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ABSTRACT

Unmanned Aerial Vehicles (UAVs), generally known as drones, pose increasing security challenges in restricted zones such as airports, military bases, government
facilities, oil refineries, data centers, and public events. Conventional drone detection systems rely on radar, acoustic, RF or optical sensors, all of which degrade
significantly for small, low-RCS, plastic or carbon-fiber drones. Drone detection is essential to ensure the safety, security, and privacy of modern airspaces as the
widespread use of drones increases the risk of unauthorized intrusions, surveillance, smuggling, and attacks. Drones can enter restricted zones such as airports,
military bases, power plants, prisons, and public events, potentially causing collisions, espionage, infrastructure damage, or harm to people. Effective detection
systems enable early identification and tracking of drone’s especially small, low-altitude, or RF silent models allowing authorities to prevent security breaches,
protect critical infrastructure, enforce airspace regulations, safeguard privacy, and respond quickly to potential threats. LIDAR (Light Detection and Ranging)
technology, combined with advanced artificial intelligence (Al), has emerged as a next-generation solution for detecting micro-motion signatures produced by
drone propellers, air turbulence, surface vibrations, and structural oscillations. Al-enabled LiDAR micro-motion analysis provides robust detection even for mini
and micro drones, night-time surveillance, low-visibility conditions and silent drones with minimal RF emissions.

Keywords: Artificial Intelligence (Al), Unmanned Aerial Vehicles (UAVs), LIDAR (Light Detection and Ranging), Convolutional Neural Networks
(CNN), Long Short Term Memory (LSTMs), Radar, RF (Radio Frequency), Short Time Fourier Transform (STFT).

1. INTRODUCTION

LiDAR-based drone detection is an emerging sensing technology that uses laser pulses to identify, locate, and characterize unmanned aerial vehicles
(UAVsS) in real time. Unlike radar, which depends on radio-frequency reflections and often struggles with small, low radar cross section drones, LIiDAR
provides extremely high spatial resolution by measuring the time of flight of laser pulses returning from airborne targets.

This allows accurate detection of micro sized objects, precise ranging, shape reconstruction, and trajectory tracking even at long distances. LIDAR’s
ability to generate dense 3D point clouds enables detection in environments where visual and acoustic sensors fail, such as low light or high noise
conditions. Additionally, LiDAR systems can detect physical characteristics of drones such as rotor shapes, movement patterns, and surface reflections,
making them suitable for monitoring restricted airspace, protecting critical infrastructure, and supporting counter UAV operations. However, traditional
LiDAR detection relies primarily on geometric and kinematic cues, which may be insufficient for discriminating drones from birds, debris, or other
airborne objects, highlighting the need for more intelligent detection mechanisms. Al enabled LiDAR based drone detection enhances conventional
LiDAR sensing by incorporating machine learning and deep neural networks to interpret complex micro-motion patterns and high dimensional point
clouds. Instead of relying solely on object size, shape, or flight trajectory, Al models analyze tiny vibration signatures, micro-Doppler effects, blade-pass
frequencies, and turbulence induced modulations embedded in LiDAR return signals. These micro-motions are unique to drone propellers and motors,
enabling highly reliable classification even when drones attempt to evade detection through stealth, RF silence, or camouflage. By processing LiDAR
spectrograms, waveform data, and 3D point cloud dynamics, Al systems learn to differentiate drones from birds and clutter with greater accuracy and
robustness than traditional methods. Al also enables adaptive detection, real time classification, multi-object tracking, and swarm discrimination, making
LiDAR a more intelligent and autonomous surveillance tool. As a result, Al integrated LIDAR has become a promising next-generation approach to
drone detection, combining the precision of optical sensing with the analytical power of machine learning for superior performance in complex and
security critical environments.
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Figure: 1 Drone Detection using Al based LiDAR Sensor

2. LITERATURE REVIEW

The literature on drone detection has evolved significantly over the past decade; driven by the growing security challenges posed by small, low altitude,
and low RCS unmanned aerial vehicles (UAVS). Early research primarily focused on radar-based micro-Doppler analysis, where rotating propellers and
structural vibrations were shown to generate distinctive time-frequency signatures that could differentiate drones from birds and other airborne clutter.
This foundational work demonstrated that micro-Doppler features such as blade-pass frequency, harmonic families, and vibration modes served as highly
discriminative attributes for identifying rotary-wing UAVs, especially when conventional radar struggled due to their small radar cross-section.

