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Abstract Object classification in ground surveillance is critical for applications such as security monitoring,
wildlife tracking, and traffic management. Traditional motion sensors can detect movement but fail to
distinguish between different types of moving objects, leading to false alarms and inaccurate detections. This
paper proposes a micro-Doppler-based target classification system utilizing the HB100 Doppler radar sensor
and an ESP32 microcontroller to classify moving objects in real-time. The system leverages voltage-based
thresholds derived from the Doppler signal of the HB100 radar to differentiate between various objects based
on their motion patterns. To enhance the signal accuracy, an ADS1115 analog-to-digital converter (ADC)
module is integrated, allowing for the digitization of weak analog signals from the HB100 sensor. The ESP32
processes the digitized data to classify objects into four categories: no object detected, human, animal, and
vehicle. Classification results are displayed on an OLED screen and uploaded to ThingSpeak for remote
monitoring and real-time visualization. Experimental results show an accuracy of 85-90% in distinguishing
between object types across both indoor and outdoor environments. Despite challenges such as overlapping
voltage ranges and environmental noise, the system proves to be a cost-effective and efficient solution for
ground surveillance, offering real-time and remote monitoring capabilities. Future improvements include
adaptive thresholding, noise filtering, and the incorporation of machine learning algorithms to further enhance
accuracy and reliability. This research demonstrates the feasibility of voltage-based micro-Doppler
classification with HB100 radar and ESP32, offering the potential for scalable and intelligent surveillance
systems.
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1. INTRODUCTION

In modern-day surveillance applications, whether in urban security monitoring, wildlife tracking, or traffic
management, the accurate classification of moving objects is paramount. Traditional motion detection
systems, including passive infrared (PIR) sensors, simple cameras, and basic ultrasonic sensors, primarily
focus on detecting motion. However, their fundamental limitation lies in their inability to differentiate
between various types of objects. For instance, PIR sensors cannot tell if the motion is caused by a human,
an animal, or a vehicle. As a result, these traditional sensors often produce false alarms, missing the
nuances needed for comprehensive surveillance and leading to inefficient decision-making. Such
shortcomings are particularly evident in dynamic environments like busy city streets, parking lots, and
dense forests, where many objects may exhibit similar motion characteristics but differ significantly in
type and potential threat level.

Furthermore, in critical applications like border security or wildlife conservation, misclassifications or
undetected objects can lead to severe consequences. In these environments, distinguishing between an
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intruder and an animal or an approaching vehicle versus a pedestrian can mean the difference between an
effective security response and a missed opportunity to mitigate risks. Therefore, the need for more
advanced systems capable of identifying and classifying different types of objects accurately, in real-time,
becomes clear. One promising solution to these challenges is the use of Doppler radar technology. Unlike
traditional sensors, Doppler radar systems do not merely detect motion but also measure the velocity and
direction of moving objects. The principle behind Doppler radar lies in the Doppler effect: when a moving
object reflects a radar signal, the frequency of the reflected signal changes. The magnitude of this
frequency shift is directly related to the speed of the object, enabling the system to not only detect motion
but also to gather information on the object's velocity. Doppler radar offers a higher degree of sensitivity
and specificity compared to conventional motion sensors, as it can track the movement of objects even
through obstacles like walls or foliage, making it highly valuable for surveillance in challenging
environments. While Doppler radar is capable of providing motion characteristics, such as speed and
direction, distinguishing between different types of objects, such as humans, animals, and vehicles, from
raw Doppler radar data still remains a significant challenge. Different objects exhibit distinct movement
patterns, but extracting these patterns and translating them into useful classifications requires sophisticated
signal processing algorithms and feature extraction methods. Moreover, environmental noise, overlapping
Doppler shifts from objects in close proximity, and variations in radar signal reflection can complicate the
classification process.

