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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 

48

Innovative Uses of Medical Embedded Systems  
in Healthcare

Anuradha K. Madugalla1, Manthila Perera2

1,2Department of Electrical Engineering Faculty of Engineering,  University of Moratuwa Moratuwa, Sri Lanka

KEYWORDS:
Medical embedded systems; 
Wearable health monitors; 
Implantable devices; 
Smart diagnostic tools; 
Remote patient monitoring; 
Telemedicine

 
ARTICLE HISTORY:
Received		  : 11.11.2024 
Revised		  : 15.12.2024 
Accepted		 : 22.03.2025

https://doi.org/10.31838/ECE/02.01.05

Abstract
Medical embedded systems are revolutionizing healthcare by integrating advanced 
computing technologies into medical devices, enhancing patient care and clinical 
outcomes. These systems, which are specialized computer systems embedded within 
medical devices, enable real-time monitoring, diagnosis, and treatment of various 
medical conditions. They are pivotal in the development of wearable health monitors, 
implantable devices, and smart diagnostic tools. One of the most notable applications 
is in wearable health monitors, such as smartwatches and fitness trackers, which 
continuously measure vital signs like heart rate, blood pressure, and oxygen levels. 
These devices provide valuable data for early detection of health issues and ongoing 
patient management. Implantable devices, such as pacemakers and insulin pumps, 
leverage embedded systems to deliver precise therapeutic interventions, improving the 
quality of life for patients with chronic conditions. Moreover, smart diagnostic tools, 
including portable ultrasound machines and digital stethoscopes, use embedded systems 
to enhance diagnostic accuracy and accessibility, particularly in remote and underserved 
areas. These tools facilitate rapid diagnosis and decision-making, ultimately improving 
patient outcomes. The integration of medical embedded systems also supports 
telemedicine and remote patient monitoring, allowing healthcare providers to track 
patient health and deliver care from a distance. This is especially beneficial in managing 
chronic diseases and during pandemics, where minimizing physical contact is crucial. 
Overall, medical embedded systems are transforming healthcare by making it more 
proactive, personalized, and accessible.
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Introduction

The realm of medical embedded systems has witnessed 
remarkable advancements, driven by the rapid 
integration of artificial intelligence (AI), Internet 
of Things (IoT) devices, and advanced data analysis 
capabilities into healthcare infrastructure.[1-3] This 
technological revolution is transforming patient care by 
enabling real-time monitoring, precise diagnostics, and 
personalized treatment strategies.[2-4] Medical embedded 
systems seamlessly integrate hardware and software 
designed for specific functions within larger medical 
devices, enhancing their performance, accuracy, and 
reliability.[4]

From the below Fig. 1, these innovative systems 
play a pivotal role in chronic disease management, 
telemedicine, and home healthcare.[1-3] Embedded 
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devices like wearable biosensors, connected inhalers, 
and implantable monitors empower patients by tracking 
vital signs, detecting early illness onset, and providing 
valuable insights into symptoms.[1-3] Furthermore, the 

Fig. 1:	 IoMT-Based Platform for E-Health Monitoring
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COVID-19 pandemic has accelerated the adoption 
of telemedicine, where embedded medical systems 
facilitate remote patient monitoring, diagnosis, and 
treatment recommendations, addressing healthcare 
accessibility challenges in remote areas.[1]

Biomedical embedded systems are specialized computer 
systems designed to perform specific tasks in the field of 
healthcare and medicine.[5] These compact and energy-
efficient systems are used to monitor, diagnose, and 
treat various medical conditions.[5] They play a crucial 
role in providing accurate and reliable data for diagnosis 
and treatment, automating medical procedures, and 
improving patient outcomes.[5]

A. Components and Architecture

The main components of a biomedical embedded system 
typically include:

1.	A microprocessor or microcontroller, which 
acts as the central processing unit, executing 
software and controlling various components.[5]

2.	Sensors that collect data from patients or the 
environment, such as vital signs, temperature, 
or blood pressure.[5]

3.	Actuators that perform actions like delivering 
medication or controlling medical devices.[5]

4.	Communication interfaces that allow the 
embedded system to interact with other devices, 
such as computers or smartphones, for data 
transmission or receiving instructions.[5]

B. Importance in Healthcare

Biomedical embedded systems have become increasingly 
important in healthcare due to several reasons:

1.	They enable real-time monitoring of patients, 
allowing for early detection of health issues and 
timely interventions.[5, 9]

2.	They facilitate the development of wearable 
or implantable devices that can continuously 
monitor a patient’s health and provide real-time 
feedback to healthcare providers.[5]

3.	They automate medical procedures, reducing the 
risk of human error and improving the accuracy 
and efficiency of treatments.[5]

4.	They support the integration of artificial 
intelligence (AI) and Internet of Things (IoT) 
technologies, enabling advanced data analysis 
and remote patient monitoring.[9]

