements. AI-powered systems, on the other hand, 
need extra resources for channel estimation, AI model 
invocation, and other decision-making processes, which 
increase overhead. Regardless, the additional burden in 
AI-driven systems is typically manageable, particularly 
with edge computing, low-latency AI frameworks, and el-
fog computing development. Enhanced throughput and 
lower error rates are highly advantageous, outperforming 
the computational costs. Further, enhanced AI models 
such as lightweight neural networks and reinforcement 
learning significantly improve such performance 
at nominal additional cost, thereby minimizing 
computational burden. In Figure 5, the comparison 
between complexity and spectral efficiency is displayed.

Convergence Time of AI Algorithm: In systems operating 
in real-time, the convergence time of the AI algorithm 

is of great importance. In Figure 6, the performance 
in high mobility scenarios is depicted. In adaptive 
modulation using AI, the algorithm must adapt within 
a very short time to changes in networks. Unlike 
traditional modulation schemes, which do not need 
plans and hence have low convergence time, AI-based 
systems require time to analyze the surroundings to 
determine the optimal modulation scheme. However, 
new achievements in applying reinforcement learning 
and deep learning techniques have significantly sped 
up the convergence time of AI models, enabling them 
to make decisions at the very last moment or nearly in 
real-time. This renders AI adaptive modulation useful in 
changing environments where the network conditions 
are volatile, like in high mobility scenarios or urban 
settings where interference varies constantly.

Fig. 6: Performance in High-Mobility Scenarios

Figure 7, illustrates the impact of antenna configuration 
on throughput. While traditional modulation schemes 
remain static, their AI-powered counterparts provide 
practical benefits through adaptive modulation. These 
benefits include improved spectral efficiency, reduced 
bit error rates, and enhanced throughput due to AI real-
time channel condition adjustments. Despite concerns 
regarding AI’s computational burden, the performance 

Fig. 5: Complexity vs Spectral Efficiency
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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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gains for data rate and reliability, particularly in 6G 
networks, are undeniable. The rapid advancement of AI 
algorithms ensures that these benefits will be obtainable 
in real time, even in volatile conditions.

Conclusion

This work outlines an adaptive modulation framework to 
optimize the efficacy of 6G networks through AI solutions. 
The proposed system uses deep learning or reinforcement 
learning approaches to automate the selection of modulation 
schemes such as QPSK, 16-QAM, or 64-QAM depending 
on real-time Channel State Information (CSI), Signal-to-
Noise Ratio (SNR), and other environmental conditions. 
Continuous adaptation of Intelligent modulation control 
mechanisms to network conditions results in optimized 
data throughput, minimized BER, and maximized spectral 
efficiency. The seamless commingling of intelligible 
modulation control with advanced antenna systems 
like massive MIMO, smart antennas, and Reconfigurable 
Intelligent Surfaces (RIS) showed seams of the framework 
focus. This enables real-time responsiveness from the AI’s 
decisions to automate and enhance beamforming, signal 
quality, and other metrics relevant to the modulation 
scheme set by the AI. Under high SNR or low interference 
conditions, the system uses lower-order robust schemes 
whilst, in more challenging situations, switching to 
higher-order schemes to maintain link dependability. 
Comparatively moderate computation cost increase proved 
no deterrent to optimization AI schemes yield against 
fixed modulation benchmarks on spectral efficiency, 
throughput, and BER. Due to the framework’s flexibility 
and intelligence, it can be considered a potential candidate 
for meeting the evolving requirements for next generation 
wireless systems. Future investigations may focus on using 
edge distributed AI techniques, federated learning for 
more autonomous decision-making, and the context of 
user activity prediction, thus adding more strength to the 
6G networks.
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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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