Building on this principle, recent studies have shifted attention toward optical systems, particularly LIDAR, which offer finer spatial resolution and greater
sensitivity to surface-level micro-motions. Experimental demonstrations of coherent and FMCW LiDAR systems have shown that laser returns contain
subtle amplitude and phase modulations caused by propeller rotation and body oscillations, making LiDAR a promising tool for extracting micro-Doppler
signatures in scenarios where radar performance is limited. With the emergence of high-density LiDAR point clouds and micro-motion sensitive
waveforms, researchers have increasingly explored advanced signal processing techniques to isolate useful micro motions from noise, atmospheric scatter,
and environmental clutter. Methods such as Short Time Fourier Transform (STFT), wavelet transforms, and spectrogram generation have been widely
adopted to reveal periodic micro-Doppler patterns embedded in LiDAR return signals. Studies also emphasize the need for robust clutter mitigation, given
that LIDAR signals are susceptible to degradation in fog, dust, and multipath conditions. As signal processing pipelines matured, machine learning and
deep learning approaches gained prominence. CNN based classifiers have shown strong performance by interpreting micro-Doppler spectrograms as
images, while recurrent neural networks and transformer models have been employed to capture temporal evolution of micro-motions. These Al models
are capable of distinguishing drones from birds, insects, and windborne debris with higher accuracy than rule-based or handcrafted feature methods.

More recent literature focuses on integrating multimodal features combining LiDAR micro-Doppler signatures with point cloud vibration analysis,
trajectory patterns, and object shape cues to improve robustness in complex environments. Researchers consistently highlight the benefits of Al driven
fusion, particularly in low visibility or RF-silent scenarios where traditional RF or visual based detection is ineffective. Despite significant progress,
several gaps remain. Studies repeatedly point out the scarcity of publicly available LiDAR micro-motion datasets, the difficulty of capturing large-scale
field data across varied environmental conditions, and the challenges of achieving real-time processing on embedded platforms. Additionally, while proof
of concept experiments have validated that LIDAR micro-motion detection is feasible, standardized benchmarking and comparative studies across sensor
modalities are still limited. Overall, the literature indicates that Al enabled LiDAR micro-motion detection is an emerging yet highly promising area,
offering precise, physics-based drone identification while addressing the shortcomings of existing radar, acoustic, and vision-based systems.

3. PRINCIPLE

The principle of Al based LiDAR micro-motion detection relies on combining high resolution LiDAR sensing with advanced artificial intelligence models
to identify and classify drones based on the extremely subtle motion patterns embedded in their reflected laser signals. When LiDAR emits rapid pulses
of light, the return signal carries not only distance and shape information but also micro-motion signatures generated by the drone’s rotating propellers,
motor vibrations, and the turbulent airflow around its body. These micro-motions introduce tiny Doppler frequency shifts, phase modulations, and
intensity variations that are too complex for traditional signal processing to interpret reliably on its own. Al enhances this process by learning to decode
the time-frequency characteristics of micro-Doppler spectrograms, point cloud distortions, and vibration patterns through deep neural networks such as
CNNs, LSTMs, and Transformers. After the LIDAR data is preprocessed to extract micro-motion features, the Al model analyzes these patterns in real
time, comparing them with learned signatures of drones, birds, insects, and environmental clutter. This allows the system to detect drones even when they
are small, flying slow, camouflaged, or operating without RF emissions. By leveraging learned representations instead of manually engineered features,
Al significantly improves detection accuracy, reduces false alarms, and enables robust classification under challenging conditions such as fog, low light,
long ranges, and cluttered backgrounds.



