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Abstract

This study proposes an integrated agility assessment system that combines Millimeter-Wave (MMW)
radar, Ultra-Wideband (UWB) ranging, and Mixed Reality (MR) technologies to quantitatively
evaluate athlete performance with high accuracy. The system utilizes the fine motion-tracking
capability of MMW radar and the immersive real-time visualization provided by MR to ensure
reliable operation under low-light conditions and multi-object occlusion, thereby enabling precise
measurement of mobility, reaction time, and movement distance.To address the challenge of player
identification during doubles testing, a one-to-one UWB configuration was adopted, in which each
base station was paired with a wearable tag to distinguish individual athletes. UWB identification
was not required during single-player tests. The experimental protocol included three specialized
agility assessments —Table Tennis Agility Test I (TTAT I), Table Tennis Doubles Agility Test II (TTAT
II), and the Agility T-Test (ATT)—conducted with more than 80 table tennis players of different
technical levels (80% male and 20% female). Each athlete completed two sets of two trials to ensure
measurement consistency and data stability.Experimental results demonstrated that the proposed
system effectively captured displacement trajectories, movement speed, and reaction time. The
MMW radar achieved an average measurement error of less than 10%, and the overall classification
model attained an accuracy of 91%, confirming the reliability and robustness of the integrated sensing
pipeline. Beyond local storage and MR-based live visualization, the system also supports cloud-based
data uploading for graphical analysis and enables MR content to be mirrored on connected computer
displays. This feature allows coaches to monitor performance in real time and provide immediate
feedback.By integrating the environmental adaptability of MMW radar, the real-time visualization
capability of MR, UWB-assisted athlete identification, and cloud-based data management, the
proposed system demonstrates strong potential for professional sports training, technical
diagnostics, and tactical optimization. It delivers timely and accurate performance metrics and
contributes to the advancement of data-driven sports science applications.

Keywords: millimeter-wave radar; UWB radar; mixed reality; table tennis

1. Introduction

Agility is a critical determinant of athletic performance, particularly in racket sports such as table
tennis, where athletes must continuously adjust their positions, respond to highly variable ball
trajectories, and execute complex technical movements with precision. Conventional agility
assessment methods—such as stopwatch timing and video-based post hoc analysis—provide only
limited dynamic information and often lack objectivity, accuracy, and real-time responsiveness.
Although image-based motion-tracking systems are widely used in research and training, they
remain highly sensitive to lighting conditions, camera occlusion, and computational latency, thereby
limiting their reliability in high-intensity or multi-athlete environments. These shortcomings
highlight the need for a real-time, robust, and highly accurate agility assessment framework capable
of supporting diverse training conditions [1].
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Recent advancements in sensing and immersive visualization technologies have expanded the
possibilities for sports performance analysis. Millimeter-wave (MMW) radar provides fine-grained
motion tracking with strong resilience against low-light environments and multi-athlete interference
[2]. Ultra-wideband (UWB) positioning offers high-precision localization and reliable identity
differentiation, which is particularly advantageous in dual-player or multi-target agility tests where
individual trajectory separation is required [3]. Meanwhile, mixed reality (MR) visualization delivers
intuitive, real-time representations of movement data, enhancing situational awareness and enabling
interactive feedback between athletes and coaches. The convergence of these technologies presents a
promising pathway toward creating an objective, adaptive, and real-time feedback—driven agility
assessment system [4].

Building upon these technological developments, this study proposes an integrated agility
assessment system that combines MMW radar, UWB positioning, and MR-based visualization to
achieve high-precision, real-time performance quantification [5]. The proposed framework
overcomes the limitations of traditional timing and video-based methods by accurately capturing
displacement trajectories, movement velocity, and reaction time. The inclusion of UWB-based athlete
identification further enables individualized analysis during dual-player tests, while cloud-assisted
data processing extends the system's functionality from real-time visualization to long-term analytics,
historical comparisons, and performance management [6].

To validate the system’s effectiveness, three specialized agility tests were administered to 80
table tennis athletes with varying skill levels. Experimental results indicate high measurement
precision and reliable performance classification across all test scenarios. Collectively, the proposed
system demonstrates substantial potential as an advanced tool for professional training, technique
diagnosis, and strategy optimization, offering objective, timely, and highly actionable performance
insights that contribute to the advancement of sports science and athlete development..

