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Abstract:

This paper presents the development of a real-time signal processing algorithm for use in biomedical
wearable devices. The algorithm tackles the vital requirement for accurate, low-power, and effective
physiological signal processing in wearable health monitoring systems, including heart rate, oxygen
saturation, and electrocardiograms (ECGs). It makes use of optimum filtering methods and embedded
control systems to guarantee continuous, real-time monitoring without shortening the battery life of the
device. In an environment with limited resources, the algorithm improves signal accuracy and noise
reduction by combining sensor fusion with sophisticated signal processing techniques. The
implementation can be easily deployed in small wearable devices because it is optimized for ARM Cortex-
M microcontrollers. The performance of the algorithm in terms of power consumption, computational
efficiency, and its potential to enhance patient outcomes in practical applications are also covered in the
study.
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I. INTRODUCTION

The potential of wearable health monitoring devices to revolutionize personalized healthcare through
continuous physiological signal monitoring has drawn a lot of attention in recent years. Vital indicators like
blood oxygen levels, heart rate, breathing rate and electrocardiogram (ECG) signals can all be tracked in
real time by these devices. The need for effective, low power signal processing algorithms that can work
within these limitations grows as biomedical technology develops. In wearable systems, signal processing
is essential for reducing noise, obtaining relevant data, and giving users and medical professionals accurate
health insights. Early wearable monitoring methods relied on simple algorithms with little room for
accuracy and real-time analysis [ 1]. Nonetheless, more recent research has demonstrated that these device’s
accuracy and efficiency can be greatly increased by optimizing signal processing algorithms for real-time
applications.

Real-time signal processing algorithms for biomedical devices must address various challenges, including
noise from user movement, interference from external signals, and the limited computational resources of
wearable hardware platforms. With wearable systems, power consumption is especially important because
prolonged operation without frequent recharging is essential for user convenience. Developments in
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embedded systems especially in the form of energy efficient micro controllers such as the ARM Cortex M
series, have created new avenues for optimizing signal processing to strike a balance between battery life
and computational load. Moreover, the incorporation of sensor fusion technologies has enhanced the ability
of the algorithm’s capacity to oversee multiple signals and augment data precision, presenting increased
possibilities for dependable, instantaneous health monitoring.

Real-time signal processing has been a crucial part of wearable biomedical devices in recent years, allowing
for continuous monitoring of vital health parameters. Real-time signal processing guarantees that users get
feedback right away, which is especially helpful for people who are managing long term conditions like
diabetes or cardiovascular diseases [2]. Nonetheless, creating algorithms that function within the
constrained computational and power capacities of wearable technology continues to be a difficult task. In
order to achieve effective noise reduction, signal feature identification, and energy efficient operation,
optimized algorithms are required. Low power microcontrollers like the ARM Cortex — M series which are
specifically intended for real-time applications in embedded systems, have been the subject of numerous
studies that have examined their potential [3]. These developments have made it possible to provide more
dependable, high performance monitoring solutions that don’t compromise processing speed or battery life
and can work well in challenging environments [4].

Il. LITERATURE REVIEW

A. Research Background

The growing need for continuous health monitoring systems has led to significant growth in the
development of real-time signal processing algorithms for biomedical wearable devices. The primary
purpose of the first biomedical devices was to record physiological data; signal processing was handled by
external processing units [5]. Real-time analysis is now possible thanks to recent developments in
microelectronics and embedded systems, which have made it possible to integrate signal processing
capabilities straight into wearable technology [6]. The response time and usefulness of wearable systems
have greatly increased with this transition from offline to real-time processing, particularly in clinical and
home-health settings where prompt health interventions are crucial [3].

The rising incidence of chronic illnesses like diabetes and cardiovascular disorders, which call for constant
monitoring to treat and anticipate future health problems is one of the main reasons behind these
developments. The World Health Organization estimates that 71% deaths worldwide are attributable to
chronic diseases, so wearable technology with real-time monitoring capabilities are a crucial component of
healthcare [7]. Consequently a concentrated effort has been made to create algorithms that can effectively
manage the real-time acquisition and processing of signals while functioning within the power limitations
that are the characteristics of wearable technology.