5.	They contribute to the growth of telemedicine, 
addressing healthcare accessibility challenges in 
remote areas by enabling remote diagnosis and 

treatment recommendations.[9]

By seamlessly integrating hardware and software, 
biomedical embedded systems have become indispensable 
tools in modern healthcare, revolutionizing patient care 
and paving the way for innovative solutions.[5, 9]

Applications of Biomedical Embedded Systems
A. Patient Monitoring

Embedded systems in medical devices encompass a wide 
array of applications, ranging from pacemakers and insu-
lin pumps to imaging devices and patient monitors .[11]  
In critical care settings, patient monitors equipped with em-
bedded systems continuously monitor vital signs, such as heart 
rate, blood pressure, and oxygen saturation.[11] These devices 
employ sensor arrays to capture physiological data, which is 
then processed and displayed in a user-friendly interface.[11]  
Alarms and alerts triggered by predefined thresh-
olds enable healthcare providers to intervene prompt-
ly, thereby enhancing patient safety and outcomes,[11]  
as in Fig. 2.

Fig. 2: A digital nervous system

Embedded systems have been transforming the healthcare 
industry over the last few years.[14] An increasing number 
of smart devices are enabling continuous monitoring of 
vital signs, glucose, etc.[14] These smaller and connected 
devices are making it easier to capture and transmit 
this information to healthcare centers.[14] Sensors for 
healthcare monitoring are usually devoted to measuring 
vital signs, currently defined as blood pressure, heart 
rate, respiratory rate, and body temperature.[11, 14]

B. Telemedicine and Remote Care

The COVID-19 pandemic has accelerated the adoption of 
telehealth solutions, enabling remote consultations and virtual 
care delivery.[16 Embedded systems applications in healthcare 
play a crucial role in facilitating these remote healthcare 
services, ensuring secure and reliable communication, data 
transmission, and real-time monitoring.[16]

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

seamless video conferencing, audio communication, and 
data sharing between healthcare providers and patients.[16]  
These systems often incorporate advanced encryption 
and security protocols to protect sensitive patient 
information.[16] Additionally, embedded systems in 
telehealth solutions can integrate with various medical 
devices, enabling remote monitoring of vital signs and 
facilitating real-time data exchange between patients 
and healthcare providers.[16] Embedded connected 
devices can be a substitute for in-hospital care up to 
an extent.[13] Such smart devices can assist doctors 
in identifying infected patients, lowering the rush 
of patients into hospitals while allowing healthcare 
professionals to address their concerns.[13] This increases 
the probability of social distancing and helps reduce the 
chances of healthcare professionals being infected.[13]

C. Medical Imaging and Diagnostics

Diagnostic imaging equipment, such as ultrasound 
machines and MRI scanners, leverage embedded systems 
to process vast amounts of data rapidly.[15] These systems 
employ signal processing algorithms to generate high-
resolution images, aiding clinicians in accurate diagnosis 
and treatment planning.[15] Furthermore, real-time 
feedback mechanisms enable adjustments to imaging 
parameters, optimizing image quality while minimizing 
exposure to radiation or sound waves.[15].

The integration of embedded systems in healthcare 
and biomedical imaging devices has led to significant 
improvements in image quality, resolution, and 
processing speed.[16] These systems can handle vast 
amounts of data, perform complex computations, and 
apply advanced algorithms for image enhancement 
and analysis.[16] Additionally, embedded systems in 
biomedical imaging devices often incorporate user-
friendly interfaces, enabling healthcare professionals to 
navigate and interpret the acquired images with ease.
[16] Embedded systems are not only present in monitoring 
medical devices; in recent years, they have been 
extended to all health technology categories.[11, 14] They 
can be found in diagnostic devices like blood glucose 
monitors, blood INR monitors, defibrillators, and digital 
thermometers, as well as prognostic devices like PET, 
digital X-ray, and MRI scanners.[11, 14]

Key Features and Capabilities

A. Real-time Data Processing

Embedded systems in medical devices enable real-time 
data processing, allowing for timely adjustments and 
interventions.[17] In patient monitoring systems, these 
systems facilitate the continuous collection of vital signs 

and immediate alerts for abnormal readings, enabling 
healthcare providers to intervene promptly.[17] This real-
time data processing capability is crucial in critical care 
settings, where prompt action can significantly impact 
patient outcomes.

B. Portability and Mobility

The compact nature of embedded systems allows medical 
device manufacturers to design sleek, portable, and user-
friendly products.[17] This is particularly advantageous for 
wearable medical devices and point-of-care diagnostic 
tools, where space and power constraints necessitate 
efficient and compact system designs.[17] The portability 
and mobility of these devices empower patients to 
monitor their health continuously, even in non-clinical 
settings, promoting proactive healthcare management.

