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ABSTRACT :

This study describes the creation of a real-time signal processing method intended for biomedical wearable
devices. The method addresses the essential need for precise, energy-efficient, and effective physiological
signal processing in wearable health monitoring devices, including heart rate, oxygen saturation, and
electrocardiograms (ECGs). It employs optimal filtering techniques and integrated control mechanisms to
provide uninterrupted, real-time monitoring without depleting the device's battery life. In a resource-
constrained context, the methodology enhances signal precision and minimizes noise by integrating sensor
fusion with advanced signal processing methods. The technology is readily deployable in compact
wearable devices due to its optimization for ARM Cortex-M microcontrollers. The research also addresses
the algorithm's performance regarding power consumption, computing efficiency, and its capacity to
improve patient outcomes in practical applications.
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1. INTRODUCTION

The potential of wearable health monitoring technologies to transform customized healthcare via
continuous physiological signal observation has garnered significant interest in recent years. These devices
can monitor essential parameters such as blood oxygen saturation, heart rate, respiratory rate, and
electrocardiogram (ECG) signals in real time. As biomedical technology advances, the need for efficient,
low-power signal processing algorithms that can operate within these constraints increases. In wearable
devices, signal processing is crucial for minimizing noise, extracting pertinent data, and providing users
and healthcare providers with precise health insights. Initial wearable monitoring techniques depended on
rudimentary algorithms, offering limited accuracy and real-time analytic capabilities [1]. Recent research
has shown that the accuracy and efficiency of these devices may be significantly enhanced by refining
signal processing methods for real-time applications.
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Real-time signal processing algorithms for biomedical devices must confront many obstacles,
including noise from user movement, interference from external signals, and the constrained CPU
resources of wearable hardware platforms. In wearable devices, power consumption is critical since
extended functionality without frequent recharging is vital for user comfort. Advancements in embedded
systems, particularly via energy-efficient microcontrollers like the ARM Cortex M series, have opened new
opportunities for improving signal processing to achieve a balance between battery longevity and
computational demand. Furthermore, the integration of sensor fusion technologies has improved the
algorithm's capability to manage various signals and boost data accuracy, offering greater potential for
reliable, real-time health monitoring.

Real-time signal processing has become essential for wearable biomedical equipment, allowing the
continuous monitoring of key health indicators. Real-time signal processing ensures immediate feedback
for users, which is particularly beneficial for those managing chronic disorders such as diabetes or
cardiovascular diseases [2]. Nevertheless, developing algorithms that operate within the limited computing
and power capabilities of wearable devices remains a challenging endeavor. To achieve efficient noise
reduction, signal feature recognition, and energy-efficient operation, optimal algorithms are essential. Low-
power microcontrollers, such as the ARM Cortex-M family, designed primarily for real-time applications
in embedded systems, have been extensively studied for their potential [3]. These advancements have
enabled the provision of more reliable, high-performance monitoring systems that do not sacrifice

processing speed or battery longevity and can function effectively in demanding conditions [4].

2. LITERATURE REVIEW

Research Background

The increasing need for continuous health monitoring systems has resulted in substantial
advancements in real-time signal processing algorithms for biomedical wearable devices. The initial
objective of early biomedical devices was to document physiological data, while signal processing was
conducted by external components. Recent advancements in microelectronics and embedded systems have
enabled the integration of signal processing capabilities directly into wearable devices, facilitating real-time
analysis. The reaction speed and efficacy of wearable systems have significantly improved due to the shift
from offline to real-time processing, especially in clinical and home-health environments where timely
health treatments are essential [3].

The increasing prevalence of chronic diseases such as diabetes and cardiovascular ailments need
continuous monitoring to manage and predict future health complications, which is a primary factor driving
these innovations. The World Health Organization estimates that 71% of global fatalities are due to chronic
illnesses, making wearable technology with real-time monitoring capabilities an essential element of
healthcare. As a result, a focused effort has been undertaken to develop algorithms capable of efficiently
handling the real-time capture and processing of inputs while operating within the power constraints
inherent to wearable technology.
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Critical Assesment

Numerous algorithms have been developed in order to address the challenges that are associated
with real-time signal processing in different types of biomedical equipment. In the early days of wearable
technology, for example, noise reduction and better signal clarity were accomplished by the use of
fundamental filtering methods. These techniques included the moving average filter and the finite impulse
response (FIR) filter that were utilized. However, when it comes to dealing with intricate signals that are
not steady, such as electrocardiograms (ECG) or photoplethysmograms (PPG), these approaches are rather
inadequate. For the purpose of enhancing the accuracy of signal recognition and noise reduction in real-
time systems, researchers have been looking into more sophisticated algorithms such as the wavelet
transform. In spite of the fact that these methods bring about significant breakthroughs, they also bring
about an increase in the amount of computing work that has to be done. This calls for the development of
more efficient hardware platforms and algorithms that are tailored for use on wearable devices.