2. Materials and Methods

2.1. Millimeter-Wave Radar

Millimeter-wave (MMW) radar systems typically operate based on the principles of Frequency-
Modulated Continuous Wave (FMCW) sensing, wherein the radar transmits a linearly frequency-
modulated chirp signal and simultaneously receives the echoes reflected from targets. By mixing the
transmitted and received signals, a beat frequency is generated. This frequency component preserves
information about the time delay and Doppler shift, enabling the estimation of target range, radial
velocity, and angle of motion through frequency-domain processing. Standard FMCW signal
processing pipelines—such as range FFT, Doppler FFT, angle-of-arrival estimation, and constant false
alarm rate (CFAR) detection—further enhance the radar’s capability to distinguish multiple dynamic
objects within the sensing field.

The use of high-frequency millimeter-wave bands (typically 60-77 GHz) provides intrinsic
advantages, including fine range resolution, high angular precision, and strong robustness against
illumination changes, occlusion, and adverse environmental conditions. These characteristics make
MMW radar particularly well suited for scenarios requiring reliable, continuous motion monitoring.
Additionally, its immunity to background clutter and electromagnetic interference enables stable
performance even in complex indoor environments, where optical systems often suffer from noise,
reflections, or line-of-sight limitations.

Due to these advantages, MMW radar has been widely adopted in applications such as
autonomous driving, advanced driver-assistance systems (ADAS), indoor human motion tracking,
sports performance assessment, gesture recognition, health and physiological monitoring, industrial
automation, and real-time safety systems. In sports analytics specifically, MMW radar supports
precise measurement of micro-motions, rapid changes in direction, and high-speed movement
trajectories, making it an effective sensing modality for quantifying athlete performance in dynamic,
fast-paced environments.
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2.2. Mixed Reality Head-Mounted Display (HoloLens 2)

The system utilizes the HoloLens 2 Mixed Reality Head-Mounted Display (HMD) as the primary
visualization platform. This device is equipped with a Qualcomm Snapdragon 850 processor and
integrates multiple interactive mechanisms, including eye tracking, voice commands, and gesture
recognition.

In the system, gesture-based interaction is specifically employed to facilitate the intuitive and
real-time visualization of agility test data, thereby enhancing user engagement and feedback
efficiency.

Application development is conducted within the Microsoft Visual Studio and Unity engine
environment. Furthermore, the Mixed Reality Toolkit (MRTK) is incorporated to provide essential
modules for spatial mapping, gesture tracking, and user interface design, which ensures the efficient
implementation of the MR-based visualization and interaction components.

3. Results

3.1. Millimeter-Wave Radar Sensing System

The millimeter-wave (MMW) radar subsystem adopts a dual-port communication architecture
consisting of (1) a configuration port and (2) a dedicated data transmission port. The configuration
port is responsible for radar initialization, chirp parameter tuning, frame structure setup, and the
activation of sensing modes. Through this channel, users can adjust key FMCW parameters—
including start frequency, bandwidth, chirp duration, sampling rate, and antenna configuration—to
optimize sensing performance for indoor sports applications.

The data port independently handles the continuous high-throughput stream of reflected signal
measurements, including raw ADC samples, range-Doppler maps, point-cloud data, and cluster-
level outputs depending on the selected processing pipeline. The separation of control and data
channels prevents command interference, reduces latency, and improves synchronization reliability
during real-time motion tracking. In addition, the dual-port design mitigates packet loss under high
sampling rates, ensuring stable acquisition of rapid movement trajectories commonly observed
during table tennis agility tests.

This architecture enhances overall system robustness, enabling consistent multi-target detection
even under occlusion, rapid direction changes, and variable indoor conditions.

3.2. Graphical User Interface (GUI)

A MATLAB-based graphical user interface (GUI) was developed to integrate, visualize, and
manage data streams from both the MMW radar and the UWB positioning modules. The system
provides real-time dual-player motion visualization during table tennis agility assessments, enabling
synchronized monitoring of movement trajectories, reaction times, and spatial displacement.

The UWB subsystem assigns unique color-coded identifiers to each player, ensuring robust
identity tracking even when physical trajectories overlap. Radar-derived point-cloud and track-
centric outputs are plotted simultaneously, generating continuous movement paths that reflect
instantaneous velocity changes and directional transitions.

