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ABSTRACT Several Radio-Frequency technologies have been explored to evaluate the efficacy of
localization algorithms in indoor environments, including Received Signal Strength (RSS), Time of Flight
(ToF), and Angle of Arrival (AoA). Among these, AoA technique has been gaining interest when adopted
with the Bluetooth protocol. In this work, we describe a data collection measurement campaign of AoA
and RSS values collected from Bluetooth 5.1 compliant tags and a set of anchor nodes deployed in the
environment. We detail the adopted methodology to collect the dataset and we report all the technical
details to reproduce the data collection process. The resulting dataset and the adopted software is publicly
available to the community. To collect the dataset, we deploy four anchor nodes and four Bluetooth tags
and we reproduce some representative scenarios for indoor localization: calibration, static, mobility, and
proximity. Each scenario is annotated with an accurate ground truth (GT). We also assess the quality of the
collected data. Specifically, we compute the Mean Absolute Error (MAE) between the AoA estimated by
the anchors and the corresponding GT. Additionally, we investigate the packet loss metric which measures
the percentage of Bluetooth beacons lost by the anchors.

INDEX TERMS Angle of Arrival, Bluetooth, Indoor Localization, Dataset

I. INTRODUCTION

THE effectiveness of an indoor localization system
greatly depends on the adopted technologies exploited

to estimate the position of a target. In the last 10 years, many
technologies have been adopted to this purpose, ranging from
light and acoustic signals to RF-based (Radio Frequency)
approaches [1], [2]. In particular, the family of RF techniques
represents one of the most investigated research fields for a
couple of reasons. On the one hand, some wireless signals,
i.e., UWB (Ultra Wide Band modulating up to 10 GHz and
based on Time of Arrival [3]), can penetrate indoor obstacles,
such as furniture or walls, hence reducing the impact of hu-
man bodies on signal propagation [4]. On the other hand, an
increasing number of wireless interfaces are already available
with commercial products [5], thus enabling the possibility
of localizing a person while moving indoor. Among the RF
technologies, we refer to Bluetooth and, in particular, to the
5.1 Direction Finding (DF) specification, according to which
a device equipped with an antenna array can estimate the

angle on reception of messages from an emitter. In particular,
the DF specification considers the Angle of Arrival (AoA)
and the Angle of Departure (AoD) [6]–[8].

To the best of our knowledge, evaluating AoA-based lo-
calization techniques with the existing datasets is difficult.
Indeed, only few datasets provide AoA values in representa-
tive environments, suitable for indoor localization. In addi-
tion, the lack of details concerning the experimental settings
makes difficult to reproduce the results.

This Methods paper describes an extensive data collection
campaign specifically designed for indoor localization and
based on Bluetooth 5.1 commercial devices. We describe
the adopted methodology for the data collection and all
the technical details required to reproduce the experiments
reported in this work.

In particular, the novelties of this work can be summarized
as follows:

• A public dataset with data obtained from four represen-
tative scenarios. The dataset includes accurate ground
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truth (GT), Angle of Arrival and RSS values from
commercial Bluetooth 5.1 devices. The dataset allows
reproducing indoor localization and proximity detection
algorithms at realistic conditions;

• The study of how AoA and RSS vary at specific condi-
tions, so that to assess the potentialities of AoA for the
design of indoor localization algorithms.

The resulting dataset is available online to the community
[9] and, to the best of our knowledge, it is the first public
datasets collecting AoA and RSS values for indoor localiza-
tion. Moreover, we release to the community also the adopted
software to collect the GT.

Data are collected in a wide open room of approximately
110 m2 and equipped with four anchor nodes deployed on the
room’s perimeter. We also employed several Bluetooth tags
broadcasting beacons at periodic intervals. Anchor nodes log
the following information: the timestamp, the AoA value
on the azimuth and elevation planes, the RSS of two po-
larizations expressed in decibel and the Bluetooth channel
on which every beacon message is received (three Bluetooth
channels are used). The tested scenarios include a calibration
phase, in which we collect data from a tag mounted on a
tripod resting in 119 different locations. This first scenario
allows studying how AoA varies in the environment, limiting
the noisy effect of human’s bodies. The second scenario is
obtained with a person holding a tag around her neck and
resting in 36 different locations. Not only, but we reproduce
this scenario by varying the relative orientation of the per-
son: North, East, West and South orientations. This scenario
enables the study of AoA is altered by the human body.
The third scenario considers three mobility use-cases, each
reproducing a person moving along a path and holding the
tag around the neck. During these tests, the person acts with
a natural behaviour and moves with a typical pedestrian
step length and speed. Lastly, we implement a proximity
scenario. With the term proximity, we refer to a situation
in which a person gets close to another person or to a
Point of Interest (POI). We reproduce 4 proximity use-cases:
proximity of a person with 5 POIs, proximity of a group of
4 people, proximity of a triad and proximity of 2 couples.
All scenarios include an accurate GT annotation, detailing the
actual location of the tag and the corresponding timestamp.

This work also includes a preliminary analysis of the
dataset. More specifically, we compute the Mean Absolute
Error (MAE) of the estimated AoA values with respect to
the GT values. The goal is to quantitatively measure how the
obtained angles differ from the actual angles. We also mea-
sure the packet loss metric, which determines the percentage
of beacons not received by the anchor nodes. As a significant
example, concerning the MAE of the calibration scenario and
on the azimuth plane, we range from a median value of 5.49°
to 15.09°, while for elevation plane, we vary from 6.95° to
16.80°. Concerning the packet loss, it also varies according
to the scenario and the anchor. As a significant example, we
measure an average loss of 23% for the calibration scenario.
The dataset is targeted to researchers and industry actors.

