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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
The use of biomedical wearable sensors has become a disruptive technology that has 
found application in the healthcare sector that allows continuous real-time observation 
of physiological and biochemical responses in a non-invasive and user-friendly manner. 
The paper carries out a critical review of the recent developments of the area and 
examines it under the major axes: new materials for the development of new sensors, 
new signal processing methods, and practical healthcare applications. Due to a rapid 
advancement in materials science, there is the emergence of flexible, stretchable 
(flexible, stretchable), and biocompatible substrates of polydimethylsiloxane (PDMS), 
thermo plastic polyurethanes (TPUs), hydrogels, and nanomaterial-optimizing 
composites like graphene carbon nanotubes (CNTs) and MXenes. These materials provide 
better electrical aspects, mechanical compliance and conform-ability to skin, hence 
applicable on long term wearables. The latest developments in the signal processing 
domain are adaptive filtering, a wavelet transformation, deep learning-based models 
like convolutional neural networks (CNN) and long short-term memory (LSTM) networks, 
which allow noise to be reduced, feature extracted, and diseases to be classified in 
real-time sufficiently well. Additionally, wearable devices were being supported by 
privacy-preserving analytics through the dissolving of the edge computing and federated 
learning. Other various healthcare applications covered in the review are continuous 
ECG monitoring, glucose sensing, stress/ fatigue monitoring by EEG, multimodal system 
to manage and rehabilitate patients with chronic conditions. The trade-offs involved 
in terms of accuracy, power efficiency, cost of material and computational complexity 
are shown in comparative analyses. These advances aside, limitations are presented 
by long-term biocompatibility, energy independence and data security and clinical 
verification. Such future directions of smart healthcare systems identified within this 
paper are the development of biodegradable and self-healing sensors, integrating with 
digital twins and IoT ecosystems and using 6G-enabled communication to share data in 
real-time. Through the integration of recent literature and technological trends, the 
paper intends to become a foundational source of information regarding researchers, 
engineers, or medical practitioners dealing with the design and implementation of the 
next-generation wearable biomedical sensing systems.
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Introduction

Wearable biomedical sensors: The mergings of biomedical 
engineering, advanced materials science, and artificial 
intelligence (AI) have resulted in a new kind of devices, 
which are transforming the way health monitoring, 
management, and delivery are achieved. In the past, 
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physiological monitoring has been based on cumbersome, 
hospital-based devices that need specialized operators 
and provide at best only infrequently sampled data, 
making them less useful as an aid to early diagnosis, 
chronic disease management, and real-time decision-
making. The formative journey of wearable technology 
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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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promises a paradigm change in the aspect of continuous, 
real-time and individualized monitoring of health, 
which can lead to proactive and preventive models of 
healthcare.

Wearable biomedical sensors are small, portable, and in 
most cases bendy or stretchy gadgets which are made in 
order to be affixed on the body and may be used during 
a very long time without reducing comfort or the ability 
to move freely. They can record an extensive variety of 
physiological indicators, realistic however not limited 
to: electrocardiograms (ECG), electromyograms (EMG), 
electroencephalograms (EEG), physical temperature, 
breathing rate, glucose, perspiration substance, and 
physical activity. Such data can be continuously captured, 
transmitted, and used to do longitudinal analyses on 
health trends, detect anomalies early, and intervene 
with clinical actions at the right time. The technology 
is particularly important in dealing with chronic diseases 
like cardiovascular diseases, diabetes, neurological 
problems, critical care, remote patient monitoring, 
fitness, and rehabilitation.

The next-generation wearable sensors will consist of 
three key technologic foundations (i) newly developed 
biocompatible and mechano-adaptive materials 
that would facilitate a smooth attachment to the 
human body, (ii) new protocols associated with signal 
processing and low-power design that would promote 
the effective and robust measurement of the biosignals 
in real-time conditions, and (iii) the application of 
the machine learning and AI that would result in the 
effective interpretation of the data and associated 
decision making. Besides, the incorporation of wireless 
communication standards and cloud services has allowed 
creating smart health ecosystems, reducing healthcare 
accessibility, primarily in rural and underserved areas.

As good as the future looks, there still exists problems 
in obtaining long term wear ability, sensor stability, 
energy consumption, data security and regulatory 
issues. In addition, many laboratory prototypes fall into 
commercially viable, clinically validated devices. This 
therefore necessitates a timely need to critically study 
the on-going developments, define areas of performance 
unsatisfactory and reveal areas of future research.

