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AbstrAct 
By means of very large scale integration (VLSI) technologies, they have been 
rapidly developed as smart sensors for biomedical applications. These in-
novative devices are eliminating intrusiveness and thereby transforming 
healthcare by providing continuous monitoring, early diagnosis and targeted 
treatment. This article covers the VLSI smart sensors for biomedical field and 
brings the cutting edge design approaches, the testing methodologies and the 
emerging trends in it. As healthcare costs continue to increase, populations 
age, and, as a result, medical cost efficiency will become more and more 
important. potentials VLSI technologies are that of miniaturized, low power 
sensors that can easily embedded into wearable devices, implants and diag-
nostic tools. So, these smart sensors capture, relate and transmit the vital 
physiological data to more accurate and faster medical interventions. One of 
the unique technical and market opportunities and challenges for integrating 
VLSI techniques into biomedical sensor design is outlined. Engineers have a 
complex mess of requirements that while biocompatible, suitable for implan-
tation, and reliable also want to optimize power consumption. Design and 
test considerations of VLSI based smart sensor, and direction in which novel 
and important areas are pointed out, are discussed in this article.
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VLsI technoLogIes for bIomedIcAL 
sensor desIgn
Application of VLSI technologies in the biomedical 
sensor design has opened new possibilities of highly 
integrated, miniaturized device design. These 
advanced sensors benefit from the VLSI, and the 
performance, power consumption, and functionality 
are all improved associated with these.[1-4]

Advantages of such VLSI
However, biomedical sensor design can also be 
implemented using VLSI technologies, due to many 
key advantages afforded through them.
1. Integration in very small form factors: VLSI can 

be used to develop compact sensors with complex 
circuitry that have turned into an important 
enabling technology for the compact, implantable 
and wearable delivery of sensing.

2. It can provide long term monitoring and increase 
battery life of system through advanced VLSI design 
techniques by providing low power consumption.

3. These include high integration wherein several 
sensing, processing and communication functions 
are packaged on one chip to reduce the complexity 
of the system and its reliability.

4. Advances in medical technology: From the ability 
of mass producing VLSI based sensor manufactured 
at lower cost due to VLSI technology, more 
advanced medical technologies can be provided 
(Figure1).

Biomedical Sensors using CMOS 
Technology
One of the common advantages of CMOS technology 
employed for fabricating biomedical sensors is the 
requirement of low power supply in operation in such 
sensors in addition to high integration capacity and 
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compatibility with standard fabrication processes. 
Signal processing and data conversion can be 
integrated in analog and digital circuits on top of 
CMOS based sensor (also known as CMOS based sensor), 
e.g. electrochemical sensor for specific biomolecules 
detection, capacitive sensors for measuring physical 
parameters, i.e., pressure, acceleration.

Additionally, adult cardinals were tested using 
the pencil stylus that is principally intended for use 
in DCs to replace or complement related existing 
current inking methods. Using VLSI Technologies For 
Medical Imaging Applications. Specific parameters of 
physical interest that can be measured are pressure, 
acceleration and force at image sensors designed for 
medical imaging applications. Temperature sensors for 
body temperature monitoring applications.

Advance of very large scale integration (VLSI) 
has progressed the development of smart sensors in 
biomedical applications. These ingenious devices are 
revolutionising healthcare by allowing continuous 
monitoring, early diagnosis and personalized 
treatment strategies. The design approaches, testing 
methodologies and future trends in VLSI based smart 
sensors for biomedical field are presented in this 
article.

Given that healthcare costs are rising and 
populations are getting older, we need more efficient, 
cheaper forms of medical solutions. Repeatable 
out of the scanner, VLSI technologies are promising 
at providing a path to creating miniaturized, low 
power sensors that can be seamlessly embedded into 
wearable devices, implants, and diagnostic tools. By 
enabling the smart sensors to capture, process, and 

transmit vital physiological data in more timely and 
accurate ways, it allows for more accurate and timely 
medical interventions.

VLSI techniques will be integrated in biomedical 
sensor design and they present unique challenges and 
opportunities. Engineers have to navigate through 
a landscape filled with requirements: minimizing 
power consumption, maximizing biocompatibility and 
reliability. This article presents different aspects of 
the VLSI based smart sensor design and testing, such 
considerations, novel approaches and future directions 
in this very fast developing area.[5-9]

VLsI technoLogIes for bIomedIcAL 
sensor desIgn
The use of VLSI technology to design biomedical 
sensors has provided a new means of creating highly 
integrated, miniaturised devices. Using the benefits 
of VLSI, advanced sensors use these sensors to yield 
enhanced functionality, reduced power consumption, 
and improved performance.