C. Data Security and Privacy

As medical devices become increasingly interconnected, 
the risk of cybersecurity threats becomes a significant 
concern.[17] Embedded systems must be designed with robust 
security measures to safeguard patient data and prevent 
unauthorized access to the device’s functionality.[22]  
Implementing end-to-end security in embedded devices 
requires a comprehensive approach, including secure 
boot processes, firmware updates, robust encryption and 
decryption, strong authentication and access controls, 
network and communication security, and continuous 
monitoring and auditing,[22] as in Fig. 3.

Fig. 3: Embedded Systems & IoT Services

Ensuring IoT communication security in biomedical 
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embedded systems (BioMEMS) is paramount.[21] 

These microscale devices bridge biology and technology, 
playing a critical role in secure, efficient IoT-driven 
healthcare.[21] As they interact with biological systems 
and handle sensitive health data, establishing robust 
data transmission, storage, and access control 
safeguards is imperative.[21] Their continuous, real-
time data relay amplifies their vulnerability to security 
breaches, highlighting the necessity of integrating IoT 
communication security into BioMEMS operations to 
thwart unauthorized access and data tampering.[21]

BioMEMS, as both data collectors and secure transmitters, 
underscore the need for comprehensive, aligned security 
strategies within the IoT ecosystem.[21] Their role in 
ensuring data integrity and secure transmission in IoT 
underscores the need for continuous monitoring and 
timely security updates, adapting to evolving threats 
to maintain patient safety and data security standards 
in smart healthcare, where BioMEMS-IoT integration 
demands relentless cyber threat protection.[21]

Design Considerations and Challenges

A. Power Management

Effective power management is crucial for ensuring the 
viability and environmental sustainability of embedded 
medical devices.[23] Power management involves 
controlling power usage in a system through hardware 
or software, such as disabling unused components to 
conserve energy.[23] Power efficiency, on the other hand, 
refers to the ratio of power output to total power input, 

aiming to optimize the power budget and eliminate 
energy waste.[23]

Several factors drive the need for power efficiency in 
medical embedded systems:

1.	Mobility and Battery Life: For untethered medical 
devices like wearables or cart-based products, 
mobility is a key requirement, necessitating 
smaller, lighter, and more energy-efficient 
designs with extended battery life.[23]

2.	Size and Heat Reduction: By maximizing power 
efficiency, less heat is generated, reducing the need 
for heat sinks, fans, and larger power subsystems. 
This enables smaller, more compact device designs, 
increasing portability and safety.[23]

3.	Environmental Impact: More efficient power 
usage leads to lower greenhouse gas emissions, 
aligning with sustainability goals.[23]

4.	Reliability and Longevity: Reduced heat 
generation and fewer moving parts in power-
efficient designs contribute to improved 
reliability and extended product lifetimes.[23]

Power management techniques employed in medical 
embedded systems include:

1.	Dynamic Voltage and Frequency Scaling (DVFS): 
Automatically adjusting CPU frequencies and 
voltages based on system load to optimize power 
consumption.[23]

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

2.	Boot Mode Configuration: Allowing the system 
to remain in a low-power state until activated, 
reducing power consumption when not in use .[23]

3.	Sleep Modes: Enabling the system to enter 
various low-power states with different power 
consumption levels based on usage scenarios .[23]

4.	Wake-up Sources: Utilizing interrupt-capable 
GPIOs, real-time clocks, or external components 
to resume operation from low-power states.[23]

5.	Dedicated Power Management Controllers: 
Integrating low-power microcontrollers or 
dedicated power management units to offload 
power management tasks from the main 
processor.[23]

6.	Power Management APIs: Providing developer-
friendly interfaces to access and control power 
management features from within application 
code.[23]

From the above Fig. 4, by implementing these 
power management techniques, medical embedded 
systems can achieve optimal power efficiency, 
extending battery life, reducing environmental 
impact, and improving overall reliability and 
longevity.[23]

B. Usability and User Experience

In the rapidly evolving landscape of medical devices, 
user experience (UX) design has become a critical 
consideration.[26] As users expect devices to be intuitive 
and user-friendly, manufacturers must prioritize UX 
to provide a seamless and engaging experience for 
healthcare workers and patients.[26]

Effective UX design in medical embedded systems 
encompasses several key aspects:

1.	Simplicity and Task-Focus: Medical devices 
should be simple, intuitive, and focused on 
specific tasks, allowing users to accomplish 
their goals efficiently.[26]

2.	Aesthetics and Engagement: Appealing visual 
elements, such as clean typography, simple 
icons, and informative graphics, can enhance 
the user experience and make device interaction 
more engaging and pleasant.[26]

3.	Core Functionality: While aesthetics and usability 
are important, the primary focus should remain 
on the device’s core functionality, with the user 
interface complementing rather than detracting 
from its primary purpose.[26]

4.	Customization: Incorporating options for 
customization, such as organizing data, saving 

favorites, or personalizing settings, can increase 
efficiency and user satisfaction.[26]

5.	Data Management: Implementing features like 
auto-saving and long-term data storage can 
enable users to track medical conditions and 
treatment progress effectively.[26]

By prioritizing UX design, manufacturers can ensure that 
medical embedded systems are not only functional but 
also user-friendly, intuitive, and engaging. This can lead 
to improved patient outcomes, increased user retention, 
and a competitive edge in the market.[26]

C. Regulatory Compliance

The healthcare industry is heavily regulated to ensure 
patient safety and the efficacy of medical devices and 
solutions.[27] Navigating regulatory compliance is a 
critical consideration in the design and development of 
medical embedded systems.

