
overall mean absolute error of the GPS and the UWB system is shown in
Fig. 7b.

From the above discussion, it can be concluded that UWB offers far
more accurate positioning data than GPS. 10 Hz GPS is slightly more
accurate than conventional 1 Hz GPS, but it is insignificant in comparison
to UWB. UWB is useful for both indoor and outdoor positioning.

4.3. Placement and number of anchors

Two way ranging is used to calculate the range of each anchor, and
then trilateration is implemented. As the tag moves towards the centre of
the field, it is within the range of all anchors and thus produces more
accurate position estimations. The accuracy of UWB-based localisation
has been investigated for various number of anchors for positioning. As
we calculate the distance of each anchor from the tag, based on its TOA,
there are some errors in calculating the distance associated with each
anchor. In this scenario, the question arises whether adding more an-
chors would be beneficial in increasing the accuracy or it degrades the
accuracy. In Fig. 8 this scenario is analysed.

In Fig. 8a and Table 3, different combinations of 3 anchors were used
for trilateration and then a combination of 6 anchors was used. It is
evident that a higher number of anchors are beneficial in increasing the

accuracy of the system. Similarly in Fig. 8b and Table 4, the same pro-
cedure was adopted for 3D localisation. Additionally, it is proven that a
combination of 6 anchors is more beneficial than 4 anchors.

4.4. Placement of tag

We also conducted experiments to evaluate the accuracy of UWB-

Fig. 7. (a) UWB and GPS error in 3D. (b) CDF plot for UWB and GPS mean absolute error in 3D.

Table 2
UWB and GPS comparison in 3D.

3D GPS 1 Hz (m) GPS 10 Hz (m) UWB (m)

Mean 10.743 10.275 0.524
SD �4.955 �5.249 �0.263
Median 9.683 8.957 0.469
RMSE 11.792 11.494 0.584
CI 90% �1.568 �1.661 �0.083

Fig. 8. CDF plot of positioning error under static conditions.

Table 3
Number of anchors for static 2D positioning using trilateration and Decawave
hardware.

Number of anchors 2D Error (m) SD (m)

All 6 Anchors 0.120 � 0.50
Anchor 1,2, and 6 0.123 � 0.047
Anchor 1,3, and 6 0.178 � 0.092
Anchor 2,1, and 5 0.141 � 0.083
Anchor 2,4, and 5 0.189 � 0.076
Anchor 3,4, and 5 0.289 � 0.114
Anchor 3,4, and 6 0.311 � 0.157

Table 4
Number of anchors for static 3D positioning using trilateration and Decawave
hardware.

Number of Anchors 3D Error (m) SD (m)

All 6 Anchors 1.307 � 1.094
Anchor 1,2,3, and 4 8.205 � 6.871
Anchor 1,2,3 and 5 1.873 � 0.728
Anchor 1,2,4 and 6 3.465 � 1.191
Anchor 1,2,5 and 6 2.565 � 1.632
Anchor 1,3,4, and 5 1.891 � 0.714
Anchor 2,3,4, and 6 3.469 � 1.192
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based localisation when the tag was placed at different positions. The
results are shown in Fig. 9 and Table 5. It can be observed that the ac-
curacy is highest at the centre of the field and as we move towards the
boundary the accuracy gradually decreases. In 2D localisation, the
maximum error in positioning of 0.2 m was recorded at the perimeters,
while the least error of 0.073 m was recorded at the centre. Similarly for
3D, the least accuracy in positioning was 0.7 m at the perimeters while
the maximum accuracy was 0.155 m recorded at the centre.

5. Analysing the accuracy of the proposed positioning algorithm
in static conditions

It can be established from Fig. 10a that the selective multilateration
algorithm provides better results where it has the lowest mean absolute
error amongst all. Contrastingly, LLSE is not suitable in this case, where
its mean absolute error is the highest.

