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Abstract- Disaster scenarios such as earthquakes, landslides, and structural collapses often result in victims being trapped under debris, where rapid detection is critical for survival. Traditional search-and-rescue techniques, including thermal imaging and acoustic sensors, face significant limitations in detecting stationary or unconscious individuals. In recent years, millimeter-wave (mmWave) radar technology has emerged as a promising solution due to its ability to penetrate non-metallic materials and detect micro-movements such as breathing and heartbeat. This review paper presents a comprehensive analysis of mmWave radar-based human detection systems, focusing on their working principles, sensor technologies, signal processing techniques, and real-world applications in disaster management. Various radar modules, including 24 GHz and 60 GHz systems, are compared in terms of detection accuracy, range, and environmental adaptability. The integration of embedded platforms such as ESP32 for real-time processing and portable deployment is also discussed. Furthermore, this paper highlights current challenges, including signal noise, false detection, and limited localization capability, and suggests potential future enhancements such as drone-based deployment and multi-sensor fusion. The study concludes that mmWave radar offers a reliable and efficient approach for life detection in complex rescue environments, making it a vital component in next-generation disaster response systems [1]–[4].
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I. INTRODUCTION
Natural and man-made disasters pose a significant threat to human life, often resulting in people being trapped under collapsed structures. Rapid and accurate detection of survivors is essential to improve rescue success rates. Conventional methods such as manual search, sniffer dogs, and optical cameras are often ineffective in scenarios where visibility is obstructed or victims are immobilized [1].
To overcome these limitations, technological advancements have introduced sensing systems capable of detecting human presence beyond visual barriers. Among these, mmWave radar technology has gained considerable attention due to its ability to penetrate materials like concrete, wood, and brick while detecting minute physiological movements such as respiration and heartbeat [2].
mmWave radar operates in high-frequency bands (typically 24 GHz to 60 GHz), enabling precise detection of motion and distance. Unlike infrared sensors, which depend on heat signatures, mmWave sensors can detect stationary individuals, making them highly suitable for search-and-rescue operations [3].
This review paper focuses on analyzing mmWave-based human detection systems, their components, working mechanisms, and their application in disaster scenarios. Additionally, it explores the integration of embedded systems and discusses future advancements such as drone-assisted rescue systems [4].
II. BACKGROUND AND RELATED WORK
Human detection technologies have evolved significantly over the years, incorporating various sensing mechanisms such as infrared imaging, ultrasonic sensors, acoustic detection, and radar-based systems. Each of these approaches has its advantages and limitations in disaster environments.
Infrared (IR) sensors detect heat emitted by the human body; however, their performance degrades in high-temperature environments or when victims are covered by debris [5]. Acoustic sensors, which rely on sound signals such as tapping or vocal responses, are ineffective when victims are unconscious or unable to communicate [6].
Radar-based systems, particularly mmWave radar, have emerged as a more reliable alternative. These systems utilize electromagnetic waves to detect motion and can identify micro-movements associated with breathing and heartbeat. Studies have demonstrated that Frequency Modulated Continuous Wave (FMCW) radar can accurately detect human presence even through obstacles [7].
Recent research has focused on compact radar modules operating at 24 GHz and 60 GHz frequencies. The 24 GHz radar systems are widely used due to their lower cost and moderate detection range, while 60 GHz systems provide higher resolution and improved sensitivity for vital sign detection [8].
Several researchers have integrated radar sensors with microcontrollers such as Arduino and ESP32 to develop portable detection systems. These systems often include wireless communication modules for real-time monitoring and alert generation [9].
Despite these advancements, challenges such as signal interference, multi-path reflections, and false positives remain areas of ongoing research [10].
III. WORKING PRINCIPLE OF MMWAVE HUMAN DETECTION
mmWave radar systems operate by transmitting high-frequency electromagnetic waves toward a target and analyzing the reflected signals. When these waves encounter a human body, they are reflected back with slight variations caused by movement, including respiration and heartbeat [2].
The most commonly used technique in these systems is Frequency Modulated Continuous Wave (FMCW) radar. In this method, the transmitted signal frequency varies over time, and the difference between transmitted and received signals is used to calculate distance and motion [7].
Even in the absence of large movements, mmWave radar can detect micro-displacements in the chest caused by breathing. These periodic movements produce detectable phase changes in the reflected signal, enabling the system to identify the presence of a living person [3].
Signal processing algorithms are applied to filter noise and extract meaningful patterns. Techniques such as Fast Fourier Transform (FFT) and digital filtering are commonly used to enhance detection accuracy [8].
This capability makes mmWave radar highly effective in disaster scenarios, where victims may be unconscious and unable to move significantly [4].
IV. SYSTEM COMPONENTS AND ARCHITECTURE
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Figure 1. mmWave Human Detection System for Disaster Management

A typical mmWave-based human detection system consists of several key components:

4.1 mmWave Radar Sensor
The radar sensor is the core component responsible for detecting human presence. Sensors operating at 24 GHz and 60 GHz are commonly used due to their balance between range and accuracy. These sensors can detect motion, distance, and vital signs [8].