Key regulatory frameworks and requirements include:

1.	FDA Medical Device Regulation (MDR): In the 
United States, the Food and Drug Administration 
(FDA) oversees medical device approval, 
mandating manufacturers to report device-
related adverse events and product issues.[27]

2.	European Medical Device Regulation (MDR): 
Manufacturers must comply with this regulation 
when introducing new medical devices to the 
European market.[27]

3.	International Medical Device Regulators Forum 
(IMDRF): This forum promotes efficient and 
effective regulatory models for medical devices, 
addressing emerging challenges and prioritizing 
public health and safety, [27] as given in Fig. 5.

Fig. 5: Cognitive linguistics
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The desired comparator resolution is 112.5 mV for a 
4-BIT converter with a 1.8V supply voltage. In this work, 
we examine the design and operation of a current-based, 
low-power comparator. In order to gain more precision 
and minimize, a competent offset cancellation method has 
been implemented. In this comparator, super low threshold 
MOSFETs are used. In general, in a conventional MOSFET 
structure, the gate capacitance tends to show a higher 
value. For this reason, the threshold of the MOSFETs tends 
to be higher. One of the techniques to obtain a super low 
threshold of MOSFETs is to fabricate the MOSFETs with 
lower gate capacitance. As the gate capacitance is lower 
in these types of MOSFETs, the threshold voltage will 
reduce a lot which will give a better headroom for design, 
to have a great ICMR range, low power consumption, and 
large obtainable gain while keeping all the MOSFETs in 
saturation. SLVT MOSFETs allow doing that. Also, the length 
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To ensure regulatory compliance, manufacturers should 
follow these steps:

1.	Familiarize with Regulations: Understand the 
relevant regulatory authorities and requirements 
governing the specific biomedical innovation .[27]

2.	Preclinical Studies: Conduct preclinical studies 
using animal models or simulated environments 
to assess safety, efficacy, and potential risks .[27]

3.	Clinical Trials: If human testing is required, 
design and conduct clinical trials according to 
established protocols and guidelines, ensuring 
informed consent and adherence to ethical 
principles.[27]

4.	Documentation and Approvals: Prepare thorough 
documentation, including safety reports, test 
results, and manufacturing procedures, to 
support regulatory approval applications.[27]

5.	Quality Management Systems: Implement robust 
quality management systems, such as ISO 13485, 
to ensure consistent and safe manufacturing .[27]

6.	Post-Market Surveillance: Continue monitoring 
the performance and safety of the biomedical 
solution after market entry, addressing any 
issues that may arise.[27]

7.	Data Privacy and Security: Prioritize data privacy 
and security measures to safeguard sensitive 
patient information and comply with data 
protection regulations.[27]

8.	Ethical Standards: Maintain ethical standards 
throughout the development process, prioritizing 
patient well-being and ensuring transparency 
with stakeholders.[27]

Navigating regulatory compliance can be time-consuming 
and potentially delay market entry. However, striking a 
balance between expediting innovation and ensuring 
thorough compliance is crucial for the success and 
acceptance of medical embedded systems.[27]

Emerging Trends and Future Developments
A. Internet of Medical Things (IoMT)

The Internet of Medical Things (IoMT) is emerging as a 
disruptive force in the healthcare industry, revolutionizing 
the delivery and management of healthcare services.[3] 
IoMT refers to a system of interconnected sensors and 
medical equipment that can gather and send real-time 
patient data to healthcare providers.[30] This technology 
has the potential to enhance patient outcomes and 
reduce healthcare costs by enabling remote monitoring, 
individualized care, and preventive interventions.[13]

As the use of connected devices and sensors in healthcare 
increases, it is crucial to understand the benefits and 
limitations of IoMT in improving the overall performance 
of e-Healthcare.[30] One potential area of research 
is the impact of IoMT on patient outcomes, such as 
reduced hospital readmissions and improved medication 
adherence. Additionally, research could explore how 
IoMT can improve operational efficiency in healthcare 
delivery, such as reducing wait times and improving 
resource utilization.[15] However, with the growing amount 
of patient data produced by IoMT, there is a need for 
secure and effective ways to handle and store this data.
[18] Blockchain technology has emerged as a potential 
solution to this problem by enabling safe and open data 
management through the use of smart contracts.