In summary, the main contributions of the paper are re-
ported below:

• we collect and release to the community a dataset based
on the Bluetooth 5.1 compliant specification, enabling
the design and test indoor localization algorithms based
on AoA and RSS techniques;

• the dataset allows modeling how AoA varies at realistic
conditions. Not only, but the dataset also enables the
design of simulators to quickly prototype and evaluate
indoor localization algorithms;

• the dataset allows investigating the RSS variation with
respect to the adopted channel, and based on the dual-
polarized antennas’ (1st and 2nd polarization);

• this work provides an analysis of the quality of the
dataset based on the evaluation of the Mean Absolute
Error between the collected data and the angles’ GT,
and an evaluation of the packet loss rate of anchor
nodes. Furthermore, we study how RSS and AoA are
influenced by the human body;

• we report some lessons we learned during the data
collection campaign. The community can benefit of this
experience for future deployments of similar hardware
components.

The structure of this paper is the following. Section II surveys
existing Bluetooth 5.1 datasets, Section III describes the
testing environment and the design of the data collection
campaign. The dataset format is reported in Section IV,
while Section V reports the dataset analysis. Discussion and
conclusions are reported in Section VII.

II. RELATED WORK
The current literature reports a limited number of datasets
based on the Bluetooth 5.1 specification, and suitable for
indoor localization systems.

Authors of [10] release a dataset based on a mathemati-
cal model of a non-uniform rectangular antenna array. The
dataset is generated via a simulation process, considering a
8 patches antenna. The authors release two branches of the
dataset: the first branch consists of 2.4 GHz pure sinusoidal
tones used to obtain AoA samples, while the second branch
adopts a baseband Bluetooth signals with constant tone ex-
tension (CTE), typical of the Bluetooth 5.1 specification.
This synthetic dataset provides an interesting starting point
to understand how AoA varies. Authors release not only the
dataset, but also the Python code to generate the dataset
so that to reproduce and modify the dataset. Moreover, the
released dataset has been compared against with real IQ
samples generated by a commercial transceiver prototype,
adhering to the 5.1 specifications and equipped with an
eight-sensors patch antenna array. This work mainly differs
from [10] as we collect data with commercial hardware in a
realistic indoor environment.

Authors of [11] release a Bluetooth 5.1 dataset specifically
collected for indoor localization. The authors adopt four
anchors equipped with an array of 8 antennas each and
mounted using tripods in an indoor room of 100 m2. Anchors
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FIGURE 1: The indoor environment used for the data collec-
tion.

are deployed along the perimeter of the room, the target to
be localized stands in 135 locations and authors also release
the location’s GT. The dataset has been used to evaluate
an indoor localization algorithm, whose performance are
detailed in [12]. This work moves toward our direction, how-
ever our data collection campaign includes a more extended
set of scenarios (calibration, static, mobility and proximity)
reproducing multiple emitters and multiple receivers at vari-
able conditions. Other Bluetooth 5.1 datasets not specifically
addressing the indoor localization are described in [13], [14].
We refer to [15]–[17] for more details about our previous
works on the use of Bluetooth 5.1 for indoor localization
based on preliminary data collection campaign based on 1
anchor node and 1 receiving node.

We summarize in Table 1 the main research studies on
Bluetooth 5.1 in terms of dataset availability. It is worth
noting that out of the surveyed works, only two of them also
release a dataset to the community. Of them, we notice that
one only has been designed to reproduce a realistic environ-
ment by means of commercial hardware. Furthermore, this
particular study adopts only one receiver in a static scenario,
evaluating the system in a limited number of fixed positions
(135 positions). Differently, our dataset stands out as the
only one that allows for the evaluation of multiple receivers
simultaneously. The dataset includes data collected from 4
application scenarios with a variety of standing positions for
each scenario. For these reasons, the proposed dataset offers
a valuable opportunity to assess performance across a wide
range of scenarios and receiver configurations.

III. EXPERIMENTAL DESIGN AND METHODS
We now describe the features of the testing environment that
we adopted for the data collection. Our goal is to reproduce
experiments in a realistic indoor environment, in which peo-
ple are free to move and interact with other people.

To this purpose, we identify three key requirements driving
the selection of the target environment:

1) An open and wide indoor environment suitable to re-
produce a static positioning, a mobility and proximity
scenario;

2) The existence of Wi-Fi networks reproducing typical
environmental noise for indoor areas;

3) The possibility of deploying hardware components in
the environment and of measuring the GT of the actual
angles.

Given such requirements, we collect data in a wide open
room located in our research institute, namely ISTI-CNR in
Italy, as reported in Fig. 1. The room covers and area of
110 m2, with the following dimension: 13.8x8 m and 3.1
m height. The floor is characterized by tiles of 60x60 cm,
giving rise to a regular grid in which we can easily annotate
the location’s GT. With the term GT, we refer to the actual
coordinates and timestamp of the target to localize, i.e. a
person moving along a path, as reported in Section III-B. The
room is covered by several Wi-Fi networks, this reproduces
a realistic indoor setting. More specifically, we detect 46 Wi-
Fi Access Points, of which 31 modulating at 2.5 Ghz and 15
modulating at 5 Ghz, respectively. During our tests, we did
not receive signals from other Bluetooth networks.