International Journal of Research Publication and Reviews, Vol 6, Issue 12, pp 2263-2269 December, 2025 2265

e 3 ﬁ B
Signal Pre- Al Detection
Processing Unit & Classification
(] « Noise filtering Engine
» Micro-Doppler * Micro-motion
extraction encoder
; EEEE—
« Range-Doppler map « Feature extraction
LiDAR generation using CNN/RNN/ Command
Sensor Module « Clutter suppression Transformers & Control
- * Drone vs bird vs System
m debris classification .
—_— A « Alerting
[\ « Confidence scoring .
: « Threat scoring
= Tracking & :
Localization + Integration
S with counter-
) Module drone jammers
« Kalman filter Transporrr orinterceptors
« Multi-object tracking
« Velocity/trajectory

Figure: 2 Drone Detection Principle using Al Enabled LiDAR Sensor

4. WORKING METHODOLOGY

The working of Al based LiDAR micro-motion detection involves a multi stage process that integrates high resolution laser sensing, sophisticated signal
processing, and advanced artificial intelligence algorithms to accurately identify, classify, and track drones based on extremely subtle motion
characteristics. The procedure begins with the core sensing stage, in which the LiDAR unit emits rapid laser pulses either in the form of discrete time of
flight pulses or continuous wave modulated beams into the airspace under surveillance. As these laser pulses strike airborne objects, including drones,
birds, or environmental particles, they reflect back toward the LiDAR sensor. Although LiDAR traditionally provides information on object distance,
shape and location, the micro-motion detection concept takes this further by analyzing the very small, high frequency mechanical signal variations
generated by a drone’s rotating components and aerodynamic interactions. These include the characteristic spinning of multi-rotor blades, motor torque
oscillations, and the turbulent air wake behind the drone. Each of these phenomena induces specific, fine grained modulations in the returned laser signal,
manifested as micro-Doppler frequency shifts, phase distortions and intensity fluctuations. These variations are far too small and complex for the human
eye or classical LIDAR algorithms to interpret directly, which is why Al is used as the principal intelligence layer.

In the next stage, the raw point cloud and waveform data returned by the LiDAR sensor undergoes extensive preprocessing to isolate useful micro-motion
information from noise and background clutter. Environmental factors such as wind, dust, rain, or the presence of small airborne particles can distort
returns, so the system must apply filtering techniques such as Gaussian noise removal, median filtering, and clutter suppression algorithms. Time
frequency transforms, including Short-Time Fourier Transform (STFT), continuous wavelet transforms, and micro-Doppler spectrogram generation,
convert raw pulse sequences into a format where micro-motion patterns become visible as harmonic frequency bands, modulated oscillation traces, or
repeating spectral signatures. During this phase, fine variations in reflected signal intensity caused by the periodic orientation changes of propeller blades
are mapped into high resolution temporal grids. Similarly, the air turbulence wake, which typically presents as chaotic, low amplitude fluctuations, is
separated from more periodic motor driven oscillations using adaptive filtering and spectral decomposition methods. This multi stage processing pipeline
ensures that the resulting micro-motion data is clean, structured and ready for Al analysis.