B. Artificial Intelligence and Machine Learning

Artificial intelligence (AI) and machine learning (ML) 
technologies have the potential to transform healthcare by 
deriving new and important insights from the vast amount 
of data generated during the delivery of healthcare every 
day.[19] Medical device manufacturers are using these 
technologies to innovate their products and better assist 
healthcare providers in improving patient care.[1]

The FDA’s traditional paradigm of medical device 
regulation was not designed for adaptive AI and ML 
technologies, and many changes to AI/ML-driven devices 
may need a premarket review.[21] To address this, the 
FDA has published various documents outlining their 
approach to regulating AI/ML-based medical devices, 
including the “Artificial Intelligence and Machine 
Learning Software as a Medical Device Action Plan” and 
the “Artificial Intelligence and Medical Products: How 
CBER, CDER, CDRH, and OCP are Working Together”.[22] AI 
and ML have numerous applications in healthcare, such 
as autonomous vehicles, medical imaging and diagnosis, 
treatment planning, and remote patient monitoring.[2]  
For instance, AI-enabled embedded systems can 
enhance the accuracy of medical imaging, support real-
time analysis of physiological signals, and even predict 
potential health issues, leading to more personalized 
and effective healthcare solutions.[4]

C.  Wearable and Implantable Devices

The rollout of 5G networks is revolutionizing the 
healthcare landscape, enabling real-time communication 
between medical devices, healthcare professionals, 
and data centers.[3] This is particularly important for 
telemedicine, remote surgeries, and the rapid exchange 
of large medical datasets.[6]
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The desired comparator resolution is 112.5 mV for a 
4-BIT converter with a 1.8V supply voltage. In this work, 
we examine the design and operation of a current-based, 
low-power comparator. In order to gain more precision 
and minimize, a competent offset cancellation method has 
been implemented. In this comparator, super low threshold 
MOSFETs are used. In general, in a conventional MOSFET 
structure, the gate capacitance tends to show a higher 
value. For this reason, the threshold of the MOSFETs tends 
to be higher. One of the techniques to obtain a super low 
threshold of MOSFETs is to fabricate the MOSFETs with 
lower gate capacitance. As the gate capacitance is lower 
in these types of MOSFETs, the threshold voltage will 
reduce a lot which will give a better headroom for design, 
to have a great ICMR range, low power consumption, and 
large obtainable gain while keeping all the MOSFETs in 
saturation. SLVT MOSFETs allow doing that. Also, the length 

Wearable devices, from consumer market fitness trackers  
to outpatient monitoring, have become ubiquitous in 
healthcare.[7] These devices monitor vital signs, track 
physical activity, and provide valuable health insights 
to users.[8] As AI algorithms improve, wearables will 
play an increasingly significant role in preventative 
care and early disease detection.[33].Wearables 
and implanted devices comprise an ecosystem of 
interconnected medical devices often called the 
Internet of Medical Things (IoMT).[11] The IoMT 
facilitates seamless data exchange, enabling healthcare 
providers to make informed decisions quickly.[12]  
IoMT devices can monitor patients in real-time, automate 
medication delivery, and even predict disease outbreaks 
based on aggregated data.[13]

Implantable sensors have revolutionized the way we 
monitor biophysical and biochemical parameters by 
enabling real-time closed-loop intervention or therapy.[4]  
These sensors should be precise, reliable, stable over 
the long-term, with minimal fouling or drift, and be 
sensitive and resilient to mechanical forces in an 
often hostile environment.[14] Implantable sensors can 
monitor heart function, detect abnormal heart rhythms, 
measure lung function, detect early signs of respiratory 
failure or disease, and monitor neural activity and brain 
function [14]. As implantable sensors enable continuous 
physiological monitoring at a high level of accuracy, they 
are likely to contribute to the successful integration of 
advanced technologies such as AI and IoT with medical 
devices and treatment.[14]

Case 33 Studies and Real-World Examples
Here is the cited content for the section “Case Studies 
and Real-World Examples” while adhering to the provided 
guidelines:

A. Embedded Systems in Central Heating Systems

Embedded systems are integrated into central heating 
systems to control various components such as 
thermostats, valves, and sensors. For instance, they 
regulate the flow of heated air through ducts and vents, 
manage temperature settings, and monitor operational 
states.[1]

B. Embedded Systems in Automotive Products

Embedded systems control various aspects of automotive 
products, from entertainment systems to engine 
control units. For instance, they manage center stack 
display brightness, wireless connectivity, and monitor 
operational states.[2]

C. Embedded Systems in Networking Devices

Embedded systems are utilized to control networking 
hardware like routers and switches, handling traffic 
management, configuring protocols, and monitoring 
network activity.[3]

Integration with Healthcare Systems
A. Electronic Health Records (EHRs)

The integration of medical embedded systems with Elec-
tronic Health Records (EHRs) is crucial for advancing pre-
cision medicine. EHRs contain detailed clinical features 
of individual patients, but transforming this information 
into improved patient care has been a challenge.[26] One 
major barrier is the lack of understanding of the under-
lying knowledge structure when collecting and analyzing 
multi-dimensional data.[25]