Fig. 10b shows the CDF plot of positioning error in 3D. As LLSE did
not perform well, it was not considered for 3D. But, in this case, the
trilateration algorithm has more errors than the commercially available
algorithm and its accuracy drops sharply. From the above discussion on
UWB’s nature of the error in 2D and 3D, it can be concluded that tri-
lateration is not enough for 3D localisation. The major source of error is

in the height or along the Z-axis as shown in Fig. 11. In the presence of
this large error, using multiple anchors are not enough to increase ac-
curacy. From data, it is observed that along Z-axis each anchor has a large
error, so combining their data is not any beneficial. From Fig. 10, it can
be concluded that the above-mentioned trilateration algorithm per-
formed well in 2D only.

The reason for not achieving accurate results in 3D is due to the error
along the Z-axis, known as the geometric dilution of precision (GDOP)
[72]. Other similar studies that analysed the positioning accuracy of the
UWB system [69,71] also used similar heights. This is a limitation in 3D,
and the error in Z-axis can be reduced by placing anchors at a greater
height, but it has some major drawbacks/challenges, for example.

� Placing anchors at a greater height will increase the accuracy along Z-
axis often at the expense of decreasing accuracy along the X-axis and
Y-axis.

� Placing anchors at greater heights or hanging them from the ceiling
increases the set-up time, which is already more than that of a GPS-
based system.

6. Implementation on a tennis court (dynamic conditions)

The next step was to evaluate the accuracy of the UWB-based local-
isation system on a tennis court. We chose the sport of tennis due to the
popularity of the sport. This deployment scenario is depicted in Fig. 12.
As Fig. 12 shows, anchors were placed around the perimeters of the
tennis court at varying heights (i.e, 0.5 m–2.5 m). The device was placed
onto the back of a player for tracking position movement. The proposed
selective multilateration algorithm was used for anchor selection and
trilateration.

Fig. 9. The tag moves under static conditions in 2D and 3D.

Table 5
Positioning accuracy of the tag on the field using trilateration and Decawave
hardware.

Position of Tag ðx;yÞ 2D Error (m) 3D Error (m)

(5,0) 0.231 0.412
(5,5) 0.092 0.111
Centre (5,10) 0.048 0.070
(5,15) 0.077 0.283
(5,20) 0.273 0.757

Fig. 10. CDF plots showing comparison among algorithms.

Fig. 11. Z-axis large mean absolute error.
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In this experiment, the number of anchors was four. Only four anchors
were placed, one at each corner, 20 m apart. The positioning data was
recorded while the tag was in motion. The playing area for a tennis player
on a tennis court is 97.8 m2 (11.89 m long and 8.23 m wide) for singles
and 130.4 m2 (11.89 m long and 10.97 m width) for doubles. Hence, the
localisation area was large enough to ensure that the placement of an-
chors would not interfere with player movement.

A UWB tag was placed on a human body between the shoulder blades.

In professional sports as well, the device is placed at this location since
this causes the least interference with the movement of the athlete.

Using a laser range finder, the distance was calculated at various
points and markings were placed along the path. The instances, where
human body passed these markings were recorded with corresponding
UWB position coordinates. To analyse the movement Kinovea software
was used. For calculating the positioning error, the position coordinates
calculated from each algorithm were compared against the physical
markings and their respective position coordinates. The selective multi-
lateration algorithm is compared to the trilateration and Pozyx algo-
rithm. The results of these experiments are presented in Table 6 and
Fig. 13.

As shown in Fig. 13, the selective multilateration algorithm has the
highest accuracy. Its accuracy is 0.222 m (Table 6). Earlier, its accuracy
was 0.165 m where experiments were conducted under static conditions.
There are four anchors and the area is (400 m2). Standard error and CI
were also lowest for the selective multilateration algorithm. Neither
smoothing filter (moving average or median filter) was applied to the
data to ensure that the accuracy of the UWB-based positioning hardware
was analysed and the results could be reproduced in a similar setting. The
following are the major reasons for the inaccuracy.

� In the UWB-based positioning system one of the main sources of error
that results in degrading accuracy is the multipath. Multipath occurs
more in indoor environments than in outdoor environments. As for
the tennis court, the experiment was performed outdoor hence, it is
more accurate than indoor.

� In the earlier experiment, while comparing UWB against GPS, two
anchors were mounted on the wall and another two anchors were
placed very close to the wall. In the outdoor conditions, there is no
wall or major obstruction near the anchors, reducing the error. This is
consistent with the findings in Ref. [70].

