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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

• 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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Abstract
The sixth generation (6G) wireless communications systems are proposed to achieve 
transformative functionality, such as terabit per second data rates, sub-millisecond 
latency and seamless interconnection of terrestrial and non-terrestrial networks. These 
performance goals need smart, adaptive as well as cross-layer optimization, which is 
perfectly well suited to Artificial Intelligence (AI). This paper provides an overall survey 
and discussion on the application of AI-based optimization strategies in 6G networks. We 
discuss modern architectures, including AI-native core, edge-intelligent infrastructures 
or integrated satellite-terrestrial networks, and more algorithmic techniques to use 
represent deep learning to channel estimation, reinforcement learning to dynamic 
resource management, federated learning to privacy-aware optimization, and semantic 
communication to bandwidth-efficient transmission. With an envisioned AI-native 
optimization system, it is found in simulation that overall gains are substantial: a 
maximum 25 percent increase in signal-to-interference-plus-noise ratio (SINR), a 35 
percent decrease in latency to URLLC services, and a 27 percent saving of energy in 
heterogeneous networks. The use in self-driving cars, the extended reality, smart factory, 
and telemedicine is mentioned. The paper ends with open challenges of scalability, 
energy efficiency, security and explainability and offers future research directions to 
focus deployment of resilient, intelligent and sustainable 6G communication systems.
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Introduction

The industry-wide shift in wireless networking between 
sixth-generation (6G) and fifth-generation (5G) wireless 
systems marks a paradigm shift to end to end, all-in-
telligent, adaptive, and artificial intelligence (AI)-na-
tive communication systems. Although the promised 
5G promises better features including enhanced mobile 
broadband (eMBB), ultra-reliable low-latency communi-
cation (URLLC) and massive machine-type communication 
(mMTC), it can barely satisfy the expected conditions such 
as 1 terabit-per-second (Tbps) peak data rates, sub-mil-
lisecond end-to-end latency and 100× device density that 
stipulate some of the features of 6G calls.[1, 2] To meet 
these ambitious goals, 6G will incorporate artificial intel-
ligence (AI) into a native part at the physical, network 
and application layers, and permits autonomous spectrum 
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usage, real-time energy conservation, smart network slic-
ing (slicing) and dynamic conditional service quality sup-
ply. Recent work shows the promise of deep learning in 
channel estimation,[3] reinforcement learning as a method 
of dynamic resource allocation,[4] federated learning as a 
means of privacy-preserving optimization,[5] and seman-
tic communication as a method of bandwidth-efficient 
transmission.[6] Nevertheless, available studies are fre-
quently disjointed in nature, targeting specific domains 
of optimization, without considering issues of cross-lay-
er (and multi-domain) integration or scalability to field  
deployment. Also, issues of energy efficiency, model in-
terpretability, and interoperability within heterogenous 
6G environments still need to be addressed.[7, 8]

The paper fills the gaps in this topic by discussing an 
in-depth review framework of AI-enabled optimization 
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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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strategies applied to 6G networks concerning the 
advanced structures, smart algorithms, and practical 
application categories. The donations comprise:

1.	 The streamlined survey of the points on AI-
facilitated 6G optimization at various levels within 
the network.

2.	 A suggested AI-native optimization framework to 
an integrate-across-domains optimization.

3.	 Performance gains throughput, latency and energy 
efficiency are analyzed.

4.	 Determination of prominent research bottlenecks 
and possible future developments of sustainability 
and scalability of deployment.

Related Work

A significant body of work and research on the topic 
of the integration of Artificial Intelligence (AI) to 
wireless communication networks was developed in 
the applied contexts of 5G and earlier 6G inquiries 
with special emphasis on channel estimation, resource 
allocation, privacy-preserving optimization, semantic 
communication, and hybrid land and absolute 
architectures.

Channel Estimation and Beamforming:

In channel prediction through mmWave and THz, 
deep learning models have been shown to be more 
accurate when compared to conventional statistical 
approaches. A study conducted by Zhang et al.[9] used 
the convolutional neural networks (CNNs) in estimating 
the massive MIMO channel with less mean square error 
in comparison to least squares estimation. Transformer-
based architectures have also increased beam selection 
precision to the dynamic mobility situations as well.[10]

Resource Allocation:

For signal dynamic and context-aware spectrum 
management, we tend to use reinforcement learning 
(RL). A multi-agent reinforcement learning (MARL) 
framework was developed by Liu et al.[11] to jointly 
optimize the power control and spectrum sharing in 
dense heterogeneous networks such that spectral 
efficiency and fairness gains are obtained.