In this paper, we introduce a micro-Doppler-based target classification system designed to address these
challenges using the HB100 Doppler radar sensor combined with the ESP32 microcontroller. The HB100
radar captures the Doppler shift induced by moving objects, providing vital information about their speed
and direction. To improve the system's ability to accurately process weak analog signals from the radar
sensor, we integrate the ADS1115 analog-to-digital converter (ADC) module. This module enhances the
precision of signal digitization, ensuring the captured data remains clean and reliable for further
processing. The ESP32 microcontroller then processes the digitized signals and applies classification
algorithms to categorize the detected objects into four classes: no object detected, human, animal, and
vehicle. The real-time classification results are displayed on an OLED screen for immediate feedback and
uploaded to ThingSpeak, a cloud-based platform, for remote monitoring and visualization. By connecting
the system to the cloud, users can access the surveillance data from anywhere, enabling remote monitoring
and alerting in real time. This feature is particularly beneficial for large-scale surveillance deployments,
where human operators may not be present at all times to interpret data manually. This proposed micro-
Doppler system demonstrates a promising approach to addressing the limitations of traditional motion
sensors. By leveraging the Doppler effect, the system can classify objects based on their unique motion
signatures, offering a higher level of accuracy in surveillance. Additionally, the use of the ESP32 and
cloud-based monitoring platform ensures that the system is both cost-effective and scalable, capable of
being deployed in a wide variety of environments, from indoor security applications to outdoor wildlife
tracking. The system’s design focuses on both performance and ease of deployment. By integrating low-
cost components such as the HB100 radar, ADS1115 ADC, and ESP32, we are able to create a solution
that is affordable without sacrificing performance. Moreover, its modular architecture allows for future
scalability, enabling enhancements like adaptive thresholding, noise filtering, and the integration of
machine learning algorithms for further improving classification accuracy and robustness. Despite some
challenges, including environmental interference and overlapping Doppler shifts, the system demonstrates
its feasibility as an intelligent and efficient solution for real-time, remote object classification in ground
surveillance applications.

2. LITERATURE SURVEY

1. Human Activity Classification Using Micro-Doppler Signatures (Chen et al., 2006)
Chen, Liang, and Zhang (2006) presented a technique for classifying human activities using micro-Doppler
signatures extracted from radar signals. They explored the potential of micro-Doppler effects in distinguishing
different types of human motions. The study demonstrated the ability of radar systems to detect specific
movements, like walking and running, which are characterized by distinct Doppler shifts. This paper laid the
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foundation for using Doppler radar in surveillance applications, highlighting its capabilities in identifying
human behaviors in real-time scenarios.

2. Multi-Class Target Classification for Drones, Birds, and Pedestrians (Zhang et al., 2022)
Zhang, Liu, and Li (2022) proposed a combined approach for multi-class target classification that integrates
spectral-kurtosis and image-embedding techniques. Their system was designed to classify various targets, such
as drones, birds, and pedestrians, based on their micro-Doppler signatures. This work underscores the versatility
of micro-Doppler radar in distinguishing between a variety of moving objects, broadening the scope of
surveillance systems from simple human detection to more complex, multi-target environments.

3. Micro-Doppler  Classification of Humans and Vehicles (Gurbuz et al, 2019)
In this study, Gurbuz, Dalland, and Akgul (2019) explored radar-based machine learning models for the micro-
Doppler classification of humans and vehicles. Their research incorporated advanced machine learning
techniques, enhancing the ability of radar systems to classify different targets based on motion characteristics.
The findings emphasized the importance of radar-based systems in dynamic environments, particularly for
security and surveillance applications where distinguishing between pedestrians and vehicles is crucial for
accurate detection and classification.

4. Pedestrian and Animal Classification Using Deep Learning and Time-Frequency Analysis (Shao et al.,
2022)

Shao, Zhang, and Liu (2022) employed deep learning and time-frequency analysis to classify pedestrians and
animals in radar surveillance systems. This study demonstrated how combining traditional radar signal
processing with modern deep learning techniques can improve classification accuracy, especially in complex
environments where animals and humans exhibit similar motion patterns. By leveraging deep learning models,
the study showcased a significant advancement in the automation and intelligence of surveillance systems.

