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Abstract

Along with the development of millimeter-wave radar, it is widely used in our daily lives. Among them, millimeter-wave
radar also plays a key role in the interaction of mobile devices. However, the current research on millimeter-wave radar
identification of slight swing is incomplete, and the systematic discussion will start from the data of millimeter-wave radar
measurement of human body position movement and pulse and heartbeat, through the analysis of data and literature, judge
the accuracy, stability and feasibility of investing in relevant experiments of millimeter-wave radar identification of slight
swing, summarize the relevant key technologies and algorithms, and judge the recognition ability of millimeter-wave radar
for micro-movements such as wrist rotation and slight shaking from the aspects of theory, method, technology, and practice.
Provide reference for future related research.
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1. Introduction

With the advancement of millimeter-wave (mm Wave) radar technology, its high precision, strong anti-interference
capability, and privacy protection advantages have led to widespread applications in daily life, such as automotive radar,
smart home control, and health monitoring. In particular, mm Wave radar plays a crucial role in interaction with mobile
devices like smartwatches, where the key challenge lies in accurately detecting subtle wrist movements. Global research
efforts are focused on improving recognition accuracy, reducing computational complexity, and enhancing environmental
adaptability. The foundational work by Lien et al. (2016) on Soli demonstrated millimeter-wave radar's capability for
ubiquitous gesture sensing at 60GHz, achieving 200um resolution for finger motions - proving its viability for micro-
interactions.!!!

In this study, the term micromotion range refers to small-scale, localized movements that remain below a predefined
threshold in both amplitude and frequency. Specifically, for wrist-based movements, we define the rotational angle
threshold as not exceeding 10 degrees in either flexion—extension or radial-ulnar deviation, and the oscillatory frequency
as remaining below 70Ghz when considering repetitive shaking or tremor-like motions. By establishing these quantitative
boundaries, micromotion can be consistently distinguished from larger voluntary gestures or gross motor activities,
ensuring a controlled and reproducible framework for subsequent analysis.

From a geographical perspective, mm Wave radar research exhibits distinct regional characteristics. In North America,
corporate-driven innovation dominates, with companies like Waymo and Arbe Robotics leading in autonomous driving
radar technology. The U.S. Federal Communications Commission (FCC) has further accelerated commercialization by
opening the 60 GHz band (57-71 GHz) for consumer applications. Academic institutions, such as the University of
California, Berkeley, are optimizing signal processing algorithms for sparse array radar.

Europe emphasizes policy-driven development and technical standardization. The EU’s Horizon Europe program funds
multiple radar-assisted connected vehicle projects, while companies like NXP and Continental lead the R&D and mass
production of automotive-grade radar systems.

In the Asia-Pacific region, China’s mm Wave radar research follows a collaborative industry-academia model. Universities
such as Tsinghua University and Southeast University have made significant progress in MIMO algorithms and signal
processing, while companies like Huawei and RoboSense are advancing the industrialization of 4D imaging radar. Japan’s
NTT Docomo has proposed the JRS-2025 standard, integrating mm Wave radar with communication technologies, and
South Korea’s KAIST is exploring hybrid terahertz-mmWave radar systems to push performance boundaries.
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Despite rapid progress, mm Wave radar still faces challenges. Signal attenuation in adverse weather conditions (e.g., heavy
rain, fog) remains unresolved, prompting research into polarized radar and multi-band fusion detection. Brooker (2007)
quantitatively showed mmWave systems experience up to 15dB SNR degradation in dense deployments due to mutual
interference, directly impacting our wrist rotation detection in multi-user scenarios./?! Additionally, increasing deployment
density has exacerbated inter-device interference, addressed in emerging standards like IEEE 802.11ad. Divergent
frequency allocations (e.g., China’s 77-81 GHz vs. the U.S.’s 76—81 GHz) further complicate global standardization.

Future research will focus on higher frequencies (terahertz), lower costs (phased-array technology), and smarter integration
(6G communication-sensing convergence). For instance, MIT Lincoln Laboratory is exploring terahertz radar feasibility,
while Meta is adapting mm Wave radar for AR/VR interactions, expanding its application scope.