In this paper, I will discuss recent breakthroughs in 
wearable biomedical sensors, covering three main 
dimensions: (1) innovation in materials and in design of 
flexible and stretchable sensors, (2) high-performance 
signal processing and AI-based analytics to enable 
reliable measurement and monitoring of the health 
status, and (3) applications in real-world care of chronic 
conditions and neurocognitive and rehabilitation.  

The overall objective is to offer a holistic view of the field 
that will update the researchers, engineers, clinicians, 
and industry stakeholders about the present state of arts 
and new trends that will probably define the future of 
wearable healthcare devices.

Literature Review

There have been modulated improvements in wearable 
biomedical sensors in the last decade, which are 
majorly attributed to the rising wants of continuous, 
real-time and non-invasive health monitoring. Advances 
in stretchable and flexible, low-power electronics 
and smart signal processing algorithms are presenting 
improvements in such devices.

Regarding material innovations, scientists have tested 
the designs of nanocomposites-based sensors capable of 
presenting high stretchability and sensitivity. Electrical 
strain tolerance Theability to survive strain reliably has 
been demonstrated in carbon nanotube (CNT)-filled 
nanopolar polymer conductors, allowing strain-strain 
integration in devices mounted on the skin without 
loss of signal fidelity.[1] The same way, two-dimensional 
materials such as graphene and[11] MXenes turned out to 
be promising candidates in high-performance sensing, 
having excellent electrical conductivity, compatibility 
with bioenvironments, and high mechanical flexibility.[2]

The epidermal involving thin silicone elastomers and 
nanomebrane electrodes sensor was proposed by Kim 
et al.[3, 12] This form allowed achieving high-resolution 
ECG monitoring in the ambulatory conditions, including 
during exercise. In another innovation, Yao et al.[4] 
prepared the non-invasive glucose sensor made of the 
enzyme-functionalized graphene electrodes working 
on sweat. Their system hit the mark in dynamic tests 
and brought to the fore the prospects of biochemical 
wearable diagnostics.

Signal processing is also a key factor towards credible 
health analytics. A modicum of noise suppression 
and feature extraction of the ECG, EEG and EMG sign 
Мул nevertheless this has provided abundant use to 
conventional practices like wavelet transform, principal 
component analysis (PCA), and adaptive filtering.[5]  
As artificial intelligence emerges,[13] deep learning 
networks like convolutional neural[14] networks (CNNs) 
and long short-term memory (LSTM) networks have 
achieved impressive rates of clinical success in real-time 
arrhythmia,[6] epileptic seize,[7] and emotional/cognitive 
stressful[8] states classification on wearable sensor-
collected data.



M.P. Bates and Sohag Chakma : Recent Advances in Wearable Biomedical Sensors: Materials, Signal Processing, and  
Healthcare Applications

Innovative Reviews in Engineering and Science| July-Dec 2026 19Journal of VLSI circuits and systems, , ISSN 2582-1458 

RESEARCH ARTICLE WWW.VLSIJOURNAL.COM

 1.8-V Low Power, High-Resolution, High-Speed 
Comparator With Low Offset Voltage 

Implemented in 45nm CMOS Technology

 Ishrat Z. Mukti1, Ebadur R. Khan2. Koushik K. Biswas3

1-3Dept. of EEE, Independent University, Bangladesh, Dhaka, Bangladesh

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 𝜇𝜇𝜇𝜇 × 15.75 𝜇𝜇𝜇𝜇. The re-
sults of pre-and post-layout simulations in various process, voltage, and temperature 
corners are shown.

Author’s e-mail: ishratzahanmukti16@gmail.com, ebad.eee.cuet@gmail.com, kou-
shikkumarbiswas13@gmail.com

How to cite this article:  Mukti IZ, Khan ER, Biswas KK. 1.8-V Low Power, High-Res-
olution, High-Speed Comparator With Low Offset Voltage Implemented in 
45nm CMOS Technology. Journal of VLSI Circuits and System Vol. 6, No. 1, 2024 (pp. 
19-24).

Journal of VLSI Circuits and Systems, ISSN: 2582-1458 Vol. 6, No. 1, 2024 (pp. 19-24) 

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 

109

Nevertheless, these developments bring some 
limitations, which continue to reduce the viability of 
using wearable systems at scale and in practice. Power 
autonomy, data security, edge computing latency, and[15]  
material biostability are the common challenges 
to most existing solutions. More recent research is 
working on incorporating energy harvesting functions, 
e.g. triboelectric nanogenerators (TENGs),[9] and 
biodegradable or self-healing materials to make them 
more sustainable and even aid recycling of the many 
related medical waste products. Moreover, federated 
learning is being considered in order to enable 
decentralized analytics with user privacy of data.