3.3. Mixed Reality Visualization Interface

The mixed reality (MR) visualization component was implemented on the Microsoft HoloLens
2 platform using Unity3D and the Mixed Reality Toolkit (MRTK). This interface transforms processed
radar and UWB metrics into immersive, spatially anchored visual elements that enhance
interpretability during performance evaluation.

A Python-based TCP socket server transmits real-time analytics—including movement
duration, instantaneous and average velocity, direction changes, and classification results—to the
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HoloLens client application. Upon receiving the streamed data, the MR interface renders dynamic
holographic panels, trajectory lines, and metric dashboards within the user’s field of view.

MRTK enables advanced interaction features, including gesture-based panel manipulation,
hand-tracking interactions, spatial anchoring, and user-defined layout adjustments. Coaches and
athletes can reposition visual elements in three-dimensional space, facilitating personalized
instruction and collaborative analysis. Environmental understanding features, such as spatial
mapping and occlusion handling, ensure that holograms remain accurately aligned with the physical
environment.

Furthermore, Microsoft Holographic Remoting is utilized to mirror the MR display to a
connected PC in real time. This capability allows multiple observers—including coaches, analysts,
and researchers—to simultaneously view ongoing agility assessments, making the system suitable
for training sessions, demonstrations, and group feedback discussions.

4. Discussion

4.1. Dual-Player Table Tennis Agility Test

To assess the system’s applicability in real training environments, the dual-player table tennis
agility test defined by the National Taiwan University of Sport was adopted as the experimental
protocol. The test integrates UWB positioning, MMW radar tracking, and automatic movement
segmentation to enable accurate and real-time agility evaluation.

A total of 80 trained table tennis athletes participated, each completing two repeated trials for
validation. Sensor-derived measurements were automatically recorded and cross-verified with
manual stopwatch timing to ensure data reliability. This experimental setup confirmed the system’s
operational stability and consistency across different participants and testing conditions, thereby
supporting the development of quantitative agility performance metrics.

Test Configuration

As illustrated in Figure 1, the testing field consists of a 0.8 m x 0.5 m start zone and six cone-
marked target points (A-F). The MMW radar was positioned 4 m in front of the start area to capture
player trajectories. The proposed analysis system automatically identifies movement phases and
segments, enabling real-time detection, recording, and visualization (Figure 2). This automated
process improves testing efficiency while enhancing the accuracy of agility assessment.
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Figure 1. Illustration of Target Overlap Recognition.
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Figure 2. Flowchart of the Dual-Player Table Tennis Agility Test Procedure.

4.2. Data Analysis

The reliability of the proposed motion analysis framework was rigorously validated through the
assessment of temporal measurement accuracy. Table 1 presents the precise time measurements for
distinct movement segments across both Player 1 (Segments 1-4) and Player 2 (Segments 5-8). The
MMW radar demonstrated high performance in accurately capturing the duration of these
segmented actions, yielding an overall average percentage error of 3.5%.To provide a comprehensive
view of the system's robustness, Table 2 summarizes the error metrics across all participant groups.
The analysis reveals remarkable consistency, with the measurement error constrained within a
narrow range: a minimum percentage error of 1.9% and a maximum of 4.8%. The aggregated mean
percentage error across the entire cohort stands at a low 3.01%. This minute deviation corresponds to
a mean time difference of only 0.16 seconds when referenced against the average segmented duration
of 4.875 s. This low error rate confirms the high temporal fidelity and reliability of the MMW radar-
based system for precise kinematic segmentation in dynamic sports environments.

Furthermore, as illustrated in Figure 3, the distribution of average movement speeds clearly
reveals performance disparities between individual players. The variance observed in these speed
data serves as a comprehensive quantitative indicator of several key athletic capabilities, specifically,
the achievement of higher average speeds directly corresponds to superior movement coordination,
more acute reaction capability, and enhanced overall agility. We emphasize that these qualities are
crucial in synchronized and fast-paced scenarios, such as doubles play. Consequently, these objective
quantitative findings generated by the MMW radar system provide indispensable reference points
for professional coaching staff, particularly useful for evaluating player synchronization, precisely
identifying performance gaps, and optimizing and refining training strategies, thereby transforming
raw data into practical, action-oriented support for decision-making.