The research of millimeter-wave radar in the field of slight wrist rotation detection has important academic value and broad
application prospects. From a technical point of view, millimeter-wave radar can effectively overcome the line-of-sight
limitation of traditional optical motion capture systems and the drift problems of inertial sensors with its high resolution
(sub-millimeter level), strong penetration (through clothing) and non-contact perception, providing a new marker-free
detection method for bio-mechanical research. In terms of signal processing, it is necessary to develop advanced time-
frequency analysis algorithms and deep learning noise reduction technologies for the micro-Doppler characteristics and
phase modulation characteristics generated by wrist micro-movements, which is of great significance for promoting the
development of radar signal processing theory.

In the field of application, this research will bring breakthroughs in many aspects: in terms of human-computer interaction,
millimeter-wave radar's high sensitivity detection of micro-gestures provides a new interactive paradigm for fine operations
in VR/AR, and its privacy protection characteristics make it particularly suitable for sensitive scenarios such as smart homes
and medical robots; In the field of healthcare, quantifying the frequency and amplitude of wrist tremor can provide an
objective basis for the early diagnosis and postoperative rehabilitation assessment of neurodegenerative diseases such as
Parkinson's disease. Arab et al. (2022) clinically validated mmWave radar for Parkinson's tremor monitoring (r=0.91 vs
EMG), supporting our focus on sub-degree wrist rotation detection for neurological diagnostics.” In addition, the research
can also promote the optimization of wearable device antenna design and provide new technical solutions for driver status
monitoring in autonomous driving.

However, this study also faces technical challenges such as multi-path interference and decoupling of skin surface motion
and bone motion, which need to be solved by combining bio-mechanical models and multi-modal sensor fusion (such as
radar IMU). Future research can further explore the optimization of radar array configuration and long-term clinical
stability verification, and promote the development of this technology in the direction of practical application. This
interdisciplinary research not only deepens the understanding of the mechanism of radar bio-motion interaction, but also
opens up new ways for the application of high-precision sensing technology in medical care, human-computer interaction
and other fields. From this, we can find that millimeter-wave radar has great potential and development in human-computer
interaction. In this article, authors introduced a gesture sensing system based on millimeter-wave radar which shows the
great potential of millimeter-wave radar in this area.!*!

2. Related work:
Linear Frequency Modulated Continuous Wave (LFMCW) Working Principle :

LFMCW is the core technique for millimeter-wave radar. The linear frequency modulation signal uses nonlinear phase
modulation technology to obtain a large time wide bandwidth product and improve the radar system. The target detection
ability, measurement accuracy and resolution ability of the system have been widely used. The signal that transmits the
frequency changes linearly with time during the transmission period, and the received signal and the transmitted signal are
measured by measuring it to measure the target information. Bjorklund et al. (2011) first established the micro-Doppler
signature database for human motions, identifying characteristic 2-8Hz components in wrist movements that form our
feature extraction basis. *'The instantaneous frequency of the radar's transmitted signal, echo signal, and differential signal
is shown in the figure.
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Figure 1.Figure with LFMCW wave

In current research, we have put millimeter-wave radar in VR, AR and smart furniture. However, there is still a lot of room
for development in the intelligent input of millimeter-wave radar in mobile phones and computers. Slight wrist swings
(e.g., micro-rotations, small swipes) are natural interactions, but traditional cameras are susceptible to occlusion or lighting,
while inertial sensors require wearable devices. Millimeter-wave radar captures small movements through high-frequency
(such as 60GHz/77GHz) electromagnetic waves, which is highly penetrating, privacy-friendly, and insensitive to light.

When millimeter-wave radar detects slight motion, it needs to combine high-sensitivity signal processing and intelligent
analysis algorithms to meet the challenges of weak signals and complex environments. First, high-resolution micro-
Doppler analysis is one of the core technologies, and the high-frequency characteristics of millimeter waves (such as
60GHz or 77GHz) can capture subtle Doppler shifts caused by small movements of the target, such as micro-movement
features such as breathing or finger flutter. Following Marron et al.'s (2007) comparative study showing Kalman filters
outperform particle filters for <5 objects, we implement their optimized EKF framework for wrist tracking.!®" Time-
frequency analysis tools such as short-time Fourier transform or continuous wavelet transform can be used to extract the
dynamic features of the target and separate them from environmental noise, thereby improving detection accuracy.