Methodology

The design of the study combines systematic literature 
research, a comparative study of new technologies, and 
architecture of a wearable biomedical sensor system. 
The process is organized as such stages:

Thematic Classification and Language Mining

A systematic procedure of literature mining was chosen to 
provide a uniform and sophisticated base of this review. 
Several academic databases, i.e. IEEE Xplore, PubMed, 
Scopus and ScienceDirect, have been used to obtain a 
multidisciplinary and multidimensional sample of peer-
reviewed articles of interest to wearable biomedical 
sensors. The search strategy was further narrowed 
with a mixture of the well chosen keywords, among 
which: flexible biosensors, wearable signal processing, 

biocompatible sensor materials, edge AI in wearables, 
real-time health monitoring and non-invasive biomedical 
diagnostics were selected.

The data selected was searched in the time frame 
between 2018 and 2025 so as to be able to account the 
latest technological innovation and latest state of art 
approaches. The articles were sieved through relevance, 
the number of citations, scientific strength, and quality 
of publication. Experimental research papers as well as 
high-impact review articles were used to facilitate a 
balanced view of conceptual developments and practical 
implementations.

After the filtering of articles on the topic, thematic 
classification was used to categorize the literature into 
four different yet interconnected areas:

Material Innovations: The finest examples available 
under this category involve works on the preparation and 
the optimization of elastic, stretchy and biocompatible 
material, which would include graphene, MXenes, 
CNT composites, silk fibroin, and hydrogel substrates. 
This was aimed at determining the trends of material 
performance, skin fit, and environmental sustainability.

Signal Acquisition and Processing: A category of articles 
chosen included presentations on work that enhanced 
biosignal fidelity, noise suppression, feature extraction, 
and data compression in dynamic and ambulatory settings. 
Wavelet transforms, adaptive filtering, and algorithms 
of real time preprocessing has been addressed.

Table 1. Summary of Key Literature in Wearable Biomedical Sensors

Ref Focus Area Technology/Method Key Contribution

[1] Material Innovation CNT-polymer nanocomposites High stretchability and conductivity for strain-
resilient skin sensors

[2] Material Innovation Graphene, MXenes Excellent conductivity and biocompatibility for 
flexible biosensors

[3] Epidermal Sensor 
Design

Ultrathin silicone + nanomembrane electrodes Skin-conformal ECG sensor suitable for motion 
conditions

[4] Biochemical Sensing Enzyme-functionalized graphene Non-invasive sweat-based glucose detection 
with high accuracy

[5] Signal Processing Wavelet transform, PCA, adaptive filtering Noise reduction and robust feature extraction 
from biosignals

[6] Deep Learning CNN for ECG Accurate real-time arrhythmia classification

[7] Deep Learning LSTM for EEG Effective seizure detection in dynamic 
conditions

[8] Cognitive Monitoring EEG-based emotional state analysis Real-time stress and mental fatigue 
classification

[9] Energy Autonomy Triboelectric Nanogenerators (TENGs) Self-powered operation for wearable sensors

[10] Material Sustainability Biodegradable and self-healing substrates Environmentally friendly, disposable wearable 
designs
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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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Health Monitoring AI algorithms: Here the interest 
resides in using machine learning and deep learning 
models e.g. SVMs, CNNs, LSTMs, and federated learning 
approaches, to classify, predict, and interpret biosignals. 
Research working on computational efficiency, real time 
inference and running it on edge devices was utilized.

Healthcare Applications: The current literature in this 
area focuses on the actual application of wearable sensors 
in healthcare, such as; remote patient monitoring, 
chronic disease management (e.g. cardiovascular, 
diabetes), neurocognitive measurement (e.g. stress and 
fatigue detection), and rehabilitation aids.

This thematic categorization did not only simplify the 
review work but also allowed to perform a systematic 
synthesis of technological advances, due to which 
the linearity of potential research weaknesses, 
performance trade-offs, and future innovation 
directions in the wearable biomedical sensor systems 
became more apparent.

Fig. 1: Thematic Classification of Wearable 
Biomedical Sensor Literature (2018–2025)

Comparative Analysis of Material and Signal Processing 
Advances

A specific framework of comparative analysis was created 
to analyze the issue of the state-of-the-art in sensor 
material technology and signal processing technology 
to extend an idea of finding the best combinations of 
such aspects to be used in wearable biomedical sensor 
systems.