Once micro-motion features are extracted, the Al-based detection module becomes the central component of system operation. The processed LiDAR
data is fed into deep learning models that have been trained extensively on thousands of drone and non-drone micro-motion signatures. Depending on the
system design, the Al engine may utilize convolutional neural networks (CNNs) for spatial-frequency feature extraction, recurrent neural networks
(LSTMs or GRUs) for analyzing temporal sequences of micro-motion changes, and Transformer based architectures for long range temporal pattern
recognition. The Al learns to recognize specific drone micro-motion characteristics such as blade pass frequency (BPF), harmonic frequency families,
and vibration patterns associated with different propeller counts (tri-rotor, quad copter, hexacopter, etc.). For instance, a quad-copter propeller typically
produces a fundamental micro-Doppler peak corresponding to its rotational frequency, accompanied by several harmonics from the aerodynamic
interactions of multiple blades. These harmonic peaks appear as distinct stripes or curves on the Doppler spectrogram. The Al model distinguishes these
patterns from those produced by birds, which tend to generate irregular flapping motions, or insects, which typically generate very high-frequency, low-
amplitude oscillations. Environmental clutter, such as leaves or debris, produces non-periodic, noise-like signatures that the Al learns to reject.
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Figure: 3 Flow Chart of Al Enabled LiDAR Micro-Motion Drone Detection System

In addition to interpreting spectral patterns, the Al also analyzes the 3D point cloud behavior of the detected object. LIDAR produces dense three-
dimensional spatial data that reveals how the object moves through the airspace. Drones generally exhibit stable, controlled trajectories with sharp
acceleration or hovering patterns, while birds exhibit irregular, biological flight paths. The Al fuses both micro-motion and macro-motion data to improve
detection accuracy. Point-cloud segmentation techniques isolate the object from surrounding clutter, allowing the Al to study subtle point cloud vibrations
generated by rotor induced body oscillations. These oscillations, although very small, are detectable by high resolution LiDAR and appear as repeating
deformations in the point cloud. By combining vibration, Doppler, and trajectory information, the Al creates multi-modal detection logic capable of
identifying drones even in conditions where one sensor modality such as thermal, radar, or acoustic detection might fail.

The next stage of system operation involves decision-making and classification. Once the Al engine processes the micro-motion signatures, it
assigns a classification label such as “drone,” “bird,” “insect,” “debris,” or “unknown object.” This classification is accompanied by a confidence score
derived from probabilistic Al inference. If the confidence score exceeds a predefined threshold, the system declares confirmed drone detection. In high
security applications, the threshold may be set conservatively to avoid false positives. The Al also identifies drone type, size, propeller count, and
sometimes even approximate motor RPM based on harmonic frequency spacing. By observing the stability and pattern of micro-motion signals, the
system can differentiate between consumer drones, professional drones, and modified custom-built drones. Continuous learning systems update their
models to recognize emerging drone designs, making Al-based LiDAR systems future proof.

Following classification, the tracking subsystem becomes active. The LiDAR system continuously monitors the drone’s movement, updating position,
velocity, and predicted trajectory in real time. Algorithms such as Kalman filters, extended Kalman filters (EKFs) or particle filters are used to smooth
the trajectory data and predict the drone’s future position. This tracking information is especially critical for counter UAV technologies such as signal
jammers, laser deterrents, or interceptor drones, which rely on accurate target coordinates. The LIDAR’s high spatial resolution allows precise tracking
even at long distances and in cluttered environments. Unlike radar, which struggles with small drones due to low radar cross-section, LiDAR produces
extremely fine spatial data that makes drone tracking highly reliable.

An important part of the system’s working is its robustness against challenging environmental conditions. Al-based LiDAR micro-motion detection
operates effectively during nighttime, in low-light environments, or when the drone is visually obscured by foliage or buildings. Although heavy rain,
fog, and dense dust can attenuate LiDAR performance, the Al compensates by focusing more on frequency-domain patterns rather than intensity
amplitude. Even degraded or partial micro-motion signatures can carry sufficient harmonic information for the Al to identify drones. Moreover, Al
models are trained to handle partial occlusion, meaning that even if only part of the drone is visible, the micro-Doppler patterns from exposed propeller
blades remain detectable.

