


tag. The selected materials were chosen to reflect common
elements found in a museum environment:

o Plexiglass — commonly used in museum display cases.

o Wood — representing structural or decorative elements.

o Glass — simulating museum display cases.

o Concrete — representing walls and barriers in indoor
spaces.

o Human body — accounting for visitor interference.

Additionally, a measurement was conducted without any ob-
structing material to provide a reference for comparison.

Fig. 2. The left image shows the corridor used for the acquisition, while
the images on the right illustrate the five different materials tested for the
experiment.

2) Hardware and Tools: The range values were acquired
using the cost-effective commercial device Pozyx®, “Ready
to Localize” development kit. This system consists of a
network of radio frequency modules operating at 500 MHz,
which allows centimetric-level precision [5]. The system was
configured to use channel 5 (6.48 GHz bandwidth, 500 MHz
wide) and relied on the TWR technique for range estimation.
The key specifications of the device are detailed in Table I. For
the experiment, we used a single UWB anchor and one UWB
tag. The anchor was securely mounted on a tripod to ensure
stability during the tests, while the UWB tag was attached to
a pole, which functioned as a rover. This setup is illustrated
in Figure 3.

Data acquisition was managed via a Python script pro-
vided by Pozyx®, which continuously recorded the range
data during each experiment. Each test was conducted under
static conditions for 2 minutes per material, ensuring sufficient
data collection at each distance. To validate the positioning
accuracy of the UWB system, it was necessary to establish
a reference trajectory, commonly known as the ground truth,
that is more accurate than the solution being evaluated. In our
study, a laser distance device was used to measure the actual
distance at the beginning of each test.

B. Second Case Study

In this section, we analyze the setup and methodology of the
second experiment, which aims to evaluate the performance
of the UWB device in a real-case indoor environment, a
museum room. The primary objective of this study was to
individually track the positions of seven visitors and assess
the system’s accuracy in a space filled with exhibit cases
made of glass. Glass surfaces are known to affect UWB signal

TABLE I
SPECIFICATIONS OF THE POZYX® SYSTEM
Feature | Pozyx® Specification
Size 60 x 53 mm

Weight 12 grams
Band 3.5-6.5 GHz
Power -41 dBm/MHz

Antenna Onboard DW1000

Ranging IR-UWB TWR
Rate 80 Hz

UWB Anchor

/)

Fig. 3. Laser distance device used for ground truth measurements alongside
the UWB anchor. The image on the right illustrates the mounted tag used for
data acquisition.

propagation due to their reflective and refractive properties,
making this scenario an excellent opportunity to test the
device’s performance in a practical, real-life setting, Figure
4.

Fig. 4. Setup during the museum experiment: PCs used for real-time data
acquisition.

1) Test Setup and Hardware: The test was conducted in
a museum in Turin, Italy, within a room measuring approxi-
mately 30 m x 9 m, Figure 5. Within the room, there were
installed 10 UWB anchors in strategic positions in order
to ensure optimal coverage and minimize obstruction from
exhibit cases, maintaining LOS conditions wherever possible.
The room mostly contained glass surfaces, commonly found in
exhibit cases, which introduced realistic multipath challenges



due to signal attenuation and reflections from these materials.
The participants have been given an UWB tag in their hand
throughout the test that emitted signals to the anchors. To sim-
plify data acquisition, each participant was tested individually,
resulting in separate files for each of them containing range
measurements, signal power, and x, y, and z coordinates.

As in the previous case study, we utilized the same low-cost
commercial device, Pozyx®, configured with a Python-based
script provided by the manufacturer. This script enabled real-
time data collection and ensured consistent acquisition settings
across the experiment. The position estimation was carried out
using the same TWR technique as in the first case study.
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Fig. 5. Museum Room Layout

IV. RESULTS

In this section, we describe the main analyses and results
obtained considering the two test setups and data analyses
made in this work.

A. Controlled environment test

1) Computation of Range Errors: To ensure that the analy-
sis was based on stable data, we first pre-processed the dataset
by removing the initial two seconds and the final two seconds
of each acquisition period. This filtering step eliminated tran-
sient effects that might have skewed the results. Following
the data filtering, we generated the error distributions for
each material by comparing the UWB-measured distances
with the corresponding ground truth values obtained from a
laser distance device. To quantify the central tendency and
dispersion of the error data, we utilized the Interquartile Range
(IQR) method to compute both the mean error and the standard
deviation. Figure 6 illustrates the error distributions under

both LOS and NLOS conditions (Glass and Human Body).
In certain cases, such as Glass at 100 m, and Human Body at
75 m and 100 m, the UWB device experienced significant
measurement difficulties. Consequently, a large number of
measurement errors were observed, leading to an insufficient
amount of reliable data for the analysis. These tests were
considered unsuccessful and were excluded from our study.
For all the other valid observations, the normality check was
performed by applying the Shapiro-Wilk (SW) test, which is
common for small samples like in UWB ranging. As shown in
Table II, all p-values are extremely small (p < 0.05), meaning
all tests reject the null hypothesis that errors follow a normal
distribution. In particular, it is possible to notice that also
LOS measurements in case of no materials are not normally
distributed. This deviation from normality suggests that para-
metric statistical models assuming Gaussian-distributed errors,
such as Ordinary Least Squares (OLS) regression, may not be
the most suitable approach for modeling the UWB ranging
errors.

Instead, alternative approaches should be considered to
better capture the underlying statistical properties of the data.
Non-parametric methods, such as quantile regression or robust
statistical estimators, could provide more reliable error correc-
tion models. Additionally, machine learning techniques, such
as decision trees or neural networks, may be explored to model
the complex relationships between range errors, material types,
and received signal strength.

Fig. 6. Error distribution across all the materials.

TABLE II
SHAPIRO-WILK TEST RESULTS FOR DIFFERENT MATERIALS

Material Statistic p-value

No Material 0.971951 | 1.106893e-29
Plexiglass 0.983311 | 1.892194e-21
Wood 0.986873 | 4.039059¢-19
Glass 0.980028 | 8.628346e-11
Concrete 0.986879 | 2.941006e-11
Human Body | 0.966726 | 8.739188e-81

In the next step of the analysis, the mean absolute error
(MAE) and the root mean squared error (RMSE) are evaluated.



