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ABSTRACT
This study presents the performance analysis of RTK-GNSS (real-time kinematic global navigation satellite system) mounted on
wearable devices for athletes in harsh environments. GNSS signal can deteriorate by obstacles, i.e. stadium roofs, due to the high
GDOP (geometric dilution of precision). RTK-GNSS is used to overcome harsh environment problems in this study. Hardware
experiments are performed to analyse the performance of RTK-GNSS in sports wearable devices in harsh environments. The full
pitch tracking test results of a wearable device equipped with RTK-GNSS demonstrate the best performance among three different
wearable devices in a harsh environment; the maximum positioning error of 1.56 m is approximately 3–30 times smaller than that
of wearable devices equipped with stand-alone GNSS. The distance test results of the wearable device equipped with RTK-GNSS
validate the most accurate performance, 98.97%, compared to the true value in harsh environment.

1 Introduction

Performance analysis of professional sports players has become
increasingly critical. High quality athlete data is essential for
accurate performance evaluation. GNSS (global navigation satel-
lite system) can provide data to track the position and velocity of
athletes in outdoor sports, and RTK-GNSS (real-time kinematics
global navigation satellite system) has been widely studied in
various fields, for instance, industrial geodesy for surveying and
mapping, precision agriculture, and aerospace systems.

RTK-GNSS has been successfully applied to formation flight of
high Earth orbit spacecraft [1], swarm flight of UAV (unmanned
aerial vehicles) [2], and precise landing for a reusable rocket
[3]. Additionally, RTK-GNSS has been utilized for autonomous
farm tractors and ground vehicles for precision agriculture
[4, 5], studying the dynamic behaviour of high buildings [6],
improving performance in harsh urban environment using three-
dimensional mapping databases [7], and robust positioning

method based on the existence of non-line-of-sight signals in
challenged environments [8].

Despite the wide range of RTK-GNSS applications, the utilization
of RTK-GNSS in the sports field remains relatively unexplored,
with only a few studies [9–12]. Although there have been some
cases of RTK-GNSS technology being used in the sports field,
mostly hardware tests have been performed using large equip-
ment. In sports, the accuracy of position and velocity data is
important to evaluate player performance. In particular, many
football players engage in football matches and training sessions
in outdoor stadiums, some of which have roofs. However, the
GNSS signal can be degraded by roofs or obstacles in stadiums,
making the collecting of highly accurate position and velocity
data of athletes challenging.

In this study, we investigate the implementation of RTK-GNSS
technique in wearable EPTS (electronic performance and track-
ing system) for football players to obtain highly accurate position
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and velocity data, even in harsh environments. EPTS is one
of the devices that provide athletes with movement data and
performance metrics, i.e. speed, acceleration, and heart rate. To
address the challenges posed by harsh environments, we propose
the implementation of RTK-GNSS in wearable EPTS for football
players in this study. We perform hardware experiments to
validate the performance of the proposed RTK-GNSSmounted on
wearable devices. We compare the performance of the proposed
RTK-GNSS-mounted wearable device with that of the stand-
alone GNSS-mounted wearable devices in an open stadium
without roofs, a half-closed stadium, and a fully-closed stadium
with roofs.

2 Proposed Method

The relative positions of GNSS satellites affect GNSS positioning
accuracy due to errors in distance measurements from GNSS
signals. The positioning accuracy can be quantified using the
concept of GDOP (geometric dilution of precision) and the
measurement errors.

Many stadiums have roofs, and therefore, visible satellite distri-
bution geometry is restricted. It means that poor GDOP values
are observed in stadiums with roofs, and the presence of stadium
roofs can cause GNSS positioning accuracy to be lower. Accurate
positioning of football players duringmatches or training sessions
is crucial for analysing and improving players’ performance.
To enhance the positioning accuracy in harsh environments,
RTK-GNSS is adopted for wearable EPTS for football players in
this study.

GDOP can be calculated by using the location information of
visible GNSS satellites. The line-of-sight matrix,𝐇, is represented
using the location information of satellites as

𝐇 =

⎡⎢⎢⎢⎢⎢⎣

𝑎𝑥,1 𝑎𝑦,1 𝑎𝑧,1 1

𝑎𝑥,2 𝑎𝑦,2 𝑎𝑧,2 1

𝑎𝑥,3 𝑎𝑦,3 𝑎𝑧,3 1

𝑎𝑥,4 𝑎𝑦,4 𝑎𝑧,4 1

⎤⎥⎥⎥⎥⎥⎦

(1)

where the 𝑎𝑥,𝑖 , 𝑎𝑦,𝑖 , and 𝑎𝑧,𝑖 represent the x, y, z-axis unit vector
components of the 𝑖th satellite, respectively.