Table 1. Segmented timing and error data for the dual-player table tennis agility test.

Automated
Manual
Segment o Segmentation Error (%)
Timing (s)
(s)
1 4.73s 497 s 4.8%
2 4.56s 484s 5.7%
3 4.63s 479s 3.3%
1 5.09s 535s 4.8%
5 484s 488s 0.8%
6 494 s 5.06 s 2.3%
7 457 s 4.60 s 0.6%
523s 5595 6.4%
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Table 2. Comparison of average segmented errors in the dual-player agility test.

X Average Error Average Error | Overall Average
Group ID ) ) .
(Trial 1) (%) (Trial 2) (%) Error(%)
101 2.9% 3.6% 3.25%
102 2.8% 1.9% 2.35%
103 1.9% 4.1% 3.0%
104 2.1% 4.8% 3.45%
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Figure 3. Average speed comparison in Table Tennis Agility Test II.

4.3. Mixed Reality Visualization Synchronization Test

System integration was further validated through a Mixed Reality—based visualization
workflow using the Microsoft HoloLens 2. Upon completion of each test, the system automatically
calculated the duration and average speed of every segment and generated corresponding visual
analytics for display within the Mixed Reality environment.

As shown in Figure 4, the Mixed Reality interface presents segment-level timing results in real
time. When multiple athlete groups are compared, the system aggregates their average speed data
and visualizes the results directly on the headset, enabling immediate performance assessment and
side-by-side comparison for coaching applications.

In addition to on-device visualization, the system supports cloud-based synchronization and
web-platform result management. As illustrated in Figure 5, users can access, organize, and edit
testing records online, expanding analytical accessibility and enhancing data management across
multiple training sessions.
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Figure 4. Mixed Reality headset visualization of time consumption across test segments.

4.4. Web-Based Visualization

The system also supports cloud synchronization and web-based result visualization. As
illustrated in Figure 5, users can access, organize, and edit test data through an online interface,
thereby enhancing analytical accessibility and streamlining data management across training
sessions.

Conditional Delete

8 Delete by Player [ Delete by Date @ Delete by Stage

I Danger Zone

Select P ID Date Stage Time Vel mean Acc_mean Action
POO1 2024-01-15 1 10.50 2345678 1234567 m
POO1 2024 0115 2 11.20 2456789 1345678 m
P02 2024-01-16 1 9.80 2567890 1456789 m
PO02 2024-01-16 2 10.10 2.678901 1.567890 m
Data Charts
Chart Type:  Time v Update Chart

Figure 5. Web-based dashboard interface of the agility analysis system.

5. Conclusions

This study presented an integrated agility assessment system that combines millimeter-wave
radar, ultra-wideband positioning, and Mixed Reality visualization to deliver precise, real-time, and
objective measurements of athletic performance. By leveraging the robust motion-tracking capability
of MMW radar under low-light and multi-target conditions, the high-accuracy identity recognition
of UWB for dual-player evaluations, and the immersive, real-time visualization provided by Mixed
Reality, the system effectively addresses the limitations of conventional agility testing approaches.
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Experimental results collected from 80 table tennis athletes demonstrated an average
measurement error below 10% and a classification accuracy of 91%, confirming the reliability and
adaptability of the proposed framework. With added support for cloud-based data management and
Mixed Reality mirroring, the system enables immediate performance feedback and streamlined
training supervision.

Overall, the proposed solution offers strong potential for professional sports training,
performance diagnostics, and tactical optimization, contributing valuable advancements to sports
science and technology-assisted coaching. Despite the successful validation of this integrated system,
its potential for further optimization and expansion remains high. Future work should focus on the
application level, particularly expanding the developed system to analyze the agility and movement
patterns of other sports, such as tennis or badminton. Furthermore, the system is poised for
integration into smart sport venues, leveraging edge computing and cloud platforms to develop real-
time training monitoring and remote coaching assistance, providing comprehensive and precise data
support to athletes, coaches, and sports medicine teams. This research, therefore, lays a solid
foundation for the application of sports technology and embedded Artificial Intelligence,
demonstrating significant potential for high-value deployment and future promotion.
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