A. SENSING INFRASTRUCTURE
Data are collected with the XPLR-AOA-1 kit produced by
ublox, which includes anchor and tag nodes, as shown in Fig.
2. Anchor nodes are 11.5x11.5 cm boards provisioned with 5
C211 dual-polarized antennas, powered with the NINA-B411
micro-controller1, and an USB port for I/O operations. The
C209 tags are equipped with the NINA-B406 BLE module,
supporting EddyStone beacon’s format on 3 Bluetooth chan-
nels (37, 38 and 39). Tags can be configured to modify the
advertisement rate, ranging from 1 to 50 Hz and the power of
transmission, ranging from -40 dBm to 8 dBm.

FIGURE 2: The adopted hardware for the data collection.
Anchor nodes are mounted on top of a tripod with a profes-
sional head enabling an accurate orientation.

Anchor nodes are provisioned with custom firmware that
we leveraged to log the following data:

• ϕ: the AoA between tag and receiver on the azimuth
plane;

• δ: the elevation angle, the AoA between tag an receiver
on a plane orthogonal to the azimuth plane;

• the Received Signal Strength (RSS) of 1st and 2nd
polarization;

1https://www.u-blox.com/en/docs/UBX-20035327
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TABLE 1: A comparison of existing works based on AoA for Indoor Localization.

Reference Year Hardware Anchors Tags Environment [m] Tested Locations Scenario Dataset avail
[18] 2021 SLWSTK6006A 4 1 25x15 8 static no
[19] 2022 BOOSTXL-AOA 2 1 5x5 4 static no
[15] 2022 XPLR-AOA-1 1 1 14x8 112 static no
[16] 2023 XPLR-AOA-1 1 1 14x8 112 static no
[17] 2023 XPLR-AOA-1 1 1 14x8 112 static no
[10] 2021 simulation 1 1 n.a n.a n.a ✓
[11] 2021 custom hardware 1 1 12.5x8 135 static ✓

our solution 2023 XPLT-AOA-1 4 4 14x8 356

calibration,
static,
mobility,
proximity

✓

• the advertisement Bluetooth channel used by the tag (37,
38, 39);

• the timestamp tracking the up-time of the logging node.
Anchors nodes are connected via USB to a Raspberry PI
board. The Raspberry board stores data logged by anchors
on a memory support, for post-processing analysis. Anchors
estimate azimuth angle ϕ and elevation angle δ in the range
−90° ≤ (ϕ, δ) ≤ 90° with 2° of angle resolution.

When considering real-time scenarios, in which it becomes
necessary to immediately estimate the target’s position, then
the anchor’s logging messages (containing the azimuth and
elevation values) can be published via MQTT (Message
Queuing Telemetry Transport) protocol to a MQTT broker.
The localization service, which is responsible for estimating
the position, subscribes to this MQTT broker to receive a
stream of messages and it can run a specific algorithm to
estimate the target’s position.

B. REFERENCE SCENARIOS AND GROUND TRUTH
ANNOTATION
We test and collect data with the corresponding GT in four
application scenarios, as detailed in the next:

• Calibration: data are collected from four anchors and 1
tag mounted on a tripod and positioned in 119 different
locations of the testing environment. The calibration
scenario is suitable to study how AoA and RSS vary
at stable and reproducible conditions. The 119 locations
evenly cover the whole testing environment.

• Static: data are collected from four anchors and 1 tag
held by a person resting in 36 different locations. The
tag is locked on a lanyard around the person’s neck;
we collect data with the person oriented toward North,
South, East and West to enable the study of body effect
to the collected data.

• Mobility: data are collected from four anchors and a
person holding the tag around the neck. This scenario
includes three use-cases, each characterized by a differ-
ent mobility. Each use-case has been repeated for 4 runs.
This scenario is designed to enable the study of indoor
localization algorithms with a moving target.

• Proximity: the goal is to collect data from four anchors
while people get in proximity. We reproduce the for-
mation of dyads, triplets and of groups of 4 people

approaching and distancing along the time. Each person
holds a tag locked around the neck.

Concerning the Calibration scenario, we report in Fig. 3 the
layout of the grid and the 119 reference locations. The figure
shows the location of anchor nodes which are referred to with
labels: 6501, 6502, 6503, 6504. Anchors are mounted on top
of a tripod at 2.3 m from the ground and oriented with a
professional head, which enables an accurate orientation of
the anchor. In all the experiments, the azimuthal plane of the
anchors is parallel to the floor as shown in Fig. 2.

The grid is spaced by 60 cm, and the dataset also includes
the actual angles between the tag and four anchor nodes, for
each of the 119 locations. The tag is always positioned on top
of a tripod oriented toward East at 1.10 m from the ground.
The tag advertises beacons at 50 Hz with a power of emission
set to 0 dBm. The tag rests in each of the 119 locations for 1
minute.

y [cm]

480 

360 

240 

120 

o 

O 120 240 360 480 600 720 840 960 1080 X [cm]

FIGURE 3: Use-case of the Calibration scenario.

Concerning the Static scenario, we involve a person hold-
ing a tag around the neck and resting for 1 minute in each
of the 36 reference locations as reported in Fig. 4. With this
scenario, we can reduce the number of reference location, one
each 120 cm. Moreover, we replicate the same scenario using
4 different orientations of the person: North, South, East and
West.

Concerning the Mobility scenario, we consider three use-
cases. Similarly to the other scenarios, a person holds a tag
around the neck as reported in Fig. 5. We reproduce three
use-cases, each repeated for 4 runs. In all of them, the person
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FIGURE 4: Use-case of the Static scenario.

moves with a pedestrian speed of about 0.5 m/s. In particular,
with use-cases 1 and 2 the person does not stop while walking
along the paths. Differently, with use-case 3-case the person
stops in some stay-locations for 1 minute, after that she keeps
moving towards the end of the path.