The covariance matrix and GDOP can be calculated as follows.

𝐂 =
(
𝐇𝑇𝐇

)−1
=

⎡⎢⎢⎢⎢⎢⎣

𝐷11 𝐷12 𝐷13 𝐷14

𝐷21 𝐷22 𝐷23 𝐷24

𝐷31 𝐷32 𝐷33 𝐷34

𝐷41 𝐷42 𝐷43 𝐷44

⎤⎥⎥⎥⎥⎥⎦

(2)

GDOP =
√
𝐷11 + 𝐷22 + 𝐷33 + 𝐷44 (3)

The positioning accuracy, 𝜎pos, can be calculated using the
covariance of user measurement error, 𝜎UERE, as follow.

𝜎pos = GDOP⋅𝜎UERE (4)

Figure 1 The possible positioning areas: (a) stand-alone GNSS
positioning, (b) RTK-GNSS positioning.

The positioning accuracy is affected by the measurement error,
and RTK-GNSS has a smaller covariance of user measurement
error compared to stand-alone GNSS.

RTK-GNSS is a method for improving the positioning perfor-
mance ofGNSS by using correction information fromone ormore
base stations at known locations. GNSS signals consist of a PRN
(pseudo-randomnoise) code and a carrier phase code. The carrier
phase code providesmore precise information than the PRN code
due to its shorter wavelength. The carrier phase measurement,
which is used in RTK-GNSS, can be obtained using the following
Equation (5).

𝜙 = 𝜌 − 𝐼 + 𝑇 + 𝑐(𝑏rcv − 𝑏sat) +𝑁𝜆 + 𝑒𝜙 (5)

where 𝜙 is the carrier phase measurement, 𝜌 is the distance
between a satellite and a receiver, 𝐼 is the ionosphere error, 𝑇
is the troposphere error, 𝑐 is the speed of light, 𝑏rcv is the clock
bias at a receiver, 𝑏sat is the clock bias at a satellite, 𝑁 is the
integer ambiguity, 𝜆 is the carrier nominal wavelength, and 𝑒𝜙 is
themeasurement noise components. Then, errors can be reduced
through a double-differencing method utilizing carrier phase
measurements obtained from multiple receivers and satellites
[13]. Consequently,we propose the implementation of RTK-GNSS
in wearable EPTS to improve positioning accuracy in harsh
environments in the study.

Aforementioned, GDOP is determined by the geometric infor-
mation of visible GNSS satellites. It implies that the values of
GDOP in a stand-alone GNSS system and a RTK-GNSS system
are not significantly different. However, the error range of RTK-
GNSS signals is smaller than that of stand-aloneGNSS signals due
to the error correction. Figure 1 shows the positioning areas of
stand-alone GNSS and RTK-GNSS. The possible positioning area
of RTK-GNSS is narrower than that of stand-alone GNSS, due to
the smaller usermeasurement error of RTK-GNSS. Consequently,
according to Equation (4), RTK-GNSS systems achieve better
positioning accuracy than stand-alone GNSS systems.

3 Hardware Experiment Environments

Hardware experiments were performed to validate the perfor-
mance of the RTK-GNSS for a wearable EPTS for football players.
The performance of the wearable EPTS applied to the proposed
RTK-GNSS technique was compared with the performance of
two commercial wearable EPTS systems with stand-alone GNSS
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Table 1 The specification of GNSS receivers.

Position
accuracy

Velocity
accuracy

Update
rate

RTK-GNSS 0.01 m 0.05 ms−1 10 Hz
Stand-alone GNSS A 2.00 m 0.05 ms−1 10 Hz
Stand-alone GNSS B 2.50 m 0.05 ms−1 18 Hz

Figure 2 A wearable EPTS of football player and the device
architecture.

Figure 3 Three athletes, wearing three different EPTS systems,
walking along the track in a stadium for field tests (right).

technique. EPTS A and EPTS B with stand-alone GNSS provide
GNSS data at 10 Hz and at 18 Hz, respectively. The horizontal
position and velocity accuracies of the EPTS A with stand-alone
GNSS are 2.00𝑚 and 0.05 ms−1, respectively [14]. The horizontal
position and velocity accuracies of the EPTS B with stand-
alone GNSS are 2.50 m and 0.05 ms−1, respectively [15]. Table 1
summarizes the specifications of the GNSS receivers used in the
study. Figure 2 shows the designed wearable EPTS integrating an
RTK-GNSS receiver, an IMU (Inertial Measurement Unit), and
other components, along with the device architecture.