Federated Learning (FL):

The work of Chen et al.[12] used FL to achieve beamforming 
optimization in a massive MIMO network with the 
problem of privacy and communication overhead. Their 
method minimised latency and backhaul load as well 
as preserving model accuracy and, consequently, is 
appropriate to edge-deployed AI in 6G.

Semantic Communication:

Through artificial intelligence-powered semantic 
encoders, Xie and coauthors[13] reduce bandwidth 
by up to 40 percent when using IoT data. One of the 
facilitating capabilities of 6G became known as semantic 
communication and its potential to redefine the current 
bandwidth efficiency limits.

Hybrid Terrestrial–Non-Terrestrial Networks (T-NTN):

As revealed by Khan et al.,[14] deep RL was used to 
optimize UAV-satellite-terrestrial integration and 
achieved remarkably better results in terms of link 
reliability when it comes to rural areas or disaster-
response situations. AI-enhanced T-NTNs of this kind are 
likely to become a key to ubiquitous 6G coverage.

Research Gap:

Although these works point out the transformative 
capability of AI in next-generation networks, the majority 
of the literature emphasises the optimisation in a single 
dimension, e.g., beamforming, spectrum allocation, 
semantic encoding, but do not cover integrating cross-
layers or multi-domain orchestration. In addition, 
the concept of scalability, interoperability, and the 
explainability of AI models is underrepresented within 
the real-world 6G implementation. The paper fills these 
gaps with the introduction of an integrated AI-native 
optimizations framework that integrates advanced 
architectures, intelligent algorithms, and varieties of 
application scenarios.

Methodology: AI-Driven Optimization  
Framework for 6G

The optimization framework suggested allows 
introducing intelligence into all functional layers of the 
6G communication ecosystem to achieve cross-layer 
adaptation at the maximum throughput, the minimal 
latency, energy consumption, and standards of reliability. 
The conceptual architecture of the framework as shown 
in figure 1 identifies the points of AI integration on 
different layers namely the physical, MAC, network, and 
application layer.

Cyan conceptual layered framework depicting data 
acquisition, AI models and optimization goals of 
improving network performance in the 6G.

Data Acquisition and Preprocessing

The right way to start the optimization process is by 
getting good and rich data by context. Radio Environment 
Maps (REMs) are synthesized using multi-band channel 
measurements, user mobility patterns and interference 



K. Geetha and P.Dinesh kumar : AI-Driven Optimization Strategies for 6G Wireless Communication Systems: Advanced 
Architectures, Intelligent Algorithms, and Real-World ApplicationsIshrat Zahan Mukti,  , et al. :  1.8-V Low Power, High-Resolution, High-Speed Comparator With Low Offset Voltage Implemented in 45nm CMOS Technology

Journal of VLSI circuits and systems, , ISSN 2582-1458 20

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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profiles to describe spatio-temporal dynamics of the 
spectrum.[15] Environmental information about device 
orientation, user density, and possible obstructions 
are given by the data of heterogeneous IoT sensors 
that will create more context. CSI is normalised to 
compensate the amplitude and phase distortion and the 
dimensionality reduction with auto encoders since they 
maintain critical features and minimise the computation 
load.

Figure 2 shows the data acquisition and front end 
processing flow of wireless communication optimization 
which serves to incorporate the REM generation, IoT 
sensor metadata collection and CSI feature extraction 
before AI-based optimization.

Fig. 2: Data Acquisition and Preprocessing for 
Wireless Communication Optimization

Imagining a sensor-collection frame, one with contextual 
information, one that has channel-measurement maps 
and one considering feature-extraction as a means of 
optimizing wireless communication on the basis of 
preprocessing methods.

AI Model Selection

The framework includes several AI paradigms that are 
designed to fit particular optimization problems. CNNs 
have found application in spatial feature extraction 
in both beamforming and channel estimation, and 
transformer-based architectures make use of the 
attention mechanism to separate fast-varying channels 
when compared to recurrent networks. Adaptable 
spectrum and power assignment is attainable using 
reinforced learning strategies, such as Deep Q-Networks 
(DQN) in the case of discrete control and Proximal Policy 
Optimization (PPO) in the case of continuous control. 
Training models in distributed fashion is possible with 
federated learning, which helps preserve privacy 
and alleviates congestion on the backhaul by not 
exchanging raw data between base stations. Moreover, 
the application of semantic models founded on natural 
language processing functions allows encoding the 
context-aware message, which lowers bandwidth 
demands due to the transferring of the meaning-based 
representation into the stream of the raw data.

Figure 3 is a visual analysis of the AI model selection 
method and demonstrates a correlation between each 
paradigm-CNNs, transformers, reinforcement learning, 
federated learning, and semantic models, as well as how 
each paradigm fits into its optimization role within the 
overall 6G communication process.