Lastly, concerning the Proximity scenario we define 4
proximity use-cases, as reported in Fig. 6. With the term
proximity we refer to an event in which a person gets close
to a point of interest or to another person. The 4 proximity
settings cover several use-cases and they reported in the
following:

1) Proximity 1: a person holds the tag around the neck
while getting in proximity of 5 POIs. The person rests
for 2 minutes in each POI and them he/she moves to
the next POI;

2) Proximity 2: a group of 4 people get in proximity for 2
minutes and then they move away. All the people hold
the tag around the neck;

3) Proximity 3: a group of 3 people get in proximity, while
another person is isolated;

4) Proximity 4: 2 groups of 2 people get in proximity
Each of the 4 proximity use-cases are repeated for four
iterations, so that to have multiple runs for the same use-case.

The 4 scenarios give rise to an extended data collection
campaign, resulting with more than three millions samples
over three hours of data collection. Table 2 provides details
concerning the amount of the collected data for each scenario
and the duration. It is worth noticing that the amount of
collected values are lower than what the theoretical value.
More specifically, we observe for each scenario a certain
packet loss rate, defined as the percentage of beacons not
collected by any of the four anchors. This loss is caused
by several factors: wireless interference, hardware failures,
firmware errors during the data collection, as measured in
Table 9.

For all the mentioned scenario, GT correspond to the
actual location of the tag (coordinates on the grid) and
the corresponding timestamp. To this purpose, we adopt
an Android-based mobile application, namely StepLogger,
as described in our previous work [20]. StepLogger imple-

TABLE 2: Dataset overview.

Scenario Labeled Collected Duration
Positions Values [min.]

Calibration 119 1 098 620 119.98

Static

North

36

349 853 40.09
West 339 568 38.89
East 338 235 38.85

South 332 290 37.85

Mobility
use-case 1 16 32 420 3.66
use-case 2 10 19 028 2.14
use-case 3 16 170 504 19.55

Proximity

use-case 1 5 94 314 10.94
use-case 2 - 229 600 18.94
use-case 3 - 226 731 18.71
use-case 4 - 224 505 18.56

Total 3 455 668 368.16

ments an intuitive GUI showing a button labeled with a
custom string. Strings, typically, correspond to markers on
the ground positioned in the reference locations. As soon
as a person steps over a reference location, he/she presses
the button and StepLogger logs the corresponding string, x,y
coordinates and the timestamp (expressed as UNIX times-
tamp). We publicly release the StepLogger application to the
community under the Apache 2.0 license 2.

C. ENVIRONMENTAL SETUP
We report in this section some details concerning the effort
required to setup the testing environment. The dataset has
been collected in an empty room, and we perform the fol-
lowing operations:

• Determining the reference system for anchors’ and
users’ locations;

• Deploying anchors;
• Determining the ground truth.
Concerning the first point, we exploit the shape of the

floor to determine a reference system. More specifically, the
floor is composed of 60x60 cm tiles, forming a regular grid.
Therefore, it is relatively easy to determine any location
inside the room, using a relative reference system. To this
purpose, we set the (0, 0) point on the lower-left corner of the
environment, as reported in Fig. 3. Concerning the anchors’
deployment, we test various settings (as also detailed in [15]–
[17]). We decide to deploy two anchors on the long-side of
the environment and two anchors on the short-side for two
reasons:

1) maximizing the anchor’s coverage;
2) adopting a reproducible setup.
Indeed, other possible deployments consist of attaching

anchors on the ceiling (parallel with the respect to the floor),
but such setup requires a non-negligible effort and a spe-
cific equipment to correctly deploy anchors, without a net
improvement of the performance. In our case, we adopt a
tripod with a professional head mounted on top of it, which

2https://github.com/wnlab-isti/steplogger_fullscreen
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FIGURE 5: Use-cases of the Mobility scenario.

allows us to easily position anchors on the x, y and z axis.
Lastly, concerning the GT, we annotate the timestamp and
the location of the tag for all the testing scenarios. The
location can be easily obtained with the reference system
previously described (tiles of 60 cm on a regular grid), the
timestamp is obtained with a simple Android application,
namely StepLogger, as described in Section III-B.

IV. DATASET FORMAT AND AVAILABILITY
The dataset described in this work is available to the com-
munity [9] and it is organized with four folders one for each
scenario: Calibration, Static, Mobility and Proximity. Each
folder contains the sub-folders beacons and gt, with raw
data and the GT, respectively. The raw data are timeseries of
values, each row reports values logged by an anchor node.
The raw data format is shown in Table 3, all fields are
numeric values with the following meaning:

• EpochTime: receiving beacon message time;
• Tag ID: Bluetooth tag identifier;
• RSS 1st polarization: RSS value of the 1st po-

larization;
• AoA Az.: AoA value on the azimuth plane estimate by

the anchor;
• AoA El.: AoA value on the elevation plane estimate

by the anchor;

• RSS 2nd polarization: RSS value of the 2nd
polarization;

• Channel: the Bluetooth channel used by the anchor to
receive the beacon message;

• Anchor ID: the ID of the anchor node.