Advantages of VLSI in Biomedical Sensors
Several key advantages for biomedical sensor 
design can be obtained by using VLSI technologies: 
VLSI: The circuitry can be integrated in tiny form 
factors, which leads to a development of the highly 
compact sensors for the implantable and wearable 
applications. Advanced VLSI design techniques can 
help tremendously in reducing power requirements so 
that battery life can be extended as well for long term 
monitoring. System complexity is reduced through 
high integration of multiple sensing, processing and 

 
Fig. 1: Biomedical Sensors using CMOS Technology
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communication functions onto a single chip, which 
also enhances reliability. Mass production of VLSI based 
sensors can provide the means for reduced subsequent 
manufacture (‘Additive’ cost) and thus make the user 
of advanced medical technologies more financially 
attractive.[10-11]

CMOS Technology in Biomedical Sensors
Compared with other technologies, COMS technology 
has become highly appealing for the design of 
biomedical sensors because of its low power 
consumption, high integration density, and possibility 
to be realized based on standard fabrication processes. 
Analog and digital circuits can be integrated on 
CMOS-based sensors in order to realize on-chip signal 
processing and data conversion (Table 1).

Material Selection and Biocompatibility
Implantable or long term wearable sensors are majorly 
considered on the basis of interiority. Materials and 
packaging techniques need be carefully selected so 
that the sensor does not cause adverse reactions or 
tissue damage. Biocompatible materials — these can be 
medical grade silicone or titanium or even specialized 
polymers like those that the body is familiar with well. 
Packaging techniques based on hermetic sealing using 
robust techniques to minimize contamination of the 
sensor electronics to bodily fluids and minimize the 
leakage of potentially harmful substances.

Surface treatment: Coating or surface treatments 
to modify tissues integration and reduce the risk of 
inflammation or rejection. Long term stability: Sensors 
with sufficient performance and integrity to again be 
useful after being in physiological environment for 
extended period of time. Data security and privacy is 
to be ensured as biomedical sensors usually retrieve 
sensitive health information.[12-14]

• Encryption: definition of the robust encryp-
tion algorithms to be implemented in order to 
protect data during storage and transmission.

• For secure access, wireless protocols and au-
thentication mechanisms are used.

• Identifying how and when to anonymize or 
de-identify sensitive health data.

• The ease of compliance with relevant health-
care data protection regulations and stan-
dards.

sensor ArchItectures for InnoVAtIVe 
bIomedIcAL AppLIcAtIons
As such, novel sensoris architectures are being 
developed that are enabling advancements in 
biomedical monitoring and diagnostics. This section 
pursues implementation of new sensors as VLSI to 
realize higher performance and functionality.

Multi-Modal Sensing Platforms
1.	 Cross validation of measurements can be obtained by 

integrated multiple sensing modalities on a single chip:
2.	 Electrochemical-mechanical hybrid sensors: The 

simultaneous bioelectrochemical and mechanical 
sensing of biochemical markers and physical parameters.

3.	 Optical-electrical sensors: Application of optical and 
electrical sensing capabilities with applications such as 
pulse oximetry and tissue characterization.

4.	 Challenge for developing multi-parameter vital sign 
monitors which incorporate the sensors that can 
simultaneously measure various vital signs (e.g., heart 
rate, blood pressure, temperature) on a single platform.

VLsI bAsed bIomedIcAL sensor testIng 
And VALIdAtIon
The VLSI based biomedical sensors, however, need 
rigorous test and validation to achieve reliability, 

Table 1: CMOS Technology in Biomedical Sensors

Design Parameter Description Impact on Biomedical Applications

Sensor Sensitivity The ability of the sensor to detect small 
changes in the environment or biologi-
cal signal

Crucial for early detection and moni-
toring of health conditions

Power Consumption The amount of energy the sensor uses 
during operation

Important for portable, battery-pow-
ered biomedical devices

Size/Integration Physical dimensions and integration of 
sensor components

Smaller sensors can be integrated into 
medical devices with minimal intrusion

Signal Processing The ability to process and filter the ac-
quired signals

Necessary for accurate data analysis in 
real-time monitoring
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accuracy, and safetyness. This section discusses 
a few methods for testing of sensors, as well as 
considerations associated with the test when the 
test is used to ascertain the sensor performance or 
compliance with regulatory requirements.