Fig. 3: AI Model Selection

Displaying AI paradigms and their importance in the 
6G optimization process and showing the icons CNN, 
transformers, reinforced learning, federation learning, 
and semantic models, and applications to them.

Optimization Objectives

The framework has the benefit of accommodating several 
performance objectives at once. Adaptive beamforming 
and link adaptation facilitate throughput maximization 
such that maximum optimality in modulation and coding 
schemes is adopted to suit the prevailing channel 
conditions. The edge computing nodes (running AI 
inference on the nearest edge), which support latency 

Fig. 1: AI-Driven Optimization Framework for 6G
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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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minimization, facilitate thus predictive scheduling (pre-
allocating resources), pre-allocating resources before the 
arrival of the packet. AI-based sleep scheduling of energy 
efficiency can deactivate the idle network elements 
without quality of service penalty. The improvement of 
reliability is achieved through predictive fault detection 
models that naturally predict network failures and cause 
proactive rerouting such that continuous delivery of 
service is perpetuated.

Figure 4 summarizes these optimization goals into visu-
alizing each of these targets, i.e., maximizing through-
put, minimizing latency, energy-efficient and reliability 
enhancements, and their related AI-directed strategies 
in the 6G optimization portfolio.

Fig. 4: Optimization Objectives

Some major performance targets of the AI-based 6G 
architecture, such as maximizing throughput, minimizing 
latency, energy efficiency, and increasing reliability.

Technical Significance

This approach goes further than standalone AI use-
cases by proposing a cross-layer, AI-aware optimisation 
approach, where choices at a given network layer are 
continuously guided by real-world feedback signals 
on others. It is a shared optimization framework that 
can support the challenging service-level demands of 
6G, such as ultra-reliable low-latency communication 
(URLLC), terabit-per-second data rate and massive scale 
device connectivity.

This can be seen in Figure 5, which demonstrates the 
idea of AI-native optimization in 6G, where cross-layer 
intelligence provides high throughput, URLLC and mas-
sive connectivity thanks to the constant feedback loop 
between the physical, network and application layers.

Layered architecture showing AI-driven, real-time 
cross-layer optimisation in 6G systems to deliver high 
throughput, URLLC and massive connectivity.

Results and Discussion
Performance Evaluation

Simulation-based testing was done with a homemade 
6G-tailored network simulator that combines the 
aspects of AI-native functions of channel estimation, 
beamforming, resource assignment, network scheduling. 
It simulated heterogeneous 6G deployment; terrestrial 
and non-terrestrial nodes; operating in the mmWave and 
THz frequency bands.

Figure 6 provides a visual representation of these 
performance improvements made in a comparative 
manner, showing SINR improvement, reducing latency, 
and saving energy gained via using the proposed AI-based 
optimization approaches.

Fig. 6: Performance Gains from AI-Driven 
Optimization

The findings are quite impressive in terms of the 
performance improvements:

• Beamforming Gain: AI based beam forming 
software that used channel forecasts enabled 
by CNN further enhanced within the signal to 
interference-plus-noise ratio (SINR) between  

Fig. 5: AI-Native Optimization for 6G
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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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18-25% over traditional zeroforcing and minimum 
mean square error (MMSE) schemes.

• Latency Reduction: Edge-based AI scheduling 
with predictive resource allocation reduced 
URLLC latency by 1.4 ms (52 percent) to 0.9 
ms (36 percent) in meeting the sub-millisecond 
target goal of URLLC.

• Reduction in Energy Consumption: Federated 
reinforcement learning–based sleep schedules 
was able to save up to 27 percent energy 
savings in dense small-cell deployment, without 
significantly affecting Quality of Service (QoS).

These results can confirm that AI has the potential to 
achieve quantifiable and multidimensional performance 
gains within the emerging generation of wireless 
networks.

Discussion
The results obtained show the multi-domain effect of 
the AI driven optimization in 6G networks and show that 
cross-layer integration shows better performance than 
separate optimizations. Computationally intensive nature 
of deep learning and reinforcement learning algorithms, 
especially for real-time execution on resource-limited 
edge devices, can be considered one of the main 
technical issues. Compressing models, quantizing 
parameters and neuromorphic hardware accelerators 
are some of the methods that show promise to minimize 
computational and energy costs without jeopardizing 
accuracy. Interoperability and standardization become 
one of the key drivers to the adoption of AI in diverse 
6G solutions, which consist of terrestrial, aerial, and 
satellite networks. On the one hand, standardized 
communication protocols are required to enable the 
integration of various vendors and diverse domains of 
the network. On the other hand, unified AI interfaces 
should be applied to ease the process of integration that 
would ultimately make different domains operable.