Concerning the GT annotation, the dataset fields are shown
in Table 4. The GT data format varies according to the
scenarios as detailed in the following:

• Calibration and Static: the meaning of fields in Table 4
is the following:

-- Start time: the timestamp the tag arrives in a
specific position;

-- End time: the timestamp the tag leaves a specific
position;

-- GT x-axis: the x-coordinate of the tag’s loca-
tion;

-- GT y-axis: the y-coordinate of the tag’s loca-
tion;

• Mobility and Proximity, use-case 1: the meaning of the
fields in Table 4 is the following:

-- Start time: the timestamp the tag arrives in a
specific position;

-- End time: this field can be ignored for use-
cases 1 and 2 of the mobility scenario. This field
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FIGURE 6: Use-cases of the Proximity scenario.

TABLE 3: Data format of values logged by anchor nodes.

EpochTime Tag ID RSS 1st pol. AoA Az. (ϕ) AoA El. (δ) RSS 2nd pol. Channel Anchor ID

TABLE 4: Data format of GT annotations.

Start time End time GT x-axis GT y-axis

reports the leaving time of the person from the
stop-location for use-case 3;

-- GT x-axis: the x-coordinate of the tag’s loca-
tion;

-- GT y-axis: the y-coordinate of the tag’s loca-
tion;

• Proximity, use-cases 2,3 and 4: the meaning of fields
reported in Table 4 is the following:

-- Start time: the starting time of the proximity
event in a specific position;

-- End time: for the ending time of the proximity
event in a specific location

-- GT x-axis: this field can be ignored;
-- GT y-axis: this field can be ignored;

The dataset also includes details of the grid of 119 loca-

tions used for the experiments, see Fig. 3. The file named
grid_details reports for every location the actual angles
with four anchor nodes according to the following format:

• X: x-coordinate of the location;
• Y: y-coordinate of the location;
• AoA az.: actual angle on the azimuth plane between

the tag and the anchor with respect to the current loca-
tion;

• AoA el.: actual angle on the elevation plane between
the tag and the anchor with respect to the current loca-
tion;

• Anchor ID: ID of the anchor.

V. EXPERIMENTING WITH THE DATASET
We now analyze the dataset with the goal of highlighting
some key aspects useful to better understand how AoA and
RSS vary in the experimental scenarios. We first describe
how we determine the angles’ GT and then we describe the
considered evaluation metrics to measure the quality of the
dataset.
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TABLE 5: Settings for determining the range of ϕ and δ for
anchor 6501.

Azimuth Angle ϕ Elevation Angle δ
Min. Value Max. Value Min. Value Max. Value

ZT 110 110 110 110
ZA 230 230 230 230
XT 120 120 120 1080
XA 0 0 0 0
YT 480 120 300 120 to 480
YA 300 300 300 300

A. COMPUTING THE GROUND TRUTH
Before presenting our analysis, we detail the geometrical
process to obtain the angle’s GT that we use to compute
the MAE. It is worth to notice that the resolution of the
anchor nodes is 2°. More specifically, each anchor estimates
the angle of arrival of tag’s messages with 2° of possible
inaccuracy.

The GT of the elevation angle δ is obtained for all the
anchors as follows:

δ = arctan(
zT − zA√

(xT − xA)2 + (yT − yA)2
) (1)

where (xA, yA, zA) and (xT , yT , zT ) are the coordinates of
the anchor and the tag, respectively. Differently, the GT of
the azimuth angle is computed based on the position of
the anchor. More specifically, for anchors 6501 and 6503
which have been positioned on the room’s short sides, the
GT azimuth angle is obtained as follows:

ϕ(6501,6503) = arctan(
yA − yT
xT − xA

) (2)

while for anchors 6502 and 6504, which have been located
on the room’s long sides, we calculate the GT azimuth angle
as follows:

ϕ(6502,6504) = arctan(
xA − xT

yA − yT
) (3)

We report in Fig. 7 the GT of the azimuth ϕ (blue color)
and elevation δ (black color) of the angles for anchors 6501
and 6502 (same values are for anchors 6503 and 6504, as
they are symmetrical). In particular, the range of the expected
angles on the azimuth plane are computed according to 2 and
3 giving the following ranges: −56° ≤ ϕ ≤ 56° for anchors
6501 and 6503, and from −76° ≤ ϕ ≤ 76° for anchors 6502
and 6504. Concerning the elevation plane δ, the range is ob-
tained with 1 giving the following ranges: −45° ≤ δ ≤ −6°
for anchors 6501 and 6503, and −45° ≤ δ ≤ −10° for
anchors 6502 and 6504. Settings for determining the range
of ϕ and δ for anchors 6501 and 6502 are reported in Tables
5 and 6, respectively.

B. RESULTS
We analyze the dataset to measure the quality of the collected
data. In particular, we compute the following evaluation
metrics:

TABLE 6: Settings for determining the range of ϕ and δ for
anchor 6502.

Azimuth Angle ϕ Elevation Angle δ
Min. Value Max. Value Min. Value Max. Value

ZT 110 110 110 110
ZA 230 230 230 230
XT 120 1080 600 120 or 1080
XA 600 600 600 600
YT 120 120 120 480
YA 0 0 0 0

• the Mean Absolute Error (MAE) computed between the
angle’s GT (ϕ, δ) and the estimated angles (ϕ̂, δ̂) for the
calibration scenario;

• the packet loss for each scenario as the amount of
Bluetooth beacons not recorded by the four anchors;

• the RSS distribution and the corresponding impact of
the human body, of the adopted Bluetooth channel and
of two antenna’s polarizations;

• the AoA distribution and the corresponding impact of
the human body.