Comparison Framework of Materials

These four parameters, namely, stretchability, electrical 
conductivity, biocompatibility, and environmental stress 
durability, on which the comparative analysis of sensor 
materials was based are discussed below. Stretchability: 
refers to the mechanical compliance of the material, 
which is expressed as the degree to which the material 
has the capability of stretching, without the detrimental 
reduction of its functionality, which is a vital property 

in making intimate contacts between the skin surfaces, 
which are rough and moving. High fidelity signal 
transmission requires high electrical conductivity, which 
is especially vital in electrophysiological devices (e.g. 
ECG, EEG) because high electron mobility materials 
(e.g. graphene, MXenes) are more conducive to high-
fidelity signal transmission than the metallic conductors 
typically used. Testing of biocompatibility was performed 
with respect to cytotoxicity, allergenicity, and the ability 
to tolerate a prolonged contact with the skin, where 
nature-based polymers such as silk fibroin and man-
made polymers such as PDMS and hydrogels appeared as 
promising materials regarding contact-skin applications. 
Finally, the durability and stability in the environment 
were measured by the resistance of all materials 
to mechanical loads, perspiration, humidity, and 
temperatures changes, which are important parameters 
of stable work under conditions of dynamic, real life. 
The synthesis of the data on these parameters allowed 
ranking the materials according to their application 
in the domain they fitted more, and it could be found 
that conductive nanomaterials such as MXenes were 
best applicable in dry electrode-based ECG monitoring 
whereas, hydrophilic, enzyme-compatible supportive 
materials were more applicable in biochemical sensing 
platforms, viz, glucose monitoring using sweat.

Signal Processing Comparison Framework

Signal processing methods were systematically assessed 
in parallel with the analysis of material in three critical 
aspects noise and resilience against noise, computational 
complexity, and edge deployability. The ability of noise 
resilience is a crucial aspect of a wearable biomedical 
application in which motion artifacts, baseline drift, and 
other external interferences usually corrupt the signals. 
From wavelet transforms and adaptive filtering to the 
more advanced technologies, these processes have proven 
to be able to perform better than conventional FIR/IIR 
filters by providing mul-ti resolution analysis and real 
time capability toward changing non-stationary noise. 
The analysis was done on computational complexity to 
evaluate the viability of the deployment of the algorithm 
on the resource-limited wearable devices. Streamlined 
feature extraction and classification models which 
consume minimum memory, processing power and energy 
were emphasized on the fact that they could be able to 
work indefinitely without affecting accuracy. The Edge 
deployability was concerned with the potential of such 
algorithms to be carried out in real-world applications on 
an embedded microcontroller and an AI accelerator such 
as ARM Cortex-M, RISC-V cores, and dedicated AI SoCs. 
Special attention was paid to lightweight deep learning 
architectures including quantized convolutional neural 
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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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networks (CNNs), models prrequinated as well as event-
driven neuromorphic processors, which were especially 
promising to perform inference in a low-latency fashion 
on-device. This is a comparison profile that shows the 
necessity of trade-off between algorithmic complexity 
and algorithm-constrained hardware to achieve a quality 
solution to efficient and intelligent signal processing in 
wearable biomedical systems of the future.

Fig. 2: Comparative Analysis of Material and Signal 
Processing Advances in Wearable Biomedical Sensors

Architectural and Application Mapping

Based on literature reviews, it has been possible to 
conceptually develop an ideal system-level solution in 
form of wearable biomedical sensors to address and 
satisfy the conditions of real-time, energy-saving, and 
intelligent health monitoring. The architecture will 
incorporate all important functionalities such as signal 
acquisition, wireless communication into small modular 
and low-power efficient design which can be operated 
continuously and non-invasively.

The bottom layer consists of a multi-layered sensor-
array, which incorporates the biocompatible, flexible 
carriage consisting of the so-called functional layers 
dry electrodes (functional layer) and enzyme-coated 
transducers (functional layer) or piezoelectric/
triboelectric elements (functional layer). Such a 
stack will not only be capable of measuring the 
electrophysiological or biochemical signal, but can have 
energy harvesting components, e.g., triboelectric Nano 
generators (TENGs) or photovoltaic thin films on board, 
to minimize external power sources and make the system 
more autonomous.

The raw biosignals are carried to an embedded 
microcontroller unit (MCU) where filtering, baseline 
correction and its feature extraction is done. To achieve 
efficient real-time operation requiring few energy 
has been well done with low-power MCUs (e.g., ARM 

Cortex-M series), which incorporate dedicated analog 
front ends (AFEs) and digital signal processors (DSPs).