Field tests with athletes wearing an EPTS were performed in
three different environments: an open environment (Hyochang
stadium), a half-closed environment (Jeju statium), and a closed
environment (Daegu stadium). Three athletes, wearing three
wearable EPTS systems, walked along track simultaneously at a
speed of approximately 1.4 ms−1 in three environments. Figure 3
shows three athletes, wearing three different EPTS systems,
walking along the track in a stadium for field tests.

Figure 4 Full pitch tracking result in Hyochang stadium (Open
environment).

4 Full Pitch Tracking Tests

Full pitch tracking tests were first performed in three different
environments. Lines of the full pitches marked along the edges
in stadiums. It implies that the experiment environments posed a
challenge in receiving GNSS signals in Jeju and Daegu stadiums,
due to the presence of the roofs. Figure 4 shows full pitch
tracking results using three wearable devices with different GNSS
technique in Hyochang stadium (open environment) located in
Seoul. In Figure 4, the green dashed line denotes the result of
EPTS A with stand-alone GNSS, the blue dashed-dot represents
the result of EPTSBwith stand-aloneGNSS, and the red line is the
result of EPTS with RTK-GNSS. In the open environment, three
wearable devices utilizing RTK-GNSS and stand-alone GNSS
demonstrate good tracking performance. Notably, the wearable
device equipped with the proposed RTK-GNSS exhibits more
accurate and precise compared to otherwearable devices utilizing
stand-alone GNSS.

Figure 5 shows full pitch tracking results using three wearable
devices with different GNSS technique in Jeju stadium (half-
closed environment). The wearable device equipped with the
proposed RTK-GNSS shows the best performance to track the full
pitch of Jeju stadium, despite the presence of stadium roofs on
one side as shown in Figure 5. However, the wearable devices
equipped with stand-alone GNSS perform have less accurate and
precise tracking performance due to the stadium roofs.

Figure 6 shows full pitch tracking results using three wearable
devices with different GNSS technique in Daegu stadium (closed
environment). In Daegu statium, stadium roofs are installed on
all sides, making Daegu stadium the most harsh environment
for GNSS tracking among the three stadiums. The wearable
device equipped with the proposed RTK-GNSS shows the best
performance to track the full pitch of Daegu stadium, despite the
presence of small tracking errors near the centre line as shown
in Figure 6. However, the full pitch tracking performance of the
wearable devices equipped with stand-alone GNSS is degraded
in Daegu stadium. In particular, it is extremely challenging for
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Figure 5 Full pitch tracking result in Jeju stadium (half-closed
environment).

Figure 6 Full pitch tracking result in Daegu stadium (closed
environment).

the wearable EPTS B with stand-alone GNSS to achieve full pitch
tracking in Daegu stadium as shown in Figure 6.

Tables 2 summarizes the full pitch tracking maximum errors
using three different wearable EPTS in three different envi-
ronments. The tracking errors are calculated by the difference
between the true position data and the measured position data.
Note that true position data are provided from National Geo-
graphic Information Institute of Korea. The full pitch tracking
results of the wearable device equipped with the proposed RTK-
GNSS technology validate the most accurate performance, the
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Figure 7 Penalty area tracking results in Hyochang stadium (open
environment).

maximum errors of 0.15 m, 0.24 m, and 1.56 m, compared to other
wearable devices equipped with a stand-alone GNSS technology
in all three environment. The RMSE (rootmean square error) and
STD (standard deviation) of the wearable device equipped with
the proposed RTK-GNSS technology are the smallest values in
all three environments as shown in Table 2. This means that the
wearable device with RTK-GNSS showsmore stable and accurate
performance than other devices with stand-alone GNSS.

5 Distance Tests

Distance tests were performed to measure the perimeter of
penalty areas in three different environments. One essential
performance metrics in football is the distance covered by a
professional player. In modern football tactics, midfielders are
expected to cover greater distances orwider areas duringmatches.
Accordingly, it is important to provide accurate information of
distance covered by football players. The overall dimensions of
full pitches can vary, but the dimensions of penalty areas should
comply with FIFA standards, since fouls within the penalty
area can significantly impact match results. According to FIFA
standards, the perimeter of the penalty areas should be 124.60
m [16]. The penalty area tracking results are illustrated in ENU
(East-North-Up) coordinates, and the origin of ENU coordinates
is the given reference point of each stadium.

Figure 7 shows penalty area tracking results using three wearable
devices with different GNSS technique in Hyochang stadium

Table 2 The full pitch tracking evaluation metrics: maximum errors (RMSE, STD).