Another important aspect of system operation is the detection of RF silent or autonomous drones, which are designed to evade conventional RF, based
detection systems. Since LiDAR is an active optical sensing system, it does not depend on any radio signal emitted by the drone. This makes
it highly suitable for detecting stealth drones, smuggling drones, and autonomous drones flying without GPS. The micro-motion principle bypasses all
forms of RF silence, allowing detection based purely on physical motion characteristics. This makes Al-enabled LiDAR one of the most reliable counter
UAV technologies. The system also supports the detection of drone swarms. When multiple drones fly together, their micro-motion and spatial signatures
intertwine, making classical detection difficult. Al-enabled LiDAR separates swarm members based on unique micro-Doppler patterns and spatial
clustering. Swarm drones often exhibit coordinated or patterned flight paths that the Al can learn to recognize. This capability is increasingly criical in
defense environments where drone swarms may be used for attacks or surveillance missions.



International Journal of Research Publication and Reviews, Vol 6, Issue 12, pp 2263-2269 December, 2025 2267

Oy =
Al Classification

V.

J\W\/— Micro-Motion _%2)_ Drone Detection

Feature Extraction

Figure: 4 Al Enabled LiDAR Micro-Motion Drone Detection System

At the final stage, all detection, classification, and tracking information is presented to the operator through a command and control interface. Operators
can visualize the object’s position, trajectory, micro-motion spectrogram, and Al confidence scores in real time. Alerts are generated automatically when
a drone enters restricted airspace. In integrated security systems, the AI-LiDAR detection module can also trigger automated countermeasures. The
working of Al-based LiDAR micro-motion detection is an advanced multi-layer process that combines precise optical sensing, intricate signal analysis,
and intelligent pattern recognition to detect even the smallest and most covert drones. Its strength lies in its ability to capture subtle mechanical signatures
invisible to conventional methods, making it a powerful tool for modern airspace protection.

5. RESULTS:

The Al-LiDAR based drone detection system demonstrated strong performance across accuracy, classification reliability, range capability, and robustness
in various environmental conditions. Experimental evaluation showed that the LiDAR sensor successfully captured high resolution micro-motion
signatures such as propeller blade pass frequencies, motor vibration harmonics, and turbulence patterns at distances ranging from 80 to 250 meters,
depending on drone size and orientation. The Al model trained on these signatures achieved overall detection accuracy between 94% and 98%, indicating
highly reliable differentiation of drones from birds, insects, and airborne clutter. The system also consistently identified rotor driven periodic frequency
peaks in the micro-Doppler spectrograms, allowing the classifier to distinguish multi-rotor drones such as quad-rotor drones and hexacopter drones with
a precision exceeding 95%.

Response-time analysis revealed that the integrated signal-processing and Al pipeline was capable of real-time operation, delivering detection decisions
within 120-250 milliseconds, depending on LiDAR sampling density. This ensures timely alerts for security and defense applications where fast decision-
making is essential. The point-cloud tracking subsystem showed stable target localization with an average positional error of less than 15 cm, enabling
accurate trajectory estimation and long duration tracking of moving drones. The system also proved effective in handling multiple targets simultaneously,
correctly separating two drones flying within a 3-5 meter distance using spatial clustering and signature isolation techniques. Environmental robustness
tests highlighted that the system maintained over 90% detection accuracy in low-light and night-time conditions, demonstrating the advantage of LIDAR’s
independence from ambient lighting. Moderate environmental disturbances such as haze, dust, and light fog caused a slight reduction in signal strength,
but micro-motion analysis remained reliable due to Al-driven feature extraction. Only in heavy fog did performance decline significantly, with accuracy
dropping to around 75-80%, primarily due to increased laser scattering. Nevertheless, the Al module partially compensated for degraded data by
emphasizing temporal features rather than amplitude-based ones.
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Figure: 4 Accuracy vs. Range in Al-LiDAR Drone Detection Techniques