4.2 Microcontroller Unit (ESP32)
The ESP32 microcontroller processes sensor data and performs signal analysis. It also enables wireless communication through Wi-Fi and Bluetooth, making it suitable for IoT-based rescue systems [9].

4.3 Display Unit
OLED displays are used to provide real-time information such as detection status and distance. These displays are compact and energy-efficient, making them ideal for portable devices.

4.4 Power Supply
Rechargeable lithium-ion batteries (such as 18650 cells) provide portable power, ensuring the system can operate in remote or disaster-affected areas.

4.5 Communication Module
Wireless communication allows data transmission to rescue teams, enabling remote monitoring and faster decision-making [4].

V. APPLICATIONS IN DISASTER MANAGEMENT

mmWave radar-based human detection systems have significant applications in disaster management. These systems can be deployed in earthquake-hit areas to locate survivors trapped under collapsed buildings. Their ability to detect breathing makes them particularly useful in identifying unconscious victims [1].
In firefighting operations, these systems can help locate individuals trapped in smoke-filled environments where visibility is extremely low. Additionally, they can be used in mining accidents and landslides to detect buried individuals [3].
Portable versions of these systems can be carried by rescue personnel, while advanced implementations involve mounting the system on drones for aerial scanning of large disaster zones [4].
VI. ADVANTAGES AND LIMITATIONS
6.1 Advantages
mmWave radar-based human detection systems offer several advantages over conventional sensing technologies. One of the primary benefits is their ability to penetrate non-metallic materials such as concrete, wood, and debris, making them highly effective in disaster scenarios [2]. Unlike infrared sensors, mmWave radar does not rely on temperature differences and can detect humans even in thermally uniform environments [5].
Another significant advantage is the ability to detect micro-movements, including breathing and heartbeat, which allows identification of unconscious or immobile victims [3]. Additionally, mmWave sensors provide high accuracy and resolution, especially in higher frequency bands such as 60 GHz [8].
These systems are also compact and energy-efficient, enabling the development of portable and battery-powered devices suitable for field deployment [9]. Furthermore, integration with microcontrollers like ESP32 allows for real-time processing and wireless communication, enhancing their usability in rescue operations [4].
6.2 Limitations
Despite their advantages, mmWave radar systems have certain limitations. One of the major challenges is signal interference and noise, which can lead to false detections, especially in complex environments with multiple reflecting surfaces [10].
Another limitation is the restricted detection range, which varies depending on the sensor frequency and environmental conditions. Lower frequency sensors offer longer range but reduced resolution, while higher frequency sensors provide better accuracy but shorter range [8].
Additionally, mmWave systems generally have limited capability in precise localization, meaning they can detect the presence of a human but may struggle to determine the exact position without additional sensors [7].
The cost of high-frequency radar modules and the complexity of signal processing algorithms can also be barriers to large-scale deployment [6].
VII. FUTURE SCOPE
The future of mmWave-based human detection systems lies in enhancing accuracy, scalability, and deployment flexibility. One promising direction is the integration of multi-sensor fusion, combining mmWave radar with thermal imaging, cameras, and acoustic sensors to improve detection reliability and reduce false positives [10].
Another significant advancement is the development of drone-based detection systems. Mounting mmWave sensors on unmanned aerial vehicles (UAVs) enables rapid scanning of large disaster areas, especially in locations that are difficult or dangerous for human rescuers to access [4].
Advancements in artificial intelligence and machine learning can further enhance signal processing by enabling intelligent classification of human presence and filtering of environmental noise [7].
Additionally, improvements in low-power electronics and battery technology will support the creation of long-lasting, portable rescue devices, making them more practical for real-world applications [9].
VIII. CONCLUSION
This review paper presented a comprehensive analysis of mmWave radar-based human detection systems for disaster rescue applications. The study highlighted the limitations of traditional detection methods and demonstrated how mmWave technology overcomes these challenges through its ability to detect micro-movements and penetrate obstacles.