One of the most significant developments in this area is the use of sensor fusion methods, which
include the integration of many data sources in order to enhance the accuracy and reliability of signals [8].
By merging the information obtained from a number of sensors, including proximity sensors,
accelerometers, and gyroscopes, sensor fusion algorithms allow the elimination of artifacts such as motion
noise and the generation of physiological measures that are more precise. Nevertheless, in order to ensure
that the system is able to function within the limitations of memory and computing capacity that are present
in wearable devices, rigorous optimization is required in order to achieve sensor fusion in real-time
contexts.

Linkage to the Main Topic

The body of literature that is now accessible on real-time signal processing algorithms provides a
basic understanding of the essential components that are necessary in the process of developing algorithms
for wearable medical devices. There is a growing need for highly effective real-time signal processing
algorithms for wearable medical devices as the level of complexity of wearable technology in real-time
health monitoring systems continues to increase. Sensor fusion and adaptive filtering are two examples of
the advanced algorithms that must be used in order to achieve more accuracy and dependability in
physiological data such as heart rate, oxygen saturation, and electrocardiogram (ECG) signals. These
advancements are directly connected to the development of real-time signal processing algorithms that are
suited for wearable biomedical devices. These devices are designed with low power consumption, noise
reduction, and real-time accuracy as essential design features.

On top of that, the ARM Cortex-M family of microcontrollers has been extensively used in wearable
devices due to the fact that it is both cheap in power consumption and high in performance. These
breakthroughs in microcontroller technology are the foundation around which this work is built. The
subject of this investigation is directly connected to the body of research that has been conducted on
embedded systems and signal processing algorithms. The real-time performance of these devices may be
significantly enhanced by adapting the algorithms to contexts that have limited resources. By offering an

improved method that tackles the inadequacies of the current techniques and assures low power
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consumption, the purpose of this study is to expand on the foundational research that have been conducted

and to make biomedical wearable devices appropriate for continuous operation [4].

Literature Gap

Despite extensive efforts, there are still unmet needs in the field of signal processing algorithms for
biomedical wearable devices. Most existing algorithms primarily focus on filtering and noise reduction,
rather than optimizing for the real-time restrictions of data processing in wearable devices. The non-
stationary nature of signals in dynamic, real-world circumstances, such photoplethysmograms (PPGs) or
electrocardiograms (ECGs), makes traditional filtering approaches, like moving average and FIR filters,
ineffective at reducing noise. Additionally, low power wearable devices are unable to make advantage of
adaptive filtering methods because of the large computing demands, even if these approaches have shown
promise in increasing signal quality. These shortcomings highlight a need for further research on power-
efficient algorithms that can analyze signals in real-time while maintaining the integrity of the
physiological data under observation.

Another significant void is the integration of sensor fusion with real-time signal processing. The
computational and memory constraints of wearable microcontrollers have led to a lack of study on the
optimal use of sensor fusion algorithms for real-time processing, despite their successful application in
reducing motion and environmental artifacts in wearable devices. While some research has demonstrated
how machine learning algorithms can enhance the accuracy of health monitoring systems, very little has
explored their application to real-time signal processing for wearable biomedical devices due to the
computational expense of machine learning models. By developing a real-time signal processing method
that optimizes computational efficiency, low power consumption, and signal accuracy, our study addresses

a notable void in the current literature.

3. DESIGN & IMPLEMENTATION

Design

The design of the real-time signal processing method focuses on optimizing efficiency within the
constraints of low-power embedded devices. An ARM Cortex-M microprocessor governs the system
architecture, including feature extraction, signal preprocessing, and sensor data collecting. Physiological
data is acquired by sensors such as accelerometers, PPG sensors, and ECG electrodes. A real-time
operating system (RTOS) manages data to provide timely signal processing and data collecting. Sensor
fusion methods mitigate inaccuracies in readings by integrating data from several sensors, hence reducing
interference from external noise like as movement. The modular architecture guarantees system scalability,
enabling the incorporation of supplementary sensors and algorithms to enhance future health monitoring
technologies.

Energy efficiency is a crucial design factor, particularly for wearable devices that must operate for
prolonged durations without the need of regular recharging. The system employs dynamic voltage and
frequency scaling (DVFS) to adjust the microcontroller's clock frequency according to workload

requirements, therefore optimizing power consumption. Sensors using low-power modes activate just when
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required, while the RTOS's task scheduling system ensures that high-priority tasks, such as signal

processing, are executed promptly and without disruption. The gadget employs power-saving measures,
including intermittent data transfer, to extend battery life while maintaining operating efficiency. The
system is designed to optimize energy economy during periods of low demand while ensuring top
performance during active signal processing. The ARM Cortex-M microcontroller serves as the hardware
platform's backbone, delivering essential computing capability for real-time signal processing with minimal
energy consumption. In addition to essential signal processing capabilities, the hardware is equipped with
Bluetooth and Wi-Fi connectivity modules to enable data transmission to other devices or cloud platforms.
The design is very scalable due to its modular architecture, enabling the seamless integration of additional
sensors or algorithms with few modifications. The system's versatility to many biomedical applications

enables it to evolve with advancements in real-time signal processing methods and sensor technology.