Hyochang Jeju Daegu

EPTS (RTK-GNSS) 0.15 m (0.14 m, 0.01 m) 0.24 m (0.21 m, 0.02 m) 1.56 m (0.51 m, 0.21 m)
EPTS A (stand-alone GNSS) 1.76 m (1.70 m, 0.17 m) 1.77 m (0.80 m, 0.29 m) 4.05 m (2.46 m, 0.61 m)
EPTS B (stand-alone GNSS) 2.21 m (2.14 m, 0.24 m) 6.58 m (4.77 m, 0.43 m) 37.17 m (22.06 m, 6.23 m)
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Figure 8 Penalty area tracking results in Jeju stadium (half-closed
environment).
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Figure 9 Penalty area tracking results in Daegu stadium (closed
environment).

(open environment) located in Seoul. Like the full pitch tracking
tests, threewearable devices utilizingRTK-GNSS and stand-alone
GNSS demonstrate good penalty area tracking performance in
the open environment. Notably, the wearable device equipped
with the proposed RTK-GNSS exhibits more accurate distance
measurement compared to other wearable devices utilizing
stand-alone GNSS.

Figure 8 shows penalty area tracking results using three wear-
able devices with different GNSS technique in Jeju stadium
(half-closed environment). Like Hyochang stadium experiments,
the wearable device equipped with the proposed RTK-GNSS
exhibits more accurate distance measurement compared to other
wearable devices utilizing stand-alone GNSS.

Figure 9 shows penalty area tracking results using three wearable
devices with different GNSS technique in Daegu stadium (closed

environment). Like Hyochang stadium and Jeju stadium cases,
the wearable device equipped with the proposed RTK-GNSS
exhibits more accurate distance measurement compared to other
wearable devices utilizing stand-alone GNSS. In particular, it is
extremely challenging for the wearable EPTS B with stand-alone
GNSS to achieve tracking and measuring the perimeter of the
penalty area in Daegu stadium as shown in Figure 9.

Table 3 summarizes the comparison of perimeter measurement
of the penalty areas using three different wearable EPTS in three
different environments. The perimeter measurement results of
penalty area in Jeju and Daegu stadium, both of which have
roofs, yielded smaller values compared to the true perimeter of
the penalty area in all EPTS experiments. It can be inferred that
the roofs of stadiums cause lower GNSS positioning accuracy.
However, the perimeter measurement results of the considered
wearable device equipped with the proposed RTK-GNSS technol-
ogy validate the most accurate performance, 98.97% on average,
compared to the true perimeter, 124.60 m, among three wearable
devices. Note that the accuracy is calculated using the absolute
error values as follow;

Accu𝐷 =
𝐷true − 𝐸𝑟D

𝐷true
(6)

where AccuD is the distance accuracy, 𝐷true is the true perime-
ter, 𝐸𝑟D is the absolute distance error calculated by 𝐸𝑟D =
|𝐷true − 𝐷measured|, and 𝐷measured is the measured perimeter.

6 Conclusion

This study presented the RTK-GNSS for a wearable EPTS for
football players. Hardware experiments were performed to val-
idate the performance of a wearable EPTS equipped with the
proposed RTK-GNSS technique for football players in three
different environments: an open environment, a half-closed
environment, and a closed environment which is the harshest
environment. The maximum tracking errors of the wearable
device equipped with RTK-GNSS are 0.15 m, 0.24 m, and 1.56
m in open, half-closed, and closed environments, respectively.
Compared to the maximum tracking errors of other wearable
devices equipped with stand-alone GNSS, those of the wearable
devices equipped with RTK-GNSS are much smaller. The penalty
area perimeter measurement results of the considered wearable
device equipped with RTK-GNSS validate the most accurate
performance, 98.97%, compared to those of the wearable devices
equipped with stand-alone GNSS in open, half-closed, and closed
environments. The results demonstrate that the utilization of
RTK-GNSS can significantly improve positioning accuracy in
various stadium environments, which is crucial for evaluating
player performance.

It is important to consider the real conditions of sports because
the fast movement of players may affect lower tracking per-
formance. Therefore, further research is required to conduct
hardware experiments under actual football match or training
conditions. Moreover, additional research is considered to inte-
grate RTK-GNSS and IMU (inertial measurement unit), and
provide the advanced performance data (e.g. athletes’ steps)
obtained from the RTK-GNSS/IMU integration.
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Table 3 The comparison of perimeter measurement of the penalty areas.

Hyochang Jeju Daegu Accuracy

EPTS (RTK-GNSS) 124.85 m 122.73 m 122.36 m 98.97%
EPTS A (stand-alone GNSS) 123.60 m 121.86 m 122.23 m 98.37%
EPTS B (stand-alone GNSS) 123.35 m 116.63 m 92.95 m 89.07%
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