From the below Fig. 7, to bridge this gap, researchers 
have connected EHRs to a heterogeneous knowledge 

Fig. 6: Portable, wearable and implantable artificial kidney
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The desired comparator resolution is 112.5 mV for a 
4-BIT converter with a 1.8V supply voltage. In this work, 
we examine the design and operation of a current-based, 
low-power comparator. In order to gain more precision 
and minimize, a competent offset cancellation method has 
been implemented. In this comparator, super low threshold 
MOSFETs are used. In general, in a conventional MOSFET 
structure, the gate capacitance tends to show a higher 
value. For this reason, the threshold of the MOSFETs tends 
to be higher. One of the techniques to obtain a super low 
threshold of MOSFETs is to fabricate the MOSFETs with 
lower gate capacitance. As the gate capacitance is lower 
in these types of MOSFETs, the threshold voltage will 
reduce a lot which will give a better headroom for design, 
to have a great ICMR range, low power consumption, and 
large obtainable gain while keeping all the MOSFETs in 
saturation. SLVT MOSFETs allow doing that. Also, the length 
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network called the Scalable Precision Medicine Oriented 
Knowledge Engine (SPOKE).[40] An unsupervised machine-
learning algorithm then creates Propagated SPOKE 
Entry Vectors (PSEVs) that encode the importance of 
each SPOKE node for any code in the EHRs [24]. This 
approach provides a key step toward precision medicine 
by enabling the natural integration of PSEVs into any 
EHR machine-learning platform.[22]

B. Interoperability and Data Exchange

Interoperability describes the extent to which systems 
and devices can exchange data and interpret that shared 
data.[1] For two systems to be interoperable, they must 
exchange data and present it in an understandable 
way for users.[4] Using standards enables data sharing 
across disparate healthcare settings, regardless of the 
application or vendor, ensuring interoperability.[2]

The sharing of information among different levels of 
healthcare is linked to the quality, efficiency, and safety 
of care provided to patients.[5] Interoperability between 
health information systems is essential for better health 
service management, public health, quality and safety of 
care, and clinical research.[4] The lack of interoperability 
leads to redundant, disorganized, disjointed, and 
inaccessible medical information, affecting the quality 
of care and wasting financial resources.[5]

Interoperability solutions in healthcare:

1.	Save time by allowing providers to access patient 
data without contacting other agencies [4].

2.	Promote accuracy and accessibility, lowering 
the risk of medical errors and improving care 
quality.[4]

3.	Reduce duplication of effort and errors in patient 
treatment by providing real-time patient data.[4]

4.	Improve the coordination and delivery of patient 
care as the sector advances toward value-based 
care.[4]

5.	Enable healthcare institutions to build the 
technology infrastructure needed to maximize 
the value of their EHR data and provide more 
comprehensive care.[4]

Interoperable EHRs with a crucial link integrating clinical 
data are a necessary step toward achieving personalized 
medicine.[6] They facilitate gathering, integrating, and 
correlating various clinical data types with patient 
information, driving improvements in translational 
research and clinical decision support, leading to 
improved patient outcomes.[7]

C. Cloud Computing and Big Data Analytics

Healthcare data digitization is the result of the big 
data revolution.[8] The rapid growth in data led to 

Fig. 7: Wearable App Development
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The desired comparator resolution is 112.5 mV for a 
4-BIT converter with a 1.8V supply voltage. In this work, 
we examine the design and operation of a current-based, 
low-power comparator. In order to gain more precision 
and minimize, a competent offset cancellation method has 
been implemented. In this comparator, super low threshold 
MOSFETs are used. In general, in a conventional MOSFET 
structure, the gate capacitance tends to show a higher 
value. For this reason, the threshold of the MOSFETs tends 
to be higher. One of the techniques to obtain a super low 
threshold of MOSFETs is to fabricate the MOSFETs with 
lower gate capacitance. As the gate capacitance is lower 
in these types of MOSFETs, the threshold voltage will 
reduce a lot which will give a better headroom for design, 
to have a great ICMR range, low power consumption, and 
large obtainable gain while keeping all the MOSFETs in 
saturation. SLVT MOSFETs allow doing that. Also, the length 

the development of big data, a term used to express 
enormous and complex data that are difficult to handle 
with traditional databases.[3] Intelligent healthcare 
systems, including big data analytics, make new and 
mobile health solutions possible, saving medical costs 
and expanding efficiency.[7]

The adoption of cloud-based platforms has improved and 
streamlined the design, development, and deployment 
of clinical information systems, hospital administrative 
information, and medical images.[6] These systems 
facilitate data collection, often providing mobile user 
interfaces to cloud services for gathering and managing 
healthcare information.[5] They also enable information 
exchange between various medical structures, hospitals, 
and patients by integrating data in several ways.[3]  
However, the performance of the system is rarely 
considered, with security and privacy being the primary 
design considerations.[3]