Fig.3: System Architecture of a Wearable  
Biomedical Sensor Platform

These signals, once processed, can be sent to an on-
device AI model, i.e., a lightweight or quantized neural 
net, intended to perform local inference and labeling 
of health conditions (e.g., arrhythmias recognition, 
glucose-level estimation, stress recognition). This allows 
near-zero response time and decision making unlike 
cloud computing which deals with latency and privacy 
issues.

The hardware also comprises wireless transmission 
modules, to enable remote health monitoring and data 
synchronization; e.g. Bluetooth Low Energy (BLE) could 
transmit short range or LoRa could be used to transmit 
over wider range. These modules facilitate hassle 
free communication with smartphones, gateways, or 
healthcare servers and have low power overhead.

It is a versatile architecture applicable to several 
applications such as continuous cardiac monitoring, 
diabetes management, neurocognitive monitoring, and 
rehabilitation assistance. It is also modularly designed, 
so it can be scaled in the future with other sensing 
modalities and it can become part of Internet of Medical 
Things (IoMT) ecosystems.
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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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Validation through Case Studies

A number of instructive case studies were studied to 
confirm the suggested architectural and analytical 
model, as regards commercially launched and clinically 
assessed wearable biomedical sensor systems. These 
case studies were chosen because they can be applied 
to the most important areas, i.e. cardiac monitoring, 
neurocognitive, and biochemical sensing, as well as have 
been shown applicable in the real-world setting. All of 
these case studies presented some empirical data in 
favor of the design of particular sensor material, signal 
processing methods, and system design.

BioPatch and VitalPatch have been the wearable cardiac 
diagnostics-related platforms that set a new standard 
in the field of ECG and heart rate variability (HRV) 
monitoring. These are non-invasive tools that utilize 
medical-grade, flexible, dry electrodes and adhesives 
to guarantee constant monitoring of the taken signal 
with minimum motion artifacts. More complex sensors 
equipped with integrated microcontrollers do real-time 
QRS detection and Heart Rate Variability calculation; 
data is sent through the Bluetooth or cellular module. 
Arrhythmia detection with accuracy rates above 95 
percent were proven to be true in clinical experiments 
and stretchable conductive materials and integrated AI 
have proven to be valid when it comes to ambulatory 
cardiac care.

Muse Headband was examined to work out stress and 
fatigue detection on the basis of EEG. It includes dry 
textile electrodes and multi channel EEG acquisition 
arrays in a wearable low profile form factor. The 
system utilizes wavelet-based signal preprocessing 
to complement AI inference in real-time detection of 
changes in the alpha wave, theta wave activities linked 
to cognitive stress and relaxation. Muse successfully 
passed consumer wellness journey scale and academic 
research, therefore proving the soundness of motion-
tolerant electrode because of the design and portable AI 
processing models, which also can be utilized to monitor 
neurocognitive activities.

On non-invasive glucose monitoring front, the offering 
in the market is the FreeStyle Liber system offered by 
Abbott being a clinically validated product based on 
interstitial fluid glucose detection using a minimally 
invasive filament. This system, despite being less-
flexible, acts as a box to watch biochemical wearable 
diagnostics. It has an electrochemical sensor that comes 
with a small wireless transmitter, and can deliver results 
of continuous glucose measurements up to 14 days. 
According to performance evaluations, findings are 
given or reported as Mean Absolute Relative Difference 
(MARD) with a median of less than 14% that proves it was 
suitable to manage diabetes even in the real world.

The comparative performance parameters like signal 
accuracy, energy usage, wear ability and user compliance 
were derived by observing the reports of clinical trials 
and product literature. These metrics show consistency 
with the theoretically prioritized ideas described in the 
context of Section 3.1-3.3 and confirm the practical 
implementation and logic of the suggested selection 
of sensor materials, signal processing strategies, and 
the modular form. These case studies therefore act as 
evidence of scale-up of innovation of near-lab practical 
solutions to healthcare.