We now compare the GT with estimated angles by com-
puting the Mean Absolute Error (MAE) as follows:

MAEϕ =

∑n
i=1 |ϕi − ϕ̂i|

n
;MAEδ =

∑n
i=1 |δi − δ̂i|

n
(4)

where n is the number of collected samples for a given loca-
tion. Concerning the calibration scenario, we show in figures
8 and 9 the contour map of the MAE, obtained both on the
azimuth and elevation planes. We report a map for each of the
four anchors. The color bar of the maps ranges from 0° to 30°.
From the figures, we observe that the MAE varies in the grid.
We can identify regions characterized by low values of the
MAE, and regions with high values of the MAE such as the
peripheral regions with anchors 6502 and 6504 in Fig. 8. As
a general trend, we observe that the MAE varies in a different
way when considering anchors deployed on the short or long
side of the environment. More specifically, anchors 6502 and
6504 differ with respect to anchors 6501 and 6503. In the
first case, anchors are located on the long side of the room
and we observe a confidence region with low values of the
MAE in the range −45° ≤ ϕ ≤ 45°. Such a region fits
with a triangular shape centered in the anchor coordinates
and expands towards the center of the room. This behaviour
is particularly evident for the azimuth measurements (Fig. 8).
Outside this range, the MAE increases until its maximum,
mainly at the corner locations. On the second case, anchors
(6501 and 6503) are located on the short side of the room
and we are not able to identify a clear pattern of MAE
variation. Moreover, we analyze the difference between the
MAE computed on the azimuth and elevation plane. From
our analysis, values of MAE computed on the elevation plane
are generally higher than that of the azimuth plane. This
pattern can be observed from the yellow regions reported in
the contour map of Fig. 9.

Tables 7 and 8 report the median and 75th percentile of
the MAE for azimuth and elevation angles, respectively, for
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FIGURE 7: We report the expected azimuth ϕ (in blue colour) and elevation δ (in black colour) angles, for each 36 locations
and for anchors 6501 and 6502.
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FIGURE 8: MAE of azimuth angle ϕ of the four anchor nodes. Color bar reports the error range expressed in degree.

the calibration and static scenarios. Concerning the azimuth,
the median values range from 5.22° (Anchor 6501, Static
West) to 21.35° (Anchor 6504, Static South). Furthermore,
we observe that the minimum error values are obtained when
the person is oriented in line-of-sight with the anchor. In
particular, anchor 6501 achieves the minimum error with
west orientation (median value of 5.22°), Anchor 6502 with
south orientation (median value of 6.04°), anchor 6503 with
east orientation (median value of 5.32°), and anchor 6504
with north orientation (median value of 6.65°). Similar con-
siderations can be made for the elevation angle. However, we
note higher median errors across all scenarios, ranging from
5.77° (anchor 6504, Calibration scenario) to 21.33° (anchor
6504, Static South scenario).

The second analysis we report in this work refers to the
packet loss rate, that we compute for all the scenarios. The
packet loss measures the amount of beacons not received
by anchor nodes. The expected number of beacons can be

calculated, because the tag’s advertisement frequency (set to
50 Hz) and the duration of the experimental scenario are
known. Table 9 reports the packet loss rate. As reported in
the table, the loss rate ranges from 22.61% to 74.89%, de-
pending on the scenario: concerning scenarios with only one
transmitter, the loss rate does not exceed 30.36%. Differently,
by increasing the number of tags, the loss rate also increases
exceeding 74%: it is the case of Proximity scenario, use-cases
2,3 and 4. In these cases the listening frequency of the tags is
inversely proportional to the number of tags. In other words,
as the number of tags increases, the frequency at which they
are listened to decreases. Generally, when tracking a person,
we aim to estimate their position at a minimum frequency of
1 Hz. This means that theoretically, the system could track a
maximum of 50 people, considering the maximum frequency
of 50 Hz. In the experiment room of 110 m, e.g. size of an
exhibition room of a museum, this would correspond to a
crowded environment with an average interpersonal distance
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FIGURE 9: MAE of elevation angle δ of the four anchor nodes. Color bar reports the error range expressed in degree.

TABLE 7: Median and 75th percentile of Azimuth MAE for Calibration and Static scenarios, for all the anchors.

Scenario Anchor 6501 Anchor 6502 Anchor 6503 Anchor 6504
median 75th median 75th median 75th median 75th

Calibration 5.49 9.23 8.24 15.09 6.10 11.96 5.50 11.40

Static

North 14.92 19.92 10.45 15.02 8.45 13.52 6.65 14.09
West 5.22 8.94 7.07 14.33 13.42 19.60 12.54 17.29
East 8.38 14.38 9.09 14.54 5.32 9.34 7.77 16.46

South 10.77 13.35 6.04 9.23 11.58 15.74 21.35 34.28

TABLE 8: Median and 75th percentile of Elevation MAE for Calibration and Static scenarios, for all the anchors.

Scenario Anchor 6501 Anchor 6502 Anchor 6503 Anchor 6504
median 75th median 75th median 75th median 75th

Calibration 6.95 10.82 9.93 16.80 8.40 15.92 5.77 14.76

Static

North 13.77 17.94 12.51 17.59 11.81 18.25 10.23 17.57
West 9.97 15.79 14.79 23.82 13.62 25.96 18.00 28.95
East 14.17 21.15 14.23 25.44 10.89 15.72 14.01 28.91

South 12.47 16.30 8.05 15.49 15.51 22.20 21.33 28.17

of approximately 80 cm. However, it’s important to note
that in such cases, the accuracy of the location degrades
significantly.