In Vitro characterization and testing
Evaluation of sensorâ s performance under controlled 
laboratory conditions is in-vitro testing.

Electrical measurements: Very precise electrical 
measurements on precision electrical instruments 
and test setups and with precision, key electrical 
parameters such as sensitivity, linearity, dynamic 
range and noise performance quantify. Environmental 
testing: this takes the stability, robustness and 
subjecting sensors under different environmental 
conditions (temperature, humidity, pressure). 
Acceleration aging testing: This is a long term 
stability and reliability test of sensor components 
and packaging. Interference testing: Analyzing sensor 
susceptibility to electromagnetic interference, and 
other noise or artifact sources (Figure 2).

Biocompatibility Assessment and In-Vivo 
Testing
The sensor performance and biocompatibility are 
evaluated in living organisms, abbreviated as in-vivo 

testing. Sensor functionality and biocompatibility as 
well as potential long term effects were evaluated 
in preclinical trials using animal models. Histological 
analysis: Examination of tissue samples to observe the 
inflammation or adverse response to applied sensors.

Sensor performance and assessment in 
physiological environment and compared with the 
established clinical measurement techniques served 
as the functional testing. Animal model studies, long 
term implantation studies, sensor stability including 
drift and tissue integration over extended periods in 
animals.[15-17]

stAndArds And reguLAtory compLIAnce
Thus, it is essential to ensure compliance with 
applicable regulatory standards guidelines to market 
biomedical sensors:

According to the FDA requirements for medical 
devices, you can refer to the process of premarket 
approval (PMA) or 510(k) clearance procedure of the 
USA FDA. Fulfills to ISO international standards, for 
instance ISO 13485 for the quality management in 
medical devices.

Electromagnetic compatibility (EMC) testing: 
showing that sensors do not interfere with other 
sensors medical equipment and/or obtained by 
external electromagnetic sources according to EMC 

Fig. 2: Biocompatibility Assessment and In-Vivo Testing
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industry standard. Biocompatibility testing: Does 
the testing according to ISO 10993 standards of the 
biocompatibility of the materials that is used in the 
sensor construction.[18-21]

Clinical Trials and Performance Validation
To demonstrate the efficacy and safety of a sensor, 
rigorous performance validation and robust clinical 
trials are needed: Performance testing, compared to 
gold standard measurement, under controlled bench 
test conditions.

Human subject clinical validation studies: 
These are human subject trials to test the sensor’s 
performance in the real world clinical setting, and 
to gather accuracy, reliability and usability data. 
Statistical analysis includes determining accuracy, 
precision, and review of agreement with the reference 
method by means of comprehensive statistics analysis. 
Evaluating the practical aspects of sensor use in terms 
of user feedback as well as usability testing obtained 
from patients and healthcare professionals aimed to 
identify and improve potential.[22-23]

VLsI bAsed sensors: dAtA processIng 
And AnALysIs technIques
VLSI based biomedical sensors acquire and process 
raw signals, then only the first step in obtaining 
meaningful information is to extract the information 
from the raw signals. This chapter then proceeds and 
describes multiple data processing methodologies and 
methodologies at different data processing levels (off- 
and on-chip) to enhance sensor performance and to 
enable new diagnostic operations.[24-25]

On-Chip Signal Processing
Signal level processing is a method of reducing power 
consumption, lowering the amount of data to be 
transmitted, and allowing real time data analysis by 
integrating signal processing capabilities directly in 
the sensor chip. Conditioning and digitizing raw sensor 

signals using low noise amplifiers, filters and analog 
to digital converters (ADCs). Furthermore, it includes 
digital signal processing (DSP) cores which incorporate 
general signal processing algorithms implemented in 
efficient dedicated hardware. It includes techniques 
such as feature extraction—both for reducing the 
amount of information needed to transmit stored on 
chip algorithms which extract sensor data features 
relevant those.[26-27]