Sensor Design and Signal Acquisition 
Techniques

Sensors Wearable biomedical sensors can be designed to 
record a very broad selection of biosignals extending to 
virtually all transduction physics available using many 
different signal transduction mechanisms suited to the 
particular physiological or biochemical measurement. 
Biochemical monitoring Electrochemical sensors are 
widely used to detect analytes such as glucose, lactate, 
sodium and pH in body fluids such as sweat, saliva 
or interstitial fluid. These are based on the use of 
electrodes functionalized with enzymes which generate 
electrostatic measures which are proportional to the 
concentrations of the analytes. By comparison, optical 
transducers, which observe light absorption by studying 

Table 2. Performance Comparison of Commercial Wearable Biomedical Sensor Platforms

Application 
Area Device Sensor Type

Accuracy / 
MARD Power Consumption Deployment Suitability

ECG Monitoring BioPatch, 
VitalPatch

Dry flexible 
electrodes

>95% 
arrhythmia 
detection

Low (<20 mW) Ambulatory cardiac care, remote 
monitoring

EEG Stress 
Detection

Muse 
Headband

Textile-based EEG 
electrodes

~92.5% stress 
detection

Low Neurocognitive tracking, fatigue 
monitoring

Glucose 
Monitoring

FreeStyle 
Libre

Enzyme-based 
electrochemical

MARD <14% Moderate Non-invasive diabetes management
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comparator for a highly linear 4-bit Flash A/D Converter (ADC). The outlined design 
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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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the parameters such as the blood oxygen saturation (SpO 
2 ) and heart rate (HR) using Photoplethysmography 
(PPG) sensors, are employed. Also, electrophysiological 
sensors play an important role in recording electric 
activity in the body. The sensors include ECG 
(electrocardiogram) that measures heart rhythms, EMG 
(electromyogram) that measures muscle activity as well 
as EEG (electroencephalogram) that measure brainwave 
patterns. Such signals are very important in applications 
as diverse as cardiac arrhythmia monitoring, neurological 
and muscular evaluation. Both transductions have needs 
in materials and electronics which need to balance 
sensitivity, selectivity, and biocompatibility, in particular 
in situations of long term wearable situations.

Multimodal sensor platforms Multimodal sensor 
platforms are on the rise in modern wearables, and 
they involve the combination of different sensing 
modalities into a unified device that aims to optimize 
the diagnostic potential and better health monitoring 
abilities. such platforms integrate dynamic sensors 
(accelerometers and gyroscopes), thermal sensors and 
biochemical or electrophysiological sensors to give a 
comprehensive picture of the physiological status of the 
user. Innovations such as flexible electronic skin (e-skin) 
and epidermal electronics are the most promising in 
this area with applications of highly thin, stretchable, 
and conformal sensor arrays that can conform to the 
skin. But there are challenges of signals recorded in the 
dynamic environment and surrounding issues of motion, 
impedance between the electrode and the skin and 
noise, which reduce the fidelity of data. To overcome 
this, real-time artifact suppression algorithms, Kalman 
filters and wavelet based denoising methods to have 
clean and interpretable signals are used. The methods 
prove essential to maintain signal integrity during 
physical activities or ten-hour wearability, thus providing 
the opportunity of adequate physiological monitoring 
and sound AI-based health analytics.

Signal Processing and AI-Driven Data Inter-
pretation

Proper analysis of the biosignals in wearable biomedical 
systems commences by performing sound signal 
preprocessing and extraction of features that are 
important in the reduction of noise and optimizing 
the quality of data received as input to subsequent 
processing. These types of biosignals, e.g., ECG, EEG, 
and EMG, are frequently polluted with a movement 
artifact, base drift and physiological noise, particularly 
in the ambulatory conditions. To counter this, different 
types of filtrations have been used such as Butterworth 
filters to filter on frequency basis and Kalman filters to 
compensate signals changes with time. Moreover, the 
wavelet transforms have become important due to their 
time-frequency decomposition capacity that aids in the 
proper identification of the non-stationary of signals 
like QRS complex of the ECG or alpha waves of the EEG. 
Finally, complex biosignals may be analyzed in the time-
frequency domain, with such analysis tools as the Short-
Time Fourier Transform (STFT) and continuous wavelet 
transform (CWT); this step further increases their 
interpretability since such changes as small changes in 
frequencies over a large range of time periods or vice 
versa may be identified. These preprocessing methods 
decompose and extract meaningful features like peak 
amplitudes, frequency bands, and morphology of 
the waveform; these are characteristics upon which 
classification and predictive modeling of AI-based health 
monitoring systems are built.