Furthermore, concerning the Static scenario, we note that
the body orientation has an impact on the packet loss. More
specifically, the anchor 6501 achieves its maximum loss rate
with the person’s body oriented towards the East, meaning
when the person is oriented on the opposite side of the
anchor 6501. We can make the same considerations for
anchors 6502, 6503, and 6504 with north, west, and south
orientations, respectively.

We also analyze the impact of the body to the RSS dis-
tribution. More specifically, we compare data collected with
the Calibration scenario, in which a tag is mounted on top
of a tripod oriented towards East, with respect to the Static

scenario, in which a person holds a tag around the neck
with the same orientation. Moreover, we compare data by
using the 36 locations of the Static scenario, see Fig. 4 so
that to reduce the complexity of the resulting graphs without
loosing features of the RSS distribution. Fig. 10 shows the
resulting comparison. The figure shows for every location
and for every anchor node (6501 to 6504) a pair of boxplots,
one for the Static (white color) and one for the Calibration
(red color) scenarios. From the figure, we observe that distri-
butions obtained with the Static scenario tend to extend more
significantly with respect to the Calibration scenario, as the
human body introduces a source of noise for the collected
data. This pattern can be observed with locations (240, 480),
(1080, 480), (960, 120). It is worth to notice that the previous
analysis is obtained by filtering RSS samples collected on
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TABLE 9: Packet loss rate for all the scenarios and anchors.

Scenario Anchor 6501 Anchor 6502 Anchor 6503 Anchor 6504
Calibration 22.61 23.50 24.49 24.21

Static

North 28.26 27.06 26.81 26.66
West 25.48 25.72 29.83 27.97
East 29.76 26.86 25.93 27.28

South 26.64 25.76 26.64 28.34

Mobility
use-case 1 25.75 25.99 26.17 26.84
use-case 2 25.18 24.98 26.14 27.08
use-case 3 26.93 27.55 26.22 28.55

Proximity

use-case 1 26.19 30.36 28.16 27.89
use-case 2 74.62 74.70 74.86 74.81
use-case 3 74.71 74.74 74.75 74.82
use-case 4 74.68 74.89 74.75 74.89
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FIGURE 10: Comparison of RSS distributions between Static and Calibration scenarios.

a single Bluetooth channel, namely channel 39. Indeed, we
observe that the 3 available Bluetooth channels (37, 38 and
39) have a different impact to the resulting RSS distributions.
We further investigate this aspect in Fig. 11, analysing all
the RSS values collected in the static scenario for all 36
positions. This figure clearly shows how filtering data on
different channels affect the resulting distributions.

Still concerning the RSS values on the Calibration sce-
nario, we show for each of the 36 locations how RSS
varies on both 1st and 2nd polarization for every anchor
node. Results of this comparison are reported in Fig. 12.
In certain specific locations, such as the (120, 480) anchors
6502 and 6503, as well as the (1080, 120) anchor 6503,
the distributions of RSS values for the two polarizations are
comparable. However, this similarity in distributions is not
present throughout the majority of locations tested, where a
remarkable difference is present between the two polariza-
tions in terms of their RSS values. This difference in RSS
values can be attributed to the effects of antenna’s polariza-
tion; indeed, antenna’s polarization is one of the most crucial

factors that impact the RSS. As a result, it is expected that
there would be a noticeable discrepancy in the RSS values
of the two polarizations, especially when observed across a
vast range of locations. Additionally, it can be inferred that
locations with comparable distributions of RSS values across
polarizations may have similar characteristics that mitigate
the impact of polarization on RSS. More information about
antenna’s polarization for indoor localization are reported in
[21], [22].

We lastly analyze AoA distributions both on the azimuth
and elevation planes by comparing the Static and the Cali-
bration scenarios, as done with Fig. 10. More specifically, we
measure the impact of the body to the estimated AoA values
from the four anchors. Fig. 13 reports for each location and
for each anchor a pair of boxplots, one for the Static (orange
color) and one for the Calibration (green color) scenarios.
Similarly to the RSS distributions, the Static scenario intro-
duces a certain degree of inaccuracy for the AoA values on
the azimuth plane. The first observation is that estimated AoA
values are generally constrained in a small interval, e.g. 2°
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FIGURE 11: Impact of the Bluetooth channel to the RSS
distribution.

to 10°. The second observation is that with the Calibration
scenario such interval is even smaller than that of the Static
scenario, in which the human body has a negative effect, as
observable with locations: (240, 480) and (1080, 240).

VI. LIMITS OF THE BLUETOOTH TECHNOLOGY
The data collection described in this work allowed us to face
with the limits of the Bluetooth 5.1 specification. We report
in this section some final considerations about its practical
use. In particular, we discuss two main issues: wireless
interference and the line-of-site requirement.

Concerning the first issue, we consider that wide indoor
environments present unique challenges for Bluetooth cover-
age. These environments are characterized by complex lay-
outs, multiple rooms, and various obstacles that can impede
the transmission of Bluetooth signals. Such obstacles can
adversely affect the range of Bluetooth signals. Nevertheless,
it is important to note that most of the wireless technologies
suitable for indoor applications, including Wi-Fi and UWB,
also have inherent limitations in terms of range. Indeed,
these technologies often require additional infrastructures
to effectively cover wide areas. More specifically, we re-
fer to the strategic deployment of multiple anchor nodes,
e.g. positioned on the ceiling. Differently from simulation
approaches, our dataset focuses on reproducing real-world
conditions. We deliberately avoid selecting interference-free
environments and we opted for deploying multiple anchor
nodes in the testing environment, so that researchers and
developers can assess the performance and robustness of
AoA-based systems in practical scenarios.