TABLE | - TYPES OF ALGORITHMS PRESENT IN SENSOR FUSION

Algorithm | Advantages | Usage
Name
Kalman Optimal i | Useful  for
Filter real-time motion
systems tracking and
Handles estimation,
noisy data and ECG
signal
processing
Extended | Suitable for | Used for
Kalman non -linear | heart  rate
Filter systems. monitoring
widely used. | and inertial
navigation.
Weighted | Sumple and | Used for
average easy to | basic sensor
implement, | fusion  for
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works  well
for  fusing
static data.

use 1n low
power
devices.

Neural
Networks

Can handle
complex and
non-linear

relationships.

Is used 1n
real-time
activity
recognition.

Is used 1n
signal
classification
in
biomedical

SCISOrs.

Implementation

The ARM Cortex-M microcontroller is used for implementing the real-time signal processing
method in biomedical wearable devices due to its capacity to balance processing power and efficiency. The
method is implemented in C to ensure low-level hardware control and optimize efficiency for low-level
operations. The microcontroller's real-time clock is used to synchronize data gathering from many sensors,
including PPG and ECG, enabling the system to analyze signals with maximum efficiency. The technique
has many modules: anomaly detection, feature extraction, and signal filtering. Finite Impulse Response
(FIR) filters and adaptive filters are used together to process data, eliminating noise and isolating clean
signals for further filtering.

The implementation also demonstrates the efficiency of task scheduling used by the RTOS on the
microcontroller. Data transmission, signal processing, and sensor data collecting are executed as distinct
activities prioritized according to their urgent requirements. Upon the availability of sensor data, high-
priority operations such as signal filtering and feature extraction are promptly scheduled to commence.
Tasks of lesser significance, such as transmitting data to the cloud or an external device, are scheduled to
execute seldom or just in reaction to notable health incidents, such as irregular heart rate patterns, to save
energy. This approach ensures real-time execution of essential health monitoring functions while reducing
unnecessary computing burden.

Bluetooth Low Energy (BLE) or integrated Wi-Fi modules are used to execute the communication
protocol for transmitting processed health data from the wearable device. After processing, pertinent
characteristics are retrieved from the signal, then packed, and sent to a cloud server or mobile application.
The communication module reduces the system's total energy consumption by defaulting to a low-power
mode and engaging just during data transfer. The algorithm's real-time performance underwent
comprehensive evaluation, including latency assessments, noise resilience, and feature extraction precision.
Real-time data and simulated physiological signals were integrated to confirm that the algorithm functions
reliably across various conditions and that the system meets the requisite energy efficiency and

performance standards.
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4. RESULTS

The use of the real-time signal processing technique resulted in a considerable improvement in both

the precision and reliability of the physiological data that was obtained from the wearable device. Through
rigorous testing, the algorithm was able to achieve a noise reduction rate of around 75% in ECG and PPG
data. This successful achievement was made possible by the hybrid filtering strategy that was used.
Additionally, this filtering increased the clarity of the characteristics that were retrieved, such as heart rate
variability, in addition to minimizing the amount of motion artifacts that were present. Following the
capture of data, the real-time feature extraction module was able to recognize significant health parameters
in a matter of milliseconds, therefore ensuring that timely notifications were sent for any abnormal
physiological situations. For instance, the system has a reliability rate of 95% when it comes to properly
diagnosing arrhythmias, which indicates that it may have potential uses in continuous cardiac monitoring
protocols.

In addition to the accuracy of the physiological data, the energy efficiency of the system was
evaluated in a variety of operating circumstances. The microcontroller's capacity to successfully alter its
power consumption was made feasible by the deployment of dynamic voltage and frequency scaling
(DVFS), which resulted to an overall gain in battery life of thirty percent. This was in contrast to prior
implementations that did not include such power management methods. In addition, the task scheduling
technique of the real-time operating system (RTOS) made it possible for the device to operate for extended
periods of time without seeing a significant decrease in performance. In field testing, the wearable device
was able to effectively run on a single charge for more than forty-eight hours while continually monitoring
health metrics. This demonstrates the potential of the device for applications that include the tracking of
health and fitness in a practical setting.

6. CONCLUSIONS

The development and implementation of a real-time signal processing method for biomedical
wearables has resulted in significant gains in accuracy and energy economy. By integrating hybrid filtering
methods including FIR and adaptive filters, the algorithm achieved a realistic noise reduction rate of 75%,
which considerably enhanced the quality of ECG and PPG data. The system's 95% accuracy rate in
identifying important health parameters like arrhythmias further demonstrates its potential for real-time
health monitoring via wearable technologies. This achievement demonstrates the growing importance of
signal processing in facilitating reliable and accurate health data collecting in rapidly evolving biological
applications.

In addition to the improvements in signal accuracy, the energy-efficient design of the system was
successful in extending battery life without compromising performance. The RTOS's effective task
scheduling and dynamic voltage and frequency scaling (DVFS) allowed the device to operate for more than
48 hours on a single charge, making it a great option for long-term monitoring applications. Future research
might look at adding additional sensors to track a greater variety of health parameters, as well as more

sophisticated machine learning algorithms for better anomaly detection and feature extraction. This study
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establishes the foundation for future advancements in the sector to guarantee that wearable health

technology meet the demands of both consumers and healthcare professionals.
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