On top of these capabilities, the present wearable 
platforms are more frequently designing machine 
learning (ML) and deep learning (DL) models to 
conduct classification, anomaly identification, and 
real-time health prediction. Older ML methods such 
as Support Vector Machines (SVMs), and decision trees 
are computational and interpretable, and appropriate 
where labels need to be placed on similarities in data, 
such as arrhythmia classification and gait analysis. 
Nevertheless, the multimodal nature of biosignals has 
pushed the usage of DL such as Convolutional Neural 
Networks (CNNs) and Long Short-Term Memory (LSTM) 
that have demonstrated the ability to learn hierarchical 
features and time dependencies without explicit pre-
processing of data. Such models are successful in the 
setting of epileptic seizure prediction, classification of 
a sleep stage and recognition of emotion. One of the 
most important design considerations relates to the 
deployment environment: although Cloud AI provides 
access to significant computational power and large 
data sources, it can cause latency and privacy issues 
and connectivity-based dependencies. Conversely, Edge 

Fig. 4: Integrated Biosignal Acquisition and Processing 
Framework in Wearable Biomedical Sensors
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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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AI brings the computation to the device, which makes 
it possible to perform analytics in real-time and at low 
latency, delivering personal health feedback, as well as 
to localize the information in the device. This can be 
used to install real-time health decision support systems 
that will autonomously identify anomalies (e.g., sudden 
decrease of SpO 2 or abnormal ECG patterns), generate 
an alarm, and can be used to model health behaviors 
of each individual in a personally specific manner by 
automatically adapting to the individual physiologic 
homeostasis of the user. A combination of these signal 
processing and AI approaches collectively uses raw 
biosignals to present actionable information, and this is 
a major step to the realization of smart, autonomous, 
and contextually aware wearable health platforms.

Results and Discussion
Comparative Performance Analysis of Sensor Materials

The performance and efficacy of new materials in wearing 
biomedical sensors were evaluated on the comparison 
basis of the significant four aspects; electric conductivity, 

stretchability, biocompatibility and cost-effectiveness. 
The review has found that the emerging nanomaterials 
(ggraphene and MXenes) possess among the highest 
electrical conductivity (10 4 S/cm) by the standards 
of commercializing high fidelity biosignal acquisition 
in the context of tracking human biosignals (in the 
context of electrophysiology, including but not limited 
to electrical cardiography (ECG) and EEG). Although 
both materials have reasonable stretch properties (~20 
percent), they provide outstanding signal integrity and 
stability with motion, which makes them extremely 
attractive in scenarios that need a continuous, real-time 
sampling of data. Most of the CNT-polymer composites 
had a good tradeoff between high stretchability (~100%) 
and conductivity (~10 2-10 3 S/cm) making them 
good candidates in motion-sensitive situations such as 
wearable EMG or gait analysis. Conversely, electrically 
insulating materials including PLA and silk fibroin with 
good biocompatibility were characterized by high 
biocompatibility and the low price of the materials 
and could be used in transient medical devices and 
short-term diagnostics. PDMS, which was a commonly 
used substrate, was highly applicable due to its skin-
conformable capability and the fact that it was highly 
stretchable, though it does not play a direct involvement 
in signal conduction. This comparative analysis has 
reinforced the need to ensure that selection of materials 
used to make wearable healthcare applications should be 
specific to the particular functional and environmental 
needs of various applications.

Performance of Signal Processing Techniques

In order to measur0ze the performance of the 
signal processing state-of-the-art approaches were 
incorporated to test obvious biosignal data that can 
be found on mit-bih-arrhythmia and physionet EEG 
data websites. Target was the evaluation of the noise 
robustness, the classification quality and the efficiency 
of different algorithms. The preprocessing techniques 
using wavelet transform showed good results compared 
to conventional FIR/IIR filter providing 25-30dB gain in 
signal to noise ratio (SNR), especially in the cases where 
there is high motion artifacts and drift of baselines was 
present. In the case of inference conducted with AI, 
hybrid deep learning models, namely, CNN-LSTM ones, 
attained a classification accuracy of over 95 percent 
when used in a task involving arrhythmia detection and 
mental stress identification. The models performed 
better in temporal features learning than such classical 
models as SVM and KNN, which proved to be less 
stable in dynamic multi-class tasks. In addition, model 
compression and quantized neural network methods 
have allowed running low-power edge devices like ARM 

Fig. 5: Flowchart Illustrating Signal Processing  
and AI-Driven Health Analytics in Wearable 

Biomedical Systems
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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 𝜇𝜇𝜇𝜇 × 15.75 𝜇𝜇𝜇𝜇. 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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Cortex-M microcontrollers in real-time. This not only 
makes the device more portable and power efficient, 
but also makes privacy-preserving, on-device analytics 
a possibility. The findings support the observation that 
the combination of state-of-the-art signal preprocessing 
followed by smart deep learning classifiers robustness 
and accuracy of wearable health monitoring systems is 
greatly enhanced.

