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Abstract—Beacons are key components in many location sys-
tems based on Bluetooth Low Energy (BLE), as they allow
estimating the position of objects or people from the received
signal strength (RSSI). Although there are many commercial
solutions, they often have limitations in terms of the configu-
ration of key parameters, such as transmission power or the
advertising channel, which makes it difficult to adapt them
to different environments or specific requirements. This work
presents the characterisation of a beacon developed with a
flexible and customisable approach, designed to facilitate its use
in both experimental environments and practical applications.
This beacon allows for easy modification of essential parameters
via software, such as the channel(s) used for broadcasting the
BLE advertisements, and has a strategically placed antenna
to improve signal quality and stability. The characterisation
includes a series of tests and measurements to analyse the signal
behaviour in different scenarios. The results obtained show a
higher RSSI stability and a better use of the emitted power, which
can be translated into significant improvements in localisation
algorithms based on this metric.

Index Terms—BLE beacon, RSSI, localization systems, signal
characterization, Bluetooth Low Energy

I. INTRODUCTION

In recent years, the use of wireless technologies for locating
and tracking people and objects has experienced sustained
growth, driven by the expansion of smart environments, the
demand for health and wellness solutions, and the develop-
ment of applications in areas such as education, tourism and
industry. In this context, Bluetooth Low Energy (BLE) beacons
have gained particular relevance due to their low cost, low
power consumption and wide availability of compatible de-
vices, making them an affordable alternative to other location
technologies such as ultrasound, computer vision or radio
frequency based systems (UWB, RFID) [1]-[4].
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BLE beacons are commonly used in indoor location sys-
tems [5]-[7], where GPS positioning is not effective. Their
operation is based on the periodic emission of signals that
can be detected by nearby receivers. From the received signal
strength (RSSI), it is possible to estimate the relative distance
to the beacon and, in some cases, to determine the location of
the receiver using trilateration, statistical filtering algorithms
and fingerprinting [8]—[10].This principle is applied in a wide
variety of scenarios, including Human Activity Recognition
(HAR) monitoring, assisting people in museums or exhibitions
through interactive guides, access control in smart buildings,
or patient tracking in hospital environments.

However, despite their potential, many of the commercially
available beacons have significant limitations in terms of
configuration. In general, they offer a limited set of options
that prevent them from modifying critical aspects such as the
transmission power, the frequency of transmitted packets, or,
most importantly, the advertising channel [11], [12]. This lack
of flexibility makes it difficult to adapt to specific environ-
ments, where there may be interference, complex geometries
or particular coverage and accuracy requirements. Also, the
physical design and antenna orientation in these devices is not
always optimised, which can lead to unwanted variations in
RSSI and negatively affect the stability of position estimates.

Recent studies have shown that the performance of BLE-
based positioning systems can be significantly affected by the
configuration parameters of the beacons, particularly the ad-
vertising channel, transmission power, and advertising interval.
These parameters not only influence energy efficiency and
latency, but also play a crucial role in the accuracy and stability
of signal reception, especially in dynamic or interference-
prone environments [13], [14].

For instance, it has been observed that the three advertis-
ing channels traditionally used in BLE communication (37,
38, and 39) exhibit distinct propagation characteristics due
to frequency-dependent shadowing and multipath effects. As
radio signals at the 2.4 GHz ISM band reflect and diffract on
walls, furniture, and human bodies, the instantaneous signal
strength measured at the receiver may vary significantly even
for static nodes. These fluctuations reduce the repeatability
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and reliability of distance estimation, which directly degrades
the accuracy of positioning algorithms. Therefore, mitigating
RSSI variability is critical for achieving stable and precise
localization results. When signal strength measurements are
collected indiscriminately across these channels, the variability
can degrade localization accuracy. However, by explicitly
identifying the channel used for each received packet and
leveraging the full set of 40 BLE channels, localization accu-
racy can improve compared to conventional approaches using
only three channels [15].

Similarly, the transmission power of the beacon directly
impacts both the range and granularity of RSSI-based dis-
tance estimations. Empirical studies suggest that higher power
levels (e.g., +4 dBm) yield better positioning accuracy in
most cases, but lower levels (e.g., —20 dBm) can still offer
acceptable performance while reducing energy consumption
significantly [16].

Adpvertising interval is another critical variable that affects
both responsiveness and battery life. While shorter intervals
enhance the responsiveness of the system and reduce discov-
ery latency, they also increase power consumption. Recent
theoretical models have made it possible to predict neighbor
discovery latency for any arbitrary combination of advertising
and scanning intervals, helping developers optimize configu-
rations for applications with strict latency requirements [17].
Moreover, adaptive advertising strategies—where the interval
is dynamically adjusted based on user proximity or network
load—have been shown to extend beacon battery life by over
200% compared to static configurations [18].