Concerning the second aspect, namely the non-line-of-
sight issue, we argue that most of the Radio Frequency tech-
nologies are affected by the multipath propagation problem.
In order to mitigate non-line-of-site conditions, the dataset
we describe in this work is obtained by deploying four anchor
nodes, evenly covering the environment and enabling re-
searchers to mitigate those situations in which the Bluetooth
tag is not in line-of-sight with one or more anchor nodes.

Large scale deployment sites based on the Bluetooth tech-
nology, can be properly designed: by increasing the number
of anchors or by deploying anchors in locations with high
visibility regions, e.g. mounted on the ceiling.

VII. DISCUSSION AND CONCLUSION
Indoor localization systems have been increasing their accu-
racy also thanks to the adoption of AoA technologies able
to estimate the direction of an indoor target. In this work,
we detail a data collection campaign based on Bluetooth 5.1
Direction Finding specification. We collect data from four
anchor nodes deployed in a wide-open room of 110 m2,
and we reproduce four experimental scenarios of increasing
complexity. Collected data include Angle of Arrival, RSS
values, timestamp and a GT annotation.

The dataset is publicly available to the community [9].
This dataset provides three main lines of investigation.

Firstly, the dataset can be used to design and test indoor
localization algorithms exploiting AoA and RSS. Indeed, it
is possible to design algorithms estimating the location by
triangulation/trilateration [23] and filtering techniques, as the
collected data also include estimated angles from all anchor
nodes simultaneously. The collected RSS values can be used
in conjunction with AoA values. Indeed, on the one hand,
RSS can be used to estimate the distance from an anchor
by adopting a path-loss model, while on other hand AoA
provides the estimated orientation towards such anchor. The
RSS values released with this dataset also include the adopted
Bluetooth channel (channels 37, 38 and 39), and the influence
of the 1st and 2nd antenna’s polarization. Such information is
useful for testing RSS-based algorithms and comparing their
performance across different channels.

Secondly, the dataset could be employed to study how
AoA varies in space and at different conditions. Indeed, the
Calibration and Static scenarios that we reproduce collect
data at unchanged conditions, thus this data could be em-
ployed to design an anchor’s model.

Lastly, the design method reported in Section III offers
to readers some lessons we learned for a successful data
collection campaign. More specifically, we identify a set of
requirements for the data collection, leading to a realistic and
representative setting. Concerning the presence of wireless
interferences operating at 2.5 GHz, they might introduce a
certain degree of noise in the environment. We argue that
such noise might, in certain cases, lead to the corruption of
Bluetooth packets, for example in such situations in which
the interfering signals corrupt a Bluetooth message. To this
purpose, the packet loss metric, that we show in Table 9,
provides an overall quantification of the beacon messages
not received by each of the four anchors. It is worth noting
that the packet loss metric also includes events in which
the Bluetooth anchors miss a message for other reasons, i.e.
hardware failure. Differently from the packet loss metric, the
environmental noise does not affect the estimated values of
the AoA. Indeed, the Bluetooth anchors process a message

12 VOLUME 10, 2022



Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

100

80

60

R
SS

I [
dB

m
]

120_480

rssi 1 pol.
rssi 2 pol.

240_480 360_480 480_480 600_480 720_480 840_480 960_480 1080_480

100

80

60

R
SS

I [
dB

m
]

120_360 240_360 360_360 480_360 600_360 720_360 840_360 960_360 1080_360

100

80

60

R
SS

I [
dB

m
]

120_240 240_240 360_240 480_240 600_240 720_240 840_240 960_240 1080_240

6501 6502 6503 6504
Anchor ID

100

80

60

R
SS

I [
dB

m
]

120_120

6501 6502 6503 6504
Anchor ID

240_120

6501 6502 6503 6504
Anchor ID

360_120

6501 6502 6503 6504
Anchor ID

480_120

6501 6502 6503 6504
Anchor ID

600_120

6501 6502 6503 6504
Anchor ID

720_120

6501 6502 6503 6504
Anchor ID

840_120

6501 6502 6503 6504
Anchor ID

960_120

6501 6502 6503 6504
Anchor ID

1080_120

FIGURE 12: RSS distributions obtained with using RSS values of the 1st and 2nd polarization.
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FIGURE 13: Comparison of AoA distribution on the azimuth plane between Static and Calibration scenarios.

only when not corrupted: preamble and payload frame are
correctly received.

We expect that Direction Finding specification will be
readily available with commercial devices. Initially, software
updates can enable smartphones and smartwatches to func-
tion as radio beacons, emitting messages compliant with
the Bluetooth 5.1 specification. Alternatively, radios can be
updated to distinguish the phases of messages emitted using
antenna arrays deployed in the environment. In the first case,
mobile devices can be utilized as Bluetooth tags, with the
infrastructure estimating the device’s position using AoA
techniques. In the second case, the mobile device itself can
estimate the position using AoD techniques or enable nav-

igating towards reference points. Ultimately, the design of
new antenna arrays specifically tailored for smartphones will
allow the adoption of specular solutions in positioning [24],
[25].

A last consideration refers to the privacy of the monitored
users. The effectiveness of an indoor localization system is
greatly influenced by the adopted technologies to estimate the
position of a target in an indoor environment. No dominant
technological solution has emerged so far, and widespread
commercial deployment will only be possible by addressing
privacy concerns [26].
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