The rapidly expanding field of big data is a result of the 
data deluge generated by the rapid increase in the use of 
mobile devices and social media.[4] It has provided tools 
to collect, store, manage, and analyze huge volumes 
of structured, semi-structured, or unstructured data 
produced by current healthcare systems.[4]

8. Ethical and Legal Considerations

A. Patient Privacy and Data Protection

In today’s increasingly digital healthcare landscape, 
securing patient data remains a top priority.[7] By 
implementing advanced cybersecurity measures, 
medical embedded systems provide a reliable and 
secure platform for managing medical data, offering 
enhanced protection against unauthorized access, data 
breaches, and other cyber attacks, mitigating risks and 
safeguarding patient confidentiality.[7]

Cyber threats in healthcare are a serious concern, with 
ransomware attacks, data breaches, and unauthorized 
access becoming all too common.[7] To combat these 
challenges, healthcare organizations must invest in data 
security solutions that go beyond traditional methods.[9]  
Secure data storage is essential for safeguarding 
sensitive medical information from unauthorized access 
and ensuring the privacy and confidentiality of patient 
records.[7] Medical embedded systems utilize encryption 
and other data security measures to protect patient data 
from cyber threats.[8] These devices ensure that data 
is securely stored within healthcare IT infrastructure, 
preventing unauthorized access and potential data 
breaches.[5] Implementing secure data storage solutions, 
such as medical embedded systems, is a proactive step 

towards safeguarding patient information and mitigating 
the risks posed by cyber threats.[9]

Furthermore, medical embedded systems support the 
implementation of robust access control mechanisms, 
such as multi-factor authentication and role-based 
access control, safeguarding sensitive patient 
information from unauthorized access.[4] These devices 
enable granular control over user privileges, ensuring 
that only authorized individuals can access and modify 
patient data, minimizing the risk of data breaches and 
ensuring compliance with data privacy regulations.[4] By 
utilizing encryption technologies, medical embedded 
systems transform healthcare data management by 
providing an additional layer of security.[5] These devices 
employ advanced encryption algorithms to encode 
data, making it unreadable to unauthorized individuals, 
ensuring that even if the data is intercepted during 
transmission or stored in a vulnerable environment, it 
remains protected.[5]

Moreover, encryption technologies enable healthcare 
organizations to comply with data privacy regulations 
and standards.[45] By implementing strong encryption 
measures, organizations can effectively safeguard 
patient data and demonstrate their commitment to 
protecting individual privacy, helping build trust among 
patients and enhancing the overall reputation of the 
healthcare provider.[64]

B. Cybersecurity Risks

Like every type of technology, medical embedded systems 
are vulnerable to a unique subset of cybersecurity attack 
vectors, which includes hardware security flaws, and 
vulnerability to attack strategies such as buffer overruns, 
man in the middle, and denial of service.[7]

Connecting a medical device to the internet by turning it 
into an Internet of Things (IoT) device greatly amplifies 
the cybersecurity risks:[4]

1.	Increased attack surface: Connected to the 
Internet, medical embedded systems become 
a part of a larger digital domain, making them 
more susceptible to attacks. [4]

2.	Lack of security protocols: Slim security 
protocols designed for isolated devices are not 
sufficiently robust when the system is exposed to 
the Internet.[7]

3.	Limited updates and patches: Updates and 
patches for medical embedded systems rarely 
keep up with the fast-moving nature of online 
threats[7]
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The desired comparator resolution is 112.5 mV for a 
4-BIT converter with a 1.8V supply voltage. In this work, 
we examine the design and operation of a current-based, 
low-power comparator. In order to gain more precision 
and minimize, a competent offset cancellation method has 
been implemented. In this comparator, super low threshold 
MOSFETs are used. In general, in a conventional MOSFET 
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value. For this reason, the threshold of the MOSFETs tends 
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lower gate capacitance. As the gate capacitance is lower 
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4.	Integration with other systems: Medical 
embedded systems connected to the 
Internet commonly integrate with other 
connected systems, e.g., cloud and mobile 
apps, further enlarging the attack surface.[7]

Cybersecurity initiatives and strategies are a top priority 
for healthcare systems, as they face a new wave of 
ransomware attacks while also struggling to confront 
a surge in COVID-19 cases.[8] With the growing reliance 
on smart, connected medical devices and equipment in 
hospitals, hackers are setting their sights on healthcare, 
just as the pandemic has placed a significant strain on 
staff and revenue streams.[8]

Hackers have stepped up their efforts to attack healthcare 
systems, going beyond phishing attacks and stealing 
information to conducting ransomware attacks that 
shut down IT systems and slow operations at hospitals 
and healthcare facilities across the U.S.[8] As regulatory 
pressure continues to grow, and with exponential growth 
in cyber threats, effective management of cybersecurity 
strategies will require integrated expertise from Clinical 
Engineering, IT, Quality, Regulatory, and Security.[8]