In addition to these configuration parameters, physical de-
sign factors such as antenna placement and device orienta-
tion also influence RSSI stability and, consequently, system
accuracy. Comparative evaluations of beacon hardware have
highlighted considerable variability in performance across
commercial devices, suggesting the need for more standard-
ized benchmarking practices [14].

In order to address these limitations, a custom beacon
has been developed, denoted with the name of BASIA in
this paper, to dynamically adjust parameters such as transmit
power and channel used, while incorporating an antenna
design aimed at reducing RSSI fluctuations and maximising
signal directionality. This device is intended both for practical
applications and for research environments where full control
over the emission conditions is required. This work focuses
on the characterisation of the signal emitted by this beacon,
through a set of tests and measurements designed to evaluate
its behaviour in different configurations and scenarios, and
compare it with that of commercial beacons. The results
obtained allow us to analyse the impact of these adjustments
on the quality of the signal and their usefulness for improving
the accuracy of power-based location algorithms.

Summary of Main Contributions: The main contributions
of this study include:

1) Development of BASIA, a configurable BLE beacon
capable of selecting advertising channels, transmission

power, and antenna orientation to minimize RSSI insta-
bility;

2) Proposal of a characterization methodology for assessing
beacon performance under multiple controlled environ-
ments and configurations;

3) Experimental validation showing that fixed-channel con-
figurations significantly reduce RSSI variance compared
to commercial beacons, thus improving the potential
positioning accuracy.

The content of this work is structured as follows: in
Section II presents the description and characteristics of the
developed beacon, Section III presents the test methodology
used to characterise the beacon, Section Section IV presents
the results and an interpretation of the results. Section V
explores the conclusions and future work.

II. DESCRIPTION OF THE BEACON

The beacon developed in this work, BASIA, has been
designed as a flexible alternative to current commercial so-
lutions, to offer more control over the emission parameters
and a more stable signal for use in localisation systems. Its
design combines an electronics architecture based on low-
power components with a hardware interface designed both
for experimental tests and for integration in real environments.

A. Electronic architecture

The core of the device is Nordic Semiconductor’s nRF52833
SoC, a microcontroller with Bluetooth Low Energy 5.4 con-
nectivity, support for multiple wireless protocols, and ad-
vanced power control and channel selection capabilities. This
component was chosen for its balance of power efficiency,
processing power and versatility for applications in dynamic
environments.

The beacon is powered by an integrated 1000 mAh
rechargeable lithium battery, which can be recharged via a
USB Type-C port. This configuration allows for extended
autonomy without compromising ease of charging and main-
tenance.

B. Control and visualisation elements

BASIA features three physical buttons, each with a specific

function and different levels of accessibility:

o A user-accessible button allows the battery charge level
to be checked. Pressing it activates six white LEDs
that visually indicate the remaining level on an easy to
interpret scale.

e Two hidden buttons, not accessible without removing
a cover, allow advanced settings to be configured. One
button adjusts the transmit power, and the other allows
selection of the advertising channel. This layout ensures
that the end user does not accidentally tamper with critical
system settings.

o Additionally, a hidden RGB LED has been integrated,
which allows to visually verify the configured parameters
during installation or maintenance. This indicator is not
visible during normal operation of the device, avoiding
confusion or unnecessary visual interference.
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Fig. 1. BASIA housing.

C. Antenna and physical design

BASIA employs a high-efficiency omnidirectional ceramic
antenna, integrated into the board and strategically arranged to
favour emission in a predominant direction due to its physical
disposition, performing best when oriented perpendicular to
the board. This orientation is a key feature of BASIA to
reduce interferences and improve RSSI stability, being key
to obtaining consistent measurements in RSSI-based systems.

As for the physical design, it is currently in the testing
phase, Figure 1 shows the current version of the BASIA bea-
con case.. Different types of packaging have been evaluated,
exploring materials such as polyamide (PA) in several variants,
with the aim of finding a suitable balance between mechanical
strength, ease of fabrication and minimal interference with
signal propagation. Testing is continuing in order to validate
the most suitable material for real-world conditions, taking
into account factors such as thermal dissipation, durability and
electromagnetic transparency.

Note: The developed beacon is currently in the process of
patentability assessment. It is not possible to include detailed
information on the electrical schematics, PCB layout and the
complete list of electronic components. This is to ensure that
the intellectual protection process is not compromised.

III. METHODOLOGY

The characterisation of the developed beacon was carried
out through a set of controlled tests to evaluate the behaviour
of the emitted signal in different environments and under
different configurations. The main objective was to analyse
the stability of the RSSI, the effective range of the signal, and
the fluctuations produced by environmental or physical factors,
in comparison with conventional commercial beacons.

A. Test environments

The tests were carried out in three types of representative
environments:

o