Various aspects, including working principles, system components, and real-world applications, were discussed in detail. The review also examined the advantages and limitations of current systems and identified key areas for future research and development.
It can be concluded that mmWave radar technology holds significant potential in improving disaster response efficiency. With further advancements in sensor technology, signal processing, and system integration, these systems can become a critical tool in saving human lives during emergencies [1]–[4].
CITED REFERENCES
[1] A. Kumar and R. Singh, “Disaster management and rescue technologies: A review,” International Journal of Engineering Research & Technology, vol. 9, no. 5, pp. 120–125, 2020.
[2] J. Wang, X. Chen, and Z. Li, “Millimeter-wave radar for human detection and tracking: A review,” IEEE Sensors Journal, vol. 21, no. 3, pp. 2458–2470, 2021.
[3] S. Gupta and P. Verma, “Vital sign detection using mmWave radar technology,” IEEE Access, vol. 8, pp. 112–120, 2020.
[4] M. Rahman, T. Islam, and K. Ahmed, “IoT-based smart rescue system using wireless communication,” Journal of Ambient Intelligence and Humanized Computing, vol. 12, pp. 345–356, 2021.
[5] D. Zhang and L. Yu, “Limitations of infrared sensors in disaster environments,” Sensors, vol. 19, no. 6, pp. 1400–1410, 2019.
[6] R. Patel and S. Shah, “Acoustic sensing techniques for search and rescue operations,” International Journal of Advanced Research in Electronics, vol. 7, no. 2, pp. 85–90, 2018.
[7] H. Li, Y. Zhao, and F. Zhang, “FMCW radar-based human detection and ranging,” IEEE Transactions on Microwave Theory and Techniques, vol. 67, no. 5, pp. 1939–1952, 2019.
[8] K. Lee and J. Park, “Comparison of 24 GHz and 60 GHz radar systems for human detection,” IEEE Radar Conference, pp. 1–5, 2021.
[9] Espressif Systems, “ESP32 Technical Reference Manual,” 2022.
[10] P. Sharma and N. Gupta, “Challenges in radar-based human detection systems,” International Journal of Electronics and Communication Engineering, vol. 10, no. 4, pp. 210–215, 2021.
ADDITIONAL REFERENCES
[11] Y. Kim and H. Ling, “Human activity classification based on micro-Doppler signatures using a support vector machine,” IEEE Transactions on Geoscience and Remote Sensing, vol. 47, no. 5, pp. 1328–1337, 2009.
[12] F. Fioranelli, M. Ritchie, and H. Griffiths, “Performance analysis of centroid and SVD features for personnel recognition using multistatic micro-Doppler,” IEEE Geoscience and Remote Sensing Letters, vol. 13, no. 5, pp. 725–729, 2016.
[13] S. Z. Gurbuz, B. Tekeli, and M. G. Amin, “Micro-Doppler-based in-home aided and unaided walking recognition with multiple radar and sonar systems,” IET Radar, Sonar & Navigation, vol. 11, no. 1, pp. 107–115, 2017.
[14] Q. Lv, X. Chen, and L. Sun, “Contactless vital sign detection using Doppler radar: A survey,” IEEE Reviews in Biomedical Engineering, vol. 12, pp. 158–170, 2019.
[15] J. Hasch et al., “Millimeter-wave technology for automotive radar sensors in the 77 GHz frequency band,” IEEE Transactions on Microwave Theory and Techniques, vol. 60, no. 3, pp. 845–860, 2012.
[16] A. Yarovoy, L. Ligthart, J. Matuzas, and B. Levitas, “UWB radar for human being detection,” IEEE Aerospace and Electronic Systems Magazine, vol. 21, no. 3, pp. 10–14, 2006.
[17] M. Mercuri et al., “Vital-sign monitoring and spatial tracking of multiple people using a contactless radar-based sensor,” Nature Electronics, vol. 2, pp. 252–262, 2019.
[18] Texas Instruments, “mmWave Radar Sensors for Industrial Applications,” Technical Report, 2021.
[19] Infineon Technologies, “24 GHz Radar Sensor Solutions,” Application Note, 2020.
[20] B. Allen and M. Ghavami, “Ultra-wideband signal propagation for indoor applications,” IEEE Communications Magazine, vol. 41, no. 2, pp. 66–73, 2003.
[21] C. Li and J. Lin, “Random body movement cancellation in Doppler radar vital sign detection,” IEEE Transactions on Microwave Theory and Techniques, vol. 56, no. 12, pp. 3143–3152, 2008.
[22] Z. Peng, J. Li, and X. Wang, “Through-wall radar imaging: A review,” IEEE Geoscience and Remote Sensing Magazine, vol. 7, no. 3, pp. 50–67, 2019.
[23] M. Richards, Fundamentals of Radar Signal Processing, 2nd ed., McGraw-Hill, 2014.
[24] A. Stove, “Linear FMCW radar techniques,” IEE Proceedings F, vol. 139, no. 5, pp. 343–350, 1992.
[25] S. Haykin, Radar Array Processing for Target Detection, Wiley, 2013.
image1.gif




image2.png
System for Disaster Resc

Detecti

mmWave Hul

Breathing & Heartbeat
- Detection
Rescue Team

- 1
Collapsed Building / Debris
mmWave Radar Signal Processing lay & &= o
R 28
T
Data Processing Buzzer / LED Alert ‘W

Sensed Signals
|
1
Future: Drone
with mmWave

Y ((( J ))) @i Wiretess Communication

@ Rechargeable Battery

Portable Power Supply.

Data Transmission To Rescue Team