The Al classifier also showed strong performance in rejecting false positives. Bird flight patterns, which typically produce irregular flapping signatures,
were correctly rejected in over 92% of tested cases, while insects and airborne debris were filtered out with nearly 99% accuracy due to their high-
frequency, low energy motions. Additionally, the system operated effectively against RF silent and GPS denied drones, confirming that detection relied
solely on physical micro-motion characteristics rather than communication signals. Overall, the results confirm that Al LiDAR based drone detection
provides a highly accurate, fast, and robust solution for monitoring airspace, outperforming traditional vision, acoustics and radar based systems in
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scenarios involving small drones, low light environments or stealth threats. Its ability to detect micro-motion signatures makes it particularly effective
for modern counter UAV applications requiring precision, reliability and autonomy.

Table: 1 Accuracy vs. Range in Al-LiDAR Drone Detection Techniques

Range (m) Accuracy (%) Remarks
50m 98 Vgry strong LiDAR return; clear
micro-motion signatures
100 m 97 g;%:C[t)i%igt—cloud density; reliable
150 m 96 Minor reduction in micro-Doppler
200 m 92 Stable detection, low false positives
250 m 84 Slight noise increase; moderate
300 m 80 Reduced return intensity
450 m 76 Atmospheric effects
500 m 70 Detection still possible; lower stability

6. CONCLUSION:

The development of AI-LiDAR based drone detection systems marks a significant advancement in modern airspace security, offering a highly reliable
solution for identifying small, fast-moving unmanned aerial vehicles in complex environments. By combining the high resolution spatial sensing
capability of LIDAR with the analytical intelligence of machine learning, the system effectively extracts and interprets micro-motion signatures such as
propeller harmonics and vibration-induced modulations that are unique to drones. Experimental results demonstrate that the proposed approach delivers
superior detection accuracy, rapid response times, and strong classification performance compared to traditional radar, vision, or acoustic-based methods,
particularly in low-light or RF-silent conditions where other sensors fail. The ability to operate independently of ambient lighting and communication
signals makes Al-LiDAR a robust and future-ready detection technology. Although performance may degrade under heavy fog or severe atmospheric
scattering, the overall system maintains exceptional accuracy and reliability across a wide range of operational scenarios. Therefore, Al-LiDAR based
drone detection presents a powerful and scalable solution for safeguarding restricted airspace, critical infrastructure, and defense zones against evolving
UAV threats.

7. FUTURE SCOPE

The future scope of AI-LiDAR based drone detection is highly promising as advancements in optical sensing, machine learning, and autonomous
surveillance continue to evolve. One key direction is the development of higher-power, long-range LiDAR systems capable of detecting micro-motion
signatures beyond 500 meters, enabling early warning and expanded coverage for sensitive zones. Future research can also focus on adaptive LiDAR
waveforms and multi-frequency laser modulation techniques that improve detection performance in challenging weather conditions such as fog, rain, and
dust. On the Al side, the integration of deep neural models with transformer based temporal analysis could further enhance the system’s ability to interpret
complex micro-Doppler patterns and classify a wider variety of drone types, including fixed wing UAVs, nano-drones and autonomous swarms. Another
promising direction is sensor fusion, where LiDAR is combined with radar, thermal imaging, RF analyzers, and acoustic systems to create multi-modal
drone detection platforms with near zero false alarms. Edge Al implementations can also be explored to reduce latency and enable real time detection on
lightweight, portable, or UAV mounted platforms for mobile surveillance. The creation of large-scale benchmark datasets of LIDAR micro-motion
signatures, including diverse drone models and real-world environmental scenarios, will enable standardization and improved training of Al models.
Furthermore, future systems can incorporate autonomous threat assessment, predictive path analysis, and intelligent countermeasure triggering, allowing
Al-LiDAR platforms to operate not only as detection tools but as fully autonomous airspace security solutions. Overall, continued advancements in
photonics, Al algorithms, edge computing and multi-sensor collaboration are expected to significantly expand the capabilities, reliability, and deployment
potential of Al-LiDAR based drone detection systems.
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