Standards and Regulatory Compliance
Thus, it is essential to ensure compliance with 
applicable regulatory standards guidelines to market 
biomedical sensors: According to the FDA requirements 
for medical devices, you can refer to the process 
of premarket approval (PMA) or 510(k) clearance 
procedure of the USA FDA. Fulfills to ISO international 
standards, for instance ISO 13485 for the quality 
management in medical devices. Electromagnetic 
compatibility (EMC) testing: showing that sensors do 
not interfere with other sensors medical equipment 
and/or obtained by external electromagnetic sources 
according to EMC industry standard. Biocompatibility 
testing: Does the testing according to ISO 10993 
standards of the biocompatibility of the materials that 
is used in the sensor construction (Table 2).

Clinical Trials and Performance Validation
To demonstrate the efficacy and safety of a sensor, 
rigorous performance validation and robust clinical 
trials are needed:

Performance testing, compared to gold standard 
measurement, under controlled bench test conditions. 
Human subject clinical validation studies: These are 
human subject trials to test the sensor’s performance 
in the real world clinical setting, and to gather 
accuracy, reliability and usability data. Statistical 
analysis includes determining accuracy, precision, and 
review of agreement with the reference method by 
means of comprehensive statistics analysis.

Table 2: Clinical Trials and Performance Validation
Testing Methodology Description Challenges

In-vitro Testing Testing sensors on biological samples 
outside the living organism

Ensuring the sensor response accurate-
ly reflects real-world conditions

In-vivo Testing Testing sensors inside living organisms 
or human models

Biocompatibility, long-term stability, 
and sensor performance inside the body

Environmental Testing Testing sensor performance under var-
ious environmental conditions (tem-
perature, humidity, etc.)

Variability in sensor performance based 
on environmental factors
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Evaluating the practical aspects of sensor use in 
terms of user feedback as well as usability testing 
obtained from patients and healthcare professionals 
aimed to identify and improve potential.

VLSI Based Sensors: Data Processing and 
Analysis Techniques
VLSI based biomedical sensors acquire and process 
raw signals, then only the first step in obtaining 
meaningful information is to extract the information 
from the raw signals. This chapter then proceeds and 
describes multiple data processing methodologies and 
methodologies at different data processing levels (off- 
and on-chip) to enhance sensor performance and to 
enable new diagnostic operations. Signal level processing 
is a method of reducing power consumption, lowering the 
amount of data to be transmitted, and allowing real time 
data analysis by integrating signal processing capabilities 
directly in the sensor chip. Conditioning and digitizing raw 
sensor signals using low noise amplifiers, filters and analog 
to digital converters (ADCs). Furthermore, it includes 
digital signal processing (DSP) cores which incorporate 
general signal processing algorithms implemented in 
efficient dedicated hardware. It includes techniques such 
as feature extraction—both for reducing the amount of 
information needed to transmit stored on chip algorithms 
which extract sensor data features relevant those.

Using sensors based on very large scale integrated 
circuits (VLSI), patients are able to be monitored 
from afar with greater effectiveness, especially in the 
management of chronic disease:

Telehealth platforms: Enabling remote 
consultations and continuous health monitoring 
with some combination of various sensors and 
communication technologies. Sensors used for tracking 
patients’ conformity to the medication, or lack 
thereof, along with meditations when required. Fall 
detection systems It can be used to alert a caregiver 
when an elderly or at risk person falls.

Sensors in homes or care facilities to monitor 
patients health by measuring air quality, temperature 
or anything else that may affect patient health. 
Although considerable progress has been made in VLSI 
based biomedical sensors, a number of obstacles still 
remain to be overcome. Finally, current and future 
research limitations and directions are discussed.

Energy Harvesting and Power 
Consumption.
One of the greatest challenges to long term, 
implantable, wearable sensors, is increasing energy 

efficiency. Finally, new circuit topographies and 
design techniques are developed to further reduce 
the power consumption as much as possible while 
it does not impact performance. Advanced energy 
harvesting: Novel energy harvesting mechanisms, 
such as piezoelectric, electret, thermoelectric or 
piezoelectric generators for self powered sensor 
operation. Efficient and safe wireless power transfer 
techniques for implantable devices. Intelligent power 
management of networks of interconnected sensors 
to maximize total system lifetime is referred to as 
energy aware sensor networks.