C. Regulatory Frameworks and Guidelines

The FDA issued the Quality Management System Regulation 
(QMSR) Final Rule, which amends the device current 
good manufacturing practice (CGMP) requirements of 
the Quality System (QS) regulation (21 CFR Part 820), 
incorporating the international standard specific for 
medical device quality management systems set by the 
International Organization for Standardization (ISO), 
ISO 13485:2016 Medical devices – Quality management 
systems – Requirements for regulatory purposes [9]. The 
final rule is the latest action taken by the FDA to promote 
consistency in the regulation of devices, intended to 
harmonize the FDA’s CGMP regulatory framework used 
by other regulatory authorities.[9]

The basic regulatory requirements that manufacturers 
of medical devices distributed in the U.S. must comply 
with are:[8]

1.	Establishment registration

2.	Medical Device Listing

3.	Premarket Notification 510(k), unless exempt, or 
Premarket Approval (PMA)

4.	Investigational Device Exemption (IDE) for 
clinical studies

5.	Quality System (QS) regulation

6.	Labeling requirements

7.	Medical Device Reporting (MDR)

The FDA is responsible for assuring medical devices 
available in the United States are safe and effective 
throughout their total product lifecycle.[5] In meeting 
this charge, the FDA promotes the development and pro-
duction of high-quality medical devices.[5] The FDA has 
established Quality System Regulations (QSR) addressing 
device design and validation, as well as good manufac-
turing practices.[5] The FDA’s regulations also address 
complaint investigations and other means of surveilling 
device performance, working with manufacturers to 
help them achieve regulatory compliance and taking en-
forcement action as appropriate .[5]

To promote quality design and manufacturing practices 
and provide options to demonstrate compliance, the FDA 
has implemented programs such as the Case for Quality.[50]  
Through such initiatives, the FDA works with industry 
and other stakeholders to identify barriers to medical 
device quality and develop innovative ways to remove 
those barriers, affording patients access to high-quality 
medical devices.[5]

There is no regulation specific to medical embedded 
systems.[7] Nonetheless, these systems are covered by 
cybersecurity compliance regulations by virtue of the 
nature and applications of the device that contains the 
embedded system.[7] For example, a medical device such 
as an X-ray machine containing an embedded controller 
could be covered by cybersecurity regulations for 
medical devices, while the embedded technology inside 
an IoT device — a connected thermometer, for example 
— could be covered under IoT cybersecurity regulation.[7]

In the U.S., many efforts to improve cybersecurity are 
underway, some of which apply to devices using medical 
embedded systems, including laws that cover IoT security 
requirements and sector-specific regulation affecting 
healthcare and financial services.[7] The EU regulation 
has significant reach because global manufacturers 
would ensure their device complies simply to sell into 
the EU market — which means that in effect, EU law 
reaches globally.[7] In the EU, laws that can affect 
medical embedded system cybersecurity include the 
Radio Equipment Directive (RED), Regulations for 
medical devices (MDR) and in vitro diagnostic medical 
devices (IVDR), and the NIS2 Directive.[7]

Conclusion

Medical embedded systems have transformed the 
healthcare industry, enabling real-time monitoring, 
precise diagnostics, and personalized treatment 
strategies. By seamlessly integrating hardware and 
software, these innovative systems have become 
indispensable tools in modern healthcare, revolutionizing 
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The desired comparator resolution is 112.5 mV for a 
4-BIT converter with a 1.8V supply voltage. In this work, 
we examine the design and operation of a current-based, 
low-power comparator. In order to gain more precision 
and minimize, a competent offset cancellation method has 
been implemented. In this comparator, super low threshold 
MOSFETs are used. In general, in a conventional MOSFET 
structure, the gate capacitance tends to show a higher 
value. For this reason, the threshold of the MOSFETs tends 
to be higher. One of the techniques to obtain a super low 
threshold of MOSFETs is to fabricate the MOSFETs with 
lower gate capacitance. As the gate capacitance is lower 
in these types of MOSFETs, the threshold voltage will 
reduce a lot which will give a better headroom for design, 
to have a great ICMR range, low power consumption, and 
large obtainable gain while keeping all the MOSFETs in 
saturation. SLVT MOSFETs allow doing that. Also, the length 

patient care and paving the way for groundbreaking 
solutions. As we move forward, the integration of 
artificial intelligence, Internet of Things, and advanced 
data analytics will further enhance the capabilities of 
medical embedded systems, driving improvements in 
patient outcomes and operational efficiency.The future 
of healthcare lies in the convergence of cutting-edge 
technologies, such as the Internet of Medical Things, 
artificial intelligence, and wearable devices. However, 
ensuring patient privacy, data security, and regulatory 
compliance remains a critical priority. By addressing 
these challenges and embracing the potential of medical 
embedded systems, the healthcare industry can unlock 
new frontiers in delivering personalized, efficient, and 
accessible care to patients worldwide.
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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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