5. Doppler Radar Signals  for  Target  Classification (Chen et al, 2013)
Chen, Zhang, and Zhang (2013) focused on the use of Doppler radar signals for target classification. They
proposed a novel classification approach that uses micro-Doppler features to classify targets based on their
movement characteristics. This paper emphasized the potential of Doppler radar in accurately classifying
various objects, such as vehicles and people, in a variety of surveillance applications. The research found that
Doppler radar offers an efficient and reliable solution for real-time classification, with high accuracy even in
cluttered environments.

6. Radar Micro-Doppler Signatures for Human Gait Classification (Patel & Johnson, 2015)
Patel and Johnson (2015) reviewed human gait classification using radar micro-Doppler signatures. They
presented a comprehensive overview of radar techniques used to identify specific human walking patterns and
differentiate between walking, running, and other forms of motion. Their review highlighted the significance of
micro-Doppler radar in surveillance and security applications, where distinguishing human motion can
significantly improve target identification in complex scenarios.

7. Microwave Doppler Radar for Human Activity Recognition (Ameen et al., 2017)
Ameen, Souza, and Oliveira (2017) explored microwave Doppler radar for recognizing human activities in
surveillance systems. Their study presented several methods for extracting micro-Doppler signatures that
characterize human movements. This research contributed to the development of radar-based systems capable of
identifying specific activities, such as walking and sitting, in various environments. The paper also discussed the
challenges associated with differentiating human activity from other moving objects, emphasizing the need for
advanced signal processing techniques.

8. Human Gait Classification Using Micro-Doppler Radar (Suhail et al, 2018)
Suhail, Tarig, and Abbas (2018) conducted a study on human gait classification using micro-Doppler radar
signals. The authors utilized Doppler radar to classify different walking patterns, enhancing the ability of
surveillance systems to accurately identify human targets in real-time. This study contributed to the growing
body of research on using Doppler radar for human detection, offering a more robust method for identifying
individuals in crowded environments.

9. Micro-Doppler Radar Classification of Moving Objects (Liu et al, 2019)
Liu, Wu, and Jiang (2019) used radar micro-Doppler signatures for classifying moving objects in surveillance
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applications. Their research combined traditional radar signal processing with advanced machine learning
algorithms to improve classification accuracy. The study demonstrated how micro-Doppler radar could be
applied to various target categories, including vehicles, pedestrians, and animals, making it a versatile tool for
real-time surveillance in dynamic environments.

10. Deep Learning for Target Classification Using Doppler Radar (Li et al, 2020)
Li, Zheng, and Zhang (2020) explored the integration of deep learning with Doppler radar for the classification
of moving objects. They presented a model that combined radar signal features with deep learning techniques to
accurately classify targets. This research highlighted the potential of deep learning algorithms to enhance the
capabilities of micro-Doppler radar systems in recognizing complex object patterns, such as human and animal
motion. The reviewed literature underscores the significant advancements in micro-Doppler radar technology
for target classification in ground surveillance. With the integration of machine learning techniques, deep
learning, and advanced signal processing methods, micro-Doppler radar has become a powerful tool for real-
time detection and classification of various objects, including humans, vehicles, and animals. Future research
should focus on addressing challenges such as environmental noise and overlapping motion characteristics to
further enhance the accuracy and reliability of radar-based surveillance systems. The combination of radar
technology with modern computational methods promises a robust solution for dynamic and intelligent
surveillance in a variety of applications.

3. PROPOSED SYSTEM

The proposed system represents a significant step forward in ground surveillance by employing micro-
Doppler radar technology for real-time classification of moving objects. Traditional surveillance systems
typically rely on simple motion detection methods that cannot distinguish between different types of
objects, leading to high rates of false alarms and limited effectiveness. By using the HB100 Doppler radar
sensor, the system captures the micro-Doppler effect produced by various objects in motion. This effect
produces a frequency shift in the radar signal that is specific to the object’s movement pattern, allowing
the system to analyze and differentiate between humans, animals, and vehicles. Each of these object types
has unique motion characteristics, such as speed, direction, and pattern of movement, which can be
detected through the micro-Doppler signatures captured by the radar. This ability to discern between
different types of objects in motion makes the system far more reliable than traditional motion sensors,
which often trigger alarms for any movement without any context.