Long term stAbILIty And 
bIocompAtIbILIty
Challenges remain for ensuring long-term 
biocompatibility and stability of implantable sensors: 
by improving tissue integration and reducing foreign 
body responses with new biocompatible materials 
and surface treatments. This work is based on the 
development of sensors that automatically remain 
accurate for a very long time by calibration or some 
other type of drift compensation. Creating sensors 
(bioelectronics) that can dissolve or be absorbed 
by the body upon completing its use (transient 
electronics). Electrode interfaces with tissue: to 
facilitate design of these electrode interfaces to 
minimize tissue damage and allow for stable long term  
connections.

Miniaturization
Other challenges include further miniaturization and 
integration of sensor components.

1. 3D integration techniques: Future 3D chip 
stacking and through silicon via (TSV) technology 
to maximize 3D chip stacking techniques in order 
to integrate higher levels in smaller and compact 
packages.

2. New materials and fabrication techniques to make 
flexible and stretchable electronics to conform 
sensors that will bend and fold around human 
body movements and conformalities.

3. Such nanomaterials and nanostructures could then 
serve as the surroundings of nano-scale sensing 
elements that are ultra sensitive, and highly 
specific.

4. System-on-chip (SoC) integration: Moving pro-
cessing, power management, wireless communi-
cation capabilities onto a single chip.
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Data Security and Privacy
Security and privacy concerns in biomedical sensor 
systems are still very important to address.

• Implication 1: Search for energy efficient en-
cryption algorithms, apropos of the so called 
resource constrained sensor devices encryp-
tion.

• How to design robust authentication and key 
management protocols for interconnected 
biomedical sensors that have secure networks.

• Privacy preserving data analytics: Methods 
of data analysis that don’t come at the cost of 
privacy (be it via federated learning or homo-
morphic encryption).

• Regulatory frameworks: Building the guide-
lines and standards for the security and priva-
cy data in biomedical sensor application.

Emerging Sensing Modalities
New sensing modalities and measurement techniques 
can provide new opportunities in biomedical 
monitoring: Optical: Advancing Optical Sensing, a 
noninvasive form of Optical Sensing include, near 
infrared spectroscopy for measurement of various 
physiological parameters (e.g., tissue oxygenation), 
or photoplethysmography for measurement of pulse 
rate and oxygen saturation of arterial blood. Because 
cardiovascular disease causes, it will be able to 
develop highly sensitive and selective sensors for 
detecting specific biomarkers or metabolites in body 
fluids. Novel mechanical sensing modalities (acoustic 
or tactile sensors) for monitoring physiological (such 
as the underlying state of electrical activity (ECG)) 
or biomechanical (such as the heart rates (HR), dyad 
length of tethered tugs or tags) parameters. Multi 
functional sensing: Sensors capable of measuring 
multiple parameters simultaneously or themselves 
being able to vary according to sensing modalities.

concLusIon
This new age of healthcare monitoring and diagnosis 
would not have been brung with the design of Biomedical 
sensor with VLSI technologies. These advanced sensors 
have very high power efficiency and functionality by 
miniaturization and can be used in many applications, 
for instance wearable health monitors or implantable 
medical devices, due to the unprecedented capabilities 
of these sensors. In this thesis, an effort has been 
made to realize the full potential of VLSI-based 

biomedical sensors and to face the biochallenges such 
as long term biocompatibility, energy efficiency and 
data security while this field is becoming increasingly 
evolved. Emerging future sensors performance and 
capability advances are promising flexible electronics, 
neuromorphic computing, and nanosensors. The future 
of integration of patients’ lives seamlessly with VLSI 
based biomedical sensors lies in their integration into 
the patient’ lives seamlessly. Along with this maturation 
of these technologies and its widespread adoption, 
however, it can potentially revolutionize delivery of 
healthcare and these advances enable earlier disease 
detection, more effective treatment strategies, and 
better patient outcomes. The future developments 
in the VLSI based smart sensor field will depend on 
continued research and development efforts for the 
VLSI based smart sensor for biomedical application 
along with close association between the engineers, 
the medical, and the regulators for overcoming the 
current limits and realizing the maximum potential of 
the VLSI based smart sensor in biomedical application. 
With these innovations ongoing, we can expect a 
future with a ever-growing demand for advanced 
sensing technology to advance health, prevent disease 
and improve wellbeing across our world.
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