B. Critical Assesment

To overcome the difficulties involved in real-time signal processing in biomedical devices, numerous
algorithms have been created. In early wearable devices, for instance, noise reduction and improved signal
clarity were achieved through the use of basic filtering techniques such as moving average filter and finite
impulse response (FIR) filter. However, these methods fall short when it comes to handling complicated,
non-stationary signals like photoplethysmograms (PPG) or ECG. In order to increase the precision of signal
detection and noise reduction in real-time systems, researchers have investigated more advanced algorithms
such as wavelet transform. Although these approaches provide notable advancements , they also result in
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increased computational demands, which call for the more effective hardware platforms and algorithms
optimized for implementation on wearable devices.

The use of sensor fusion techniques which integrate several data sources to improve signal accuracy and
dependability is a notable advancement in this field [8]. Sensor fusion algorithms can remove artifacts like
motion noise and produce more accurate physiological measurements by combining data from multiple
sensors such as accelerometer, gyroscopes and proximity sensors. However, careful optimization is needed
to implement sensor fusion in real-time environments to make sure the system can work in the constraints
of memory and processing power in wearable devices.

C. Linkage to the Main Topic

The corpus of literature currently available on real-time signal processing algorithms offers a fundamental
comprehension of the crucial elements required in creating algorithms for wearable medical devices. The
increasing sophistication of wearable technology in real-time health monitoring systems highlights the need
for highly efficient real-time signal processing algorithms for wearable medical devices. For physiological
measurements like heart rate, oxygen saturation and ECG signals to be more accurate and reliable,
sophisticated algorithms like sensor fusion and adaptive filtering must be used. These developments are
directly related to the creation of real-time signal processing algorithms suitable for wearable bio-medical
devices where low power consumption, noise reduction and real-time accuracy are critical design factors.

Furthermore, because of its study and low power consumption and high performance, the ARM Cortex -M
series of microcontrollers has been widely used in wearable devices. This paper builds upon these
advancements in microcontroller technology. There is a direct relation between the topic of this study and
the body of research on embedded systems and signal processing algorithms: real-time performance of
these devices can be greatly improved by tailoring the algorithms to the resource constrained environments.
By presenting an optimized algorithm that addresses the shortcomings of the existing approaches and
guarantees low power consumption, this paper aims to build on these foundational studies and make
biomedical wearable devices suitable for continuous operation [4].

D. Literature Gap

Although a lot of work has gone into creating signal processing algorithms for biomedical wearable devices,
there still exist gaps that need to be filled. The majority of current algorithms fail to optimize for the real
time constraints of processing data in wearable devices, instead concentrating only on filtering and noise
reduction. Traditional filtering methods such as moving average and FIR filters, are effective at reducing
noise but cannot take into consideration the non-stationary nature of signals in dynamic, real-world
scenarios, such as photoplethysmograms (PPG) or ECGs. Additionally since adaptive filtering techniques
have demonstrated promise in improving signal quality, low power wearable devices cannot effectively use
them due to their high power computational requirements. These shortcoming indicate a gap in the literature
concerning the development of energy-efficient algorithms that can perform real-time signal processing
without compromising the accuracy of the physiological data being monitored.

The integration of real-time signal processing with sensor fusion represents a noteworthy gap as well. While
sensor fusion has been effectively used in wearable devices to decrease motion and environmentally in
induced artifacts, little research has been done on how to best utilize these techniques for real-time
processing given the computational and memory limitations of wearable microcontrollers. Additionally,
because machine learning models are computationally expensive, few studies have investigated the
application of machine learning algorithms in real-time signal processing for wearable biomedical devices,
despite the fact that some have shown how they can improve the accuracy of health monitoring systems.
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This work fills a significant gap in the existing literature by creating an optimized real-time signal
processing algorithm that strikes a balance between computational efficiency, low power consumption, and
signal accuracy.

I1l. DESIGN & IMPLEMENTATION

A. Design

The design of the real-time signal processing algorithm is centered on maximizing efficiency within the
limitations of low-power embedded systems. An ARM Cortex -M microcontroller is in charge of the
system architecture, which includes feature extraction, signal preprocessing, and sensor data acquisition.
Physiological data is collected by sensors like accelerometers, PPG sensors and ECG electrodes. A real-
time operating system (RTOS) processes the data to make sure that signal processing and data acquisition
happen on schedule. By reducing noise from outside sources like external movement, sensor fusion
algorithms reduce errors in readings by combining data from several sensors [9]. The modular design
ensures that the system is scalable allowing for the integration of additional sensors and algorithms to
support future health monitoring technologies.

Energy efficiency is a key design consideration, especially for wearable technology that needs to run for
extended periods of time without frequent recharging. The system uses dynamic voltage and frequency
scaling (DVFS), which modifies the microcontrollers clock frequency in response to workload demand,
to optimize power consumption. Sensors that use low-power modes only turn on when necessary, and the
RTOS's task scheduling mechanism makes sure that high-priority operations like signal processing are
carried out instantly and without interruption. The device also makes use of power-saving strategies, such
as periodic data transmission, which prolongs battery life while preserving operational effectiveness. The
system is built to strike a balance between energy efficiency during times of low demand and peak
performance during active signal processing.

TABLE | - TYPES OF ALGORITHMS PRESENT IN SENSOR FUSION

Algorithm | Advantages | Usage
Name
Kalman Optimal in | 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 | Simple and | Used for
average easy to | basic sensor
implement, | fusion  for
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works well | use in low
for  fusing | power
static data. devices.
Neural Can handle | Is used in
Networks | complex and | real-time
non-linear activity
relationships. | recognition.
Is used in
signal
classification
in
biomedical
Sensors.

The ARM Cortex-M microcontroller, which provides the required processing power for real-time signal
processing while consuming little energy, is the foundation of the hardware platform. Apart from the
fundamental signal processing functions, the hardware is furnished with Bluetooth and Wi-Fi
communication modules to facilitate the transfer of data to external devices or cloud platforms. The design
is highly scalable thanks to the modular architecture, which makes it simple to integrate new sensors or
algorithms with little to no alteration. Because of its adaptability to a range of biomedical applications, the
system can grow along with future developments in real-time signal processing techniques and sensor
technology.

B. Implementation

Because of its ability to balance processing power and efficiency, the ARM Cortex -M microcontroller is
used to implement the real-time signal processing algorithm for bio-medical wearable devices. To
guarantee low-level hardware control and maximize performance for low-level operations, the algorithm
is written in C. The real-time clock of the micro-controller is utilized to synchronize acquisition of data
from several sensors including the PPG and ECG so that the system can process the signals as quickly as
possible. The algorithm is divided into multiple modules: anomaly detection, feature extraction and signal
filtering. Finite Impulse Response (FIR) and adaptive filters are used in combination to filter the data in
order to remove the noise and extract clean signals for additional filtering.

The implementation also highlights how well the RTOS on the microcontroller uses task scheduling. Data
transmission, signal processing, and sensor data acquisition are all implemented as independent tasks that
are ranked in order of importance based on their immediate needs. When sensor data becomes available,
high-priority tasks like signal filtering and feature extraction are scheduled to begin immediately. Lower-
priority tasks, like sending data to the cloud or an external device, are programmed to run infrequently or
only in response to significant health events, like abnormal heart rate patterns, in order to save energy.
This method guarantees real-time processing of crucial health monitoring tasks while minimizing needless
computational overhead.

Bluetooth Low Energy (BLE) or built-in Wi-Fi modules are used to implement the communication protocol
for sending processed health data from the wearable device. Relevant features are extracted from the signal
after processing, then packaged and sent to a cloud server or mobile application. The communication
module further lowers the system's overall energy consumption by operating in a low-power mode by
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default and only activating during data transmission. The algorithm's real-time performance was thoroughly
tested, including latency checks, noise robustness, and feature extraction accuracy. Real-time data and
simulated physiological signals were combined to verify that the algorithm operates consistently under a
range of circumstances and that the system satisfies the necessary energy efficiency and performance
metrics.

IV.RESULTS

The accuracy and dependability of the physiological data gathered from the wearable device were
significantly improved by the application of the real-time signal processing algorithm. Thanks to the hybrid
filtering approach used, the algorithm was able to achieve a noise reduction rate of about 75% in ECG and
PPG signals through extensive testing. In addition to reducing motion artifacts, this filtering improved the
clarity of the features that were extracted, like heart rate variability. Within milliseconds of data acquisition,
the real-time feature extraction module was able to identify important health metrics, guaranteeing prompt
alerts for anomalous physiological conditions. For instance, the algorithm's 95% accuracy rate in correctly
identifying arrhythmias suggests its potential use in continuous cardiac monitoring applications.

Apart from the physiological metrics' accuracy, the energy efficiency of the system was assessed in
different operational scenarios. In comparison to earlier implementations without such power management
techniques, the microcontroller's ability to effectively adapt its power consumption was made possible by
the deployment of dynamic voltage and frequency scaling (DVFS), which led to an overall 30% increase
in battery life. Additionally, the real-time operating system (RTOS)'s task scheduling strategy allowed the
device to run for longer stretches of time without experiencing appreciable performance degradation. In
field testing, the wearable gadget successfully ran on a single charge for more than 48 hours while
continuously monitoring health parameters, demonstrating its usefulness for practical health and fitness
tracking applications.

V. CONCLUSION

There have been notable improvements in accuracy and energy efficiency in the creation and application
of a real-time signal processing algorithm for biomedical wearables. The algorithm significantly improved
the quality of ECG and PPG signals by achieving a realistic noise reduction rate of 75% through the
integration of hybrid filtering techniques, such as FIR and adaptive filters. The system's potential for real-
time health monitoring in wearable technology is further demonstrated by its 95% accuracy rate in detecting
critical health metrics like arrhythmias. This accomplishment illustrates how signal processing is becoming
more and more crucial in enabling accurate and trustworthy health data collection in constantly developing
biomedical applications.

The system's energy-efficient design succeeded in prolonging battery life without sacrificing performance,
in addition to the gains in signal accuracy. The device functioned for over 48 hours on a single charge
thanks to the RTOS's efficient task scheduling and dynamic voltage and frequency scaling (DVFS), which
made it an excellent choice for long-term monitoring applications. Future work may investigate more
advanced machine learning algorithms for improved anomaly detection and feature extraction, as well as
the addition of more sensors to monitor a wider range of health metrics. In order to ensure that wearable
health technologies satisfy the needs of both consumers and healthcare professionals, this work lays the
groundwork for future innovations in the field.
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VI. FUTURE SCOPE

Research and Development opportunities in the field of real-time signal processing for biomedical devices
are numerous. Convolutional Neural Networks (CNNs) and Recurrent Neural Networks (RCNNS) are such
examples of sophisticated machine learning algorithms that can be integrated to improve the system’s
efficiency to identify more intricate physiological anomalies in real-time. Large datasets can be used to
train these algorithms in order to increase their predictive power and accuracy for diseases such as
hypertension, sleep apnea and arrhythmias [10]. Furthermore the processing power of wearable devices can
be further increased by integrating cloud computing and edge Al platforms, enabling more advanced data
analysis without noticeably raising energy consumption [11]. Such developments can enable early
identification of chronic conditions and more individualized health monitoring.
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