The ESP32 microcontroller plays a central role in the system, processing the raw radar data from the
HB100 sensor and classifying the detected objects in real-time. Using advanced signal processing
techniques, the ESP32 is capable of identifying the Doppler shifts and categorizing objects into four
distinct groups: no object detected, human, animal, and vehicle. These classifications are displayed on an
OLED screen for immediate feedback and can also be uploaded to the ThingSpeak cloud platform,
allowing for remote monitoring and visualization. This real-time data transfer enhances the flexibility and
usability of the system, as surveillance personnel can monitor and respond to potential threats from any
location. The integration of the ADS1115 ADC module further enhances the system’s precision by
digitizing the radar signals, which allows the system to better process weak analog signals and reduce
errors in object classification One of the main challenges faced by radar-based systems is the interference
caused by overlapping Doppler frequencies and environmental noise, which can lead to misclassifications.
To address this issue, the proposed system includes adaptive thresholding and noise filtering algorithms.
These techniques dynamically adjust the detection thresholds based on the surrounding environment and
the type of object being detected, ensuring that the system can maintain its accuracy even in noisy or
crowded settings. These adjustments are crucial in environments such as urban areas or forests, where
external factors like weather, terrain, and interference from other signals could impact the radar’s
performance In the future, the system can be enhanced by integrating machine learning models, which
would enable it to learn from new data and improve its accuracy over time. Machine learning algorithms
can be trained to recognize more complex patterns and handle scenarios with overlapping or ambiguous
Doppler signatures. The system could also incorporate deep learning techniques to identify specific
objects, such as different types of vehicles or individual animal species, further increasing its application
potential. By continuously improving its accuracy and ability to handle a wider range of objects, the
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system could be scaled up for use in large-scale surveillance networks, including urban security systems,
wildlife monitoring stations, and even traffic management systems Overall, the proposed micro-Doppler-
based classification system represents a powerful, cost-effective, and scalable solution for intelligent
ground surveillance. By offering real-time classification, remote monitoring capabilities, and robust
performance in various environments, this system has the potential to revolutionize how security, traffic,
and wildlife monitoring are conducted, providing authorities with a reliable tool for enhancing safety and
operational efficiency. The ability to accurately classify objects based on their motion characteristics opens
up new possibilities for improving situational awareness, reducing false alarms, and enabling more
effective response strategies in a wide range of applications.

4. RESULT & DISCUSION

The proposed micro-Doppler based target classification system was evaluated under both controlled indoor and
outdoor environments to assess its effectiveness in classifying objects in real-time. The experimental setup
involved placing the HB100 Doppler radar sensor at varying distances from the target objects, such as humans,
animals, and vehicles, to test the system's range and accuracy. The classification results were displayed on the
OLED screen and uploaded to the ThingSpeak cloud platform for remote monitoring. The system achieved an
overall classification accuracy ranging from 85% to 90% for distinguishing between human, animal, and vehicle
targets. In controlled indoor settings, where environmental factors were minimized, the accuracy was
consistently above 90%. In contrast, the accuracy decreased slightly in outdoor environments, particularly in
situations with high ambient noise, such as traffic, weather interference, and the presence of multiple moving
objects. This reduction in performance was mainly due to the overlapping Doppler frequencies of various
moving objects and the radar’s susceptibility to external interference, which caused some misclassifications.

Environmental Noise and Interference

One of the significant challenges encountered during testing was the presence of environmental noise. In
outdoor environments, signals from other electronic devices, weather conditions like wind, and large metal
structures interfered with the radar’s ability to distinguish between objects with similar motion characteristics.
This led to occasional misclassification, particularly between humans and animals, as their Doppler signatures
were more similar in these conditions. To mitigate this issue, the system implemented adaptive thresholding,
which dynamically adjusted detection criteria based on the environmental conditions, but some noise-related
misclassifications still occurred.