6.3 Case Studies in Healthcare Applications
To triangulate the claimed framework performance in 
actual practice three active representative case studies 
were examined: ECG monitoring, glucose sensing, and 
EEG-based neurocognitive tracking. Most recently in 
the cardiac field, flexible dry-electrode ECG sensors 
combined with edge AI models (e.g. in the BioPatch 
and VitalPatch platforms) demonstrated arrhythmia 
detection accuracies of up to 97.2%, with very low power 
requirements (<20 mW), therefore, including edge 
processing, these high-performance sensors are suitable 
in remote, ambulatory care applications. In the field 
of biochemical sensing, the example of the FreeStyle 
Liber glucose monitor pioneered the use of a graphene-
based electrochemical transducer, which can be used 
to continuously sense glucose in non-invasive ways that 
achieve clinically acceptable accuracy in diabetes care as 
supported by Mean Absolute Relative Difference (MARD) 
of less than 15%. In the case of neurocognitive use, 

textile-based EEG headbands such as the Muse Headband 
included silver-coated electrodes and adaptive filtering 
circuitry to identify the variation of brainwave patterns 
corresponding with fatigue and cognitive load rather with 
average accuracy of 92.5%. Such real-world solutions 
proved the appropriateness of materials used, signal 
processing methods, and embedded AI models explained 
in the above sections. Moreover, the trade-offs in the 
individual performance measures that are demonstrated 
regularly, e.g. the trade-offs between accuracy/power 
efficiency/form factor of wearable systems, show the 
need of application-specific optimization of wearable 
systems.

Table 3. Summary of Comparative Results: Materials, Signal Processing, and Real-World Wearable Applications

Category Parameter / Example Performance / Observation Application Area

Sensor Materials Graphene, MXenes High conductivity (~10⁴ S/cm), 
moderate stretchability (~20%)

ECG, EEG monitoring

CNT-Polymer Composite Moderate conductivity (~10²–10³ 
S/cm), high stretchability 
(~100%)

EMG, gait analysis

PLA, Silk Fibroin Biocompatible, biodegradable, 
insulating

Transient diagnostics

PDMS Extremely stretchable, skin-con-
formal, non-conductive

Substrate layer for sensors

Signal Processing Wavelet Transform, Kalman 
Filter

+25–30% SNR improvement over 
FIR/IIR

Preprocessing of ECG/EEG signals

CNN-LSTM (Hybrid DL Models) >95% accuracy in arrhythmia and 
stress classification

Real-time inference on edge 
devices

SVM, KNN (Classical ML) Lower accuracy, less robust in 
dynamic conditions

Basic classification tasks

Case Study Applica-
tions

BioPatch, VitalPatch (ECG) 97.2% arrhythmia detection, <20 
mW power consumption

Ambulatory cardiac monitoring

FreeStyle Libre (Glucose) MARD <15%, continuous non-inva-
sive glucose monitoring

Diabetes management

Muse Headband (EEG) 92.5% accuracy in stress/fatigue 
detection

Neurocognitive monitoring

Fig. 6: Comparative Line Graph of  
Electrical Conductivity and Stretchability for 

Wearable Sensor Materials
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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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Conclusion

The availability of wearable biomedical sensors has 
changed the modern healthcare landscape due to the 
synergy between far-fetched materials, smart signal 
processing methods, and analytics enabled by AI. This 
review has illuminated that some of the innovations 
in flexible and bio-compatible materials, including 
graphene, MXenes, and composites of hydrogel, have 
increased the comfort and durability of wearable 
devices, as well as enhanced signal fidelity. Along with 
advanced preprocessing algorithms, such as wavelet 
transforms and adaptive filtering, and the use of 
machine learning and deep learning models to make 
real-time health inferences, these systems now can 
provide precise, persistent, non-invasive measurement 
of vital physiological and biochemical parameters. 
Practicality and clinical relevance of the technologies 
were also confirmed with the case studies on the sensing 
platforms design based on ECG, glucose, and EEG. In 
spite of such progress, there are several limitations 
related to long-term biocompatibility issues, freedom 
to power them, privacy of data, sensor calibration, 
and regulatory matters. The current interdisciplinary 
work must continue to come up with efficient energy-
harvesting systems, biodegradable materials, secure 
edge-AI architectures, and scalable systems that can be 
easily harmonized in larger digital health systems. With 
a relentless rise in demand of personalized, predictive 
and preventive healthcare, wearable biomedical sensors 
seem to come to the forefront as it blends with the 
remodelling of monitoring, controlling, and dispensing 
healthcare services in clinical and home settings.
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