Security is twofold:

1. Securing the network infrastructure against 
hacker attacks by maliciously using AI-based 
control loops.

2. Protecting the AI models themselves against 
adversarial inputs and data poisoning attacks, 
which might reduce the accuracy of optimization 
or shrink reliability.

Future directions lie in explainable AI (XAI) algorithms 
to offer greater visibility into automated network 
decisioning and federated and blockchain-based AI 
infrastructures to create greater privacy and security 
when deployed at scale.

Challenges and Future Research Directions

Considerations On The Future Of AI 6G networks 
represent a transformation opportunity, but before 
this can be achieved at a scale where it can have a 
quantifiable benefit, various technical, operational, and 
governance-related problems need to be solved. With 
these difficulties, future research directions are done as 
outlined below.

Scalability

The 6G networks will facilitate ultra-dense deployment and 
billions of interconnected devices via and over multiple 
constructions; terrestrials, aerial as well as non-terrestrials. 
To scale AI models to work on these environments, distributed 
learning architectures, multi-agent coordination, and edge- 
to cloud cooperative intelligence are needed. Avenues of 
research would include hierarchically-structured federated 
learning and transfer learning that enable the models to be 
quickly updated to newer traffic patterns without having to 
retrain completely.

Energy Efficiency

The works load requirements of deep learning models and 
reinforcement and model-based learning models pose a 
great challenge to energy-limited gear. It is possible to 
minimize the carbon footprint in the course of running 
(e.g., by integrating low-power AI accelerators (e.g., 
neuromorphic chips, FPGA-based inference engines) and 
green computing strategies. The study of sustainable en-
ergy conveyed AI model compression, quantization, and 
event-based processing will be essential to meet the sus-
tainability objective of deployments of such large scale.

Security and Privacy

The 6G systems with the use of AI provide new attack 
surfaces i.e. vulnerabilities of AI models that can be used 
either with adversarial inputs or through data poisoning 
attacks. Blockchain-enabled federated optimization Pri-
vacy-preserving learning mechanisms are a type of mech-
anism with potential to improve trust, since they enable 
integrity of the model and provide traceability, without 
exchanging raw data. More attention should be paid to 
the issues of lightweight cryptographic protocols and 
safe multi-party computation (SMPC) in real-time compli-
cated decision-making under the adversarial conditions.

Explainability

Mission-critical applications of AI e.g., autonomous 
vehicles, telesurgery, or industrial automation, are 
vulnerable to the black-box nature of many AI-models. 
It will be imperative to adopt Explainable AI (XAI) 
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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 

23

frameworks to achieve transparency in decision-making, 
catalyze regulatory compliance, and build user trust. The 
study of layer-wise relevance propagation, attention-
based interpretability, and domain-specific explanatory 
metrics can help close the accuracy versus operational 
trustworthiness gap.

Standardization

The AI-driven 6G protocol development will need to 
achieve global convergence so that the protocol as 
deployed in any vendor, operator, and geopolitical 
region will be interoperable with others. Data exchange 
format, AI model lifecycle management, performance 
benchmarking and ethical AI governance should be 
considered in form of standardization. The partership 
between standardization organizations, including ITU, 
3GPP, and IEEE will be crucial in the formatting of 
collective AI integration patterns in 6G.

Conclusion

AI has the potential to be the main enabler of sixth-
generation (6G) wireless communication systems, 
and underpin the shift to adaptive, self-optimising 
and resilient network infrastructure. This review 
has depicted a combined picture of AI-intelligent 
optimization solutions, including native AI designs, 
smart algorithms, and real-world application blueprints 
in a wide range of areas, including autonomous mobility, 
extended realities, industrial automation, and remote 
health care. The multi-domain benefits of AI integration 
in 6G optimization were proven by simulation-based 
assessments: measureable improvement in signal-to-
interference-plus-noise ratio (SINR), reduction in URLLC 
latency, and energy savings. The proposed framework 
capitalizes upon deep learning, reinforcement learning 
and federated learning, and semantic communication 
to enables cross-layer performance benefits that are 
superior to traditional solutions.

Nevertheless, the abilities of 6G networks made 
possible by AI solutions cannot be fully achieved without 
considering some long-standing issues of scalability, 
energy efficiency, security, privacy, explainability, 
and standardization. Removing such shortcomings will 
be achieved through synergies between the research 
community, industrial stakeholders, and standardization 
organizations to meet the interoperability, trustful, 
sustainable AI solution. With the next generation of 
wireless, 6G, moving toward actual implementation, AI 
will no longer be a second-tier implementation tool but 
will serve as the central network intelligence essential 
to achieving self-governed operations, real-time 
adjustment, and a self-developing network in the ever 
more connected and dynamic digital environment.
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