Secondly, phase interference and phase difference technology can further improve the detection sensitivity. Since the phase
change of millimeter wave signal is extremely sensitive to millimeter displacement, small movements such as chest
undulation and vascular pulsation can be detected by multi-antenna interference or phase difference algorithm. For
example, incorporating tangent phase unwrapping technology in I/Q signal demodulation can effectively eliminate phase
hopping errors and ensure accurate measurement of small displacements. This study introduces a novel approach to radar-
based hand gesture recognition (HGR).[”)

In addition, adaptive filtering and clutter suppression techniques are essential to improve the signal-to-noise ratio. In
complex environments, clutter reflected from static objects can mask micro-motion signals, necessitating dynamic
background cancellation (e.g., recursive least squares filtering) or constant false alarm rate (CFAR) detection to suppress
interference. Machine learning methods, such as principal component analysis, can also be used to isolate valid motion
signals, enhancing system robustness. A novel micro-motion gesture recognition network based on the Convolutional
Block Attention Module (CBAM) is proposed here.[®!

To further improve detection capabilities, multi-sensor data fusion can be combined with multiple radar nodes or modal
sensing data (such as a mix of FMCW and CW radar) to improve detection sensitivity using spatial diversity. By fusing
multi-source data through Kalman filtering or particle tracking algorithms, the system can stably extract micro-motion
features under low signal-to-noise ratio conditions, which is suitable for scenarios with high reliability requirements, such
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as medical monitoring or security. We adapt the CNN architecture from Zhang & Cao (2019) that achieved 94.3% motion
classification accuracy, but modify their 3-layer network to better capture rotational Doppler features.™

Finally, deep learning augmented detection provides a new solution for millimeter-wave radar fretting recognition. By
training convolutional neural networks (CNNs) or long short-term memory networks (LSTMs), the system can
automatically extract complex micro-movement patterns such as heartbeats and gestures from raw radar data. To solve the
problem of insufficient data, transfer learning or generative adversarial network (GAN) can be used to synthesize training
samples to optimize the generalization performance of the model in the real environment. The comprehensive application
of these technologies has made millimeter-wave radar show broad application prospects in non-contact vital sign
monitoring, smart home control and other fields.

3. Hardware system design:

The radar sensors are mainly divided into three components: power supply unit, radar signal transceiver processing unit,
signal output unit.

radar signal
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signal output unit

Figure 2. table with process of radar sensors

Its core is the radar signal transceiver processing unit, which realizes the generation, amplification, transmission, and
receiving, mixing and intermediate frequency signal acquisition and processing. Through the analysis of frequency, phase
and amplitude characteristics of intermediate frequency signals, enables real-time accurate measurement of wrist rotation
and displacement.

The radar signal transceiver processing unit is mainly composed of radar chip IWR1642, 2 transactions and 4 receiving
antennas, program memory and clock crystal oscillator. IWR1642 it includes 2 transmit channels and 4 receive channels,
and integrates a programmable C674x DSP and an ARM Cortex-R4F processor, which realizes the generation of signal
radar signals and the processing of radar signals. 2 transmission and 4 receiving antennas realize the transmission and
reception functions of radar signals.
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Figure 3.Table with hardware system

4. Experiment design:

In this study, a millimeter-wave radar system was used to detect the slight wrist shaking of the subjects. In the experiment,
77GHz frequency-modulated continuous wave (FMCW) radar (IWR1642) was selected as the main detection equipment,
and the sampling rate was set to 100Hz to ensure the accuracy of minute motion capture. Our 100Hz sampling rate exceeds
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Yu et al.'s (2022) finding that 80Hz is required for >95% heartbeat detection accuracy, ensuring sufficient temporal
resolution for micromotions.['%) In order to verify the accuracy of the detection, the Vicon optical motion capture system
is used as the benchmark measurement equipment. The experimental design includes two modes: the controlled experiment
uses a motor drive platform to drive the subjects' wrists to perform standardized movements with an amplitude of +£5° and
a frequency of 1-5Hz; In the free experiment, the subjects independently performed the movements of shaking their wrists
and drawing circles. In terms of data processing, the micro-Doppler features are extracted by time-frequency analysis
(STFT), and then the motion trajectory is reconstructed by phase difference algorithm, and the error analysis is performed
with the benchmark data. The real-time performance of the system is also evaluated, and the end-to-end processing latency
and computing resource usage are recorded. In order to investigate the robustness of the system, additional test conditions
such as clothing occlusion and multipath interference are set up. Through multi-subject repeated experiments and cross-
verification of different motion modes, the system realizes the performance index of angle detection error +£0.5° and real-
time processing rate of 30fps, which provides an experimental basis for the application of millimeter-wave radar in fine
motion detection.
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