7. Machine learning to improve the positioning accuracy of UWB
systems

In the preceding section, a trilateration algorithm was used to

Fig. 12. Implementation on a tennis court.

Table 6
Analysing positioning error in dynamic domain with 4 anchors placed 20 m apart
on the Tennis Court.

Algorithm Pozyx (m) Selective Multilateration (m) Trilateration (m)

Mean (m) 0.289 0.222 0.291
SD (m) �0.180 �0.151 �0.196
Median (m) 0.265 0.193 0.261
Standard Error 0.018 0.015 0.019
CI 90% (m) �0.030 �0.025 �0.033

Fig. 13. CDF plot of a tag moving under dynamic condition.

Fig. 14. Artificial intelligent models for (a) 2D positioning and (b) 3D positioning.
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determine the position of the tag. The error introduced by two way
ranging is non-linear and the accuracy is further affected by the location
of the tag on the field which changes as we move from edges to the
centre. Machine learning can be used in this case. Machine learning
provides better capability to learn such non-linear functions.

We employed a multi-layer perceptron (MLP) feed-forward artificial
neural network (FF-ANN) with backpropagation to train and improve the
accuracy of the UWB-based localisation system. The network consists of 3
layers: i) the input layer, ii) the hidden layer, and iii) the output layer.
Fig. 14 shows the FF-ANN used for predicting the position of the tag. The
distance information from 6 anchors is provided as input to the input
layer.

Three types of activation functions can be used with the back-
propagation algorithm: log-sigmoid, linear transfer function, and tan-
sigmoid. In this work, we used Logsigmoid function because relevant
studies [73] suggest that Log-sigmoid is more accurate than the
Tan-Sigmoid activation function for localisation. The hidden layer con-
sists of a Log-sigmoid activation function while the linear transfer func-
tion is used for the output layer. For 2D positioning, the hidden layer
consisted of 4 neurons. For 3D positioning a hidden layer with 7 neurons
was used.

For training the network, 30,000 samples were collected from 120
different positions. Matlab neural network toolbox was used for the
analysis. The moving average filter was used for smoothing the raw
sensor data. In both the cases (2D and 3D), the number of maximum it-
erations was set as 1000, but in each case, training stopped after around
700 iterations due to the network approaching maximum validation
failures at 6. Weights of the neurons were updated according to
Levenberg-Marquardt optimization. With a higher number of neurons in
the hidden layer, the network can suffer from “over-fitting”. Over-fitting
occurs when the model adapts too well to the provided dataset, and
rather than generalizing a new data, it converges to data from the earlier
dataset. To avoid over-fitting, we gradually decreased the number of
neurons. When a machine learning model shows good performance on
the training dataset and generalises the new dataset well, it is called
“Good Fit”.

Fig. 15a shows the 2D positioning results in terms of the mean ab-
solute error predicted by the proposed model. The tested accuracy on a
new dataset is 0.053 mwith 4 neurons in the hidden layer. From Fig. 15b
it is clear that higher accuracy can be achieved by using a machine
learning technique. Unlike the earlier algorithm that performed well in
2D, but performed relatively poorly in 3D, our proposed machine
learning technique performed better in 2D as well as in 3D. In 3D the
highest accuracy was achieved with 7 neurons and the accuracy was
0.118 m.

8. Conclusion

In this paper, we investigated the performance of the GPS and the
UWB-based localisation for wearable sports performance monitoring
systems. We presented the research methodology, our developed hard-
ware, and the hardware set-up used for measuring the performance of the
GPS and the UWB-based systems. Our findings include quantitative
analysis of localisation accuracy achieved from the GPS and UWB-based
systems for a representative sport (i.e. tennis). Our quantitative analysis
shows that while the UWB-based system outperforms the GPS-based
positioning (1 Hz and 10 Hz) system, the accuracy of the UWB-based
system starts to decrease in areas close to boundaries/edges, raising
concerns about its suitability for applications in sports performance
monitoring. In a sport like tennis, players spend most of their time in
areas close to the boundaries, so the decrease in accuracy of the UWB-
system is a major concern. In our future work, we will investigate how
the accuracy of the UWB-based indoor localisation system can be further
improved by fusing data provided by MEMS based inertial sensors with
the UWB system.
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