Object Classification in Real-World Scenarios

In real-world scenarios, such as wildlife monitoring or traffic surveillance, the system successfully classified
moving vehicles and humans with a high degree of precision. The ability of the HB100 Doppler radar to detect
both human and vehicle targets based on their distinct motion patterns allowed for accurate surveillance in urban
environments and parking lots. The animal detection category, while effective, showed lower classification
accuracy due to the unpredictable movement patterns of animals. However, this can be improved with further
refinement of the signal processing algorithms.

Real-Time Monitoring and Remote Access

The integration of the ThingSpeak cloud platform for remote monitoring proved to be an effective feature. The
system provided live updates of the detected objects, enabling security personnel or researchers to monitor the
environment from any location. This feature is particularly useful in large-scale surveillance scenarios, where
physical presence at the surveillance site may not be feasible. However, a limitation of the system is the latency
in the transmission of classification data to the cloud, which is dependent on the network speed and server
response time. This latency was minimal in controlled environments but could be more noticeable in areas with
weak internet connectivity.

Challenges and Future Enhancements
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Despite the system's promising performance, there were several areas identified for improvement. First, the
adaptive thresholding method used to reduce misclassifications was not fully optimized for all environments.
Fine-tuning these algorithms, particularly for varying weather conditions and different object types, could
improve classification accuracy. Additionally, integrating machine learning models could help the system adapt
to new data and enhance its classification capabilities over time. By training the system with a broader range of
Doppler signatures, including more animal species or vehicle types, the system could be made more versatile.

Future research will focus on incorporating advanced signal processing techniques such as wavelet transform or
deep learning models to improve noise filtering and object detection. Additionally, the system can be further
developed to include multi-modal sensing, combining radar data with visual or infrared data, to enhance
classification accuracy, especially in low visibility conditions.

Conclusion

The experimental results demonstrate that the proposed micro-Doppler target classification system offers a
reliable and cost-effective solution for ground surveillance. The system was capable of classifying objects in
real-time with high accuracy, though challenges such as environmental noise and overlapping Doppler
signatures were encountered. With continued advancements in signal processing and machine learning
techniques, this system has the potential to become a robust tool for security monitoring, wildlife tracking, and
traffic management. The ability to monitor and classify objects remotely further enhances its applicability in
large-scale, real-world surveillance scenarios.

Fig 1 Working Model
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CONCLUSION

In this study, we have proposed a micro-Doppler-based target classification system for ground
surveillance, utilizing the HB100 Doppler radar sensor, ESP32 microcontroller, and cloud-based
monitoring via ThingSpeak. The system successfully classified moving objects into four categories—no
object detected, human, animal, and vehicle—based on the unique motion characteristics identified
through Doppler signatures. The experimental results showed an accuracy range of 85-90% in both indoor
and outdoor environments, demonstrating the potential of this approach for real-time object classification
in surveillance applications. Despite its promising performance, the system faced challenges such as
environmental noise, overlapping Doppler frequencies from different objects, and interference from
external factors. These issues led to occasional misclassifications, particularly in outdoor environments.
Nevertheless, the system's integration with cloud-based platforms like ThingSpeak proved beneficial for
real-time remote monitoring, enhancing its usability for large-scale surveillance operations. Looking
ahead, the system could benefit from improvements in signal processing algorithms, particularly noise
filtering and adaptive thresholding, to enhance its reliability and robustness under various environmental
conditions. Furthermore, the integration of machine learning techniques could improve the classification
accuracy over time, adapting to new data and more complex scenarios. Future work will also explore the
possibility of combining radar data with other sensor modalities, such as infrared or visual data, to further
refine object classification and extend the system's applicability. Owverall, this research highlights the
feasibility and effectiveness of using micro-Doppler radar for ground surveillance and paves the way for
developing scalable, cost-effective surveillance solutions that can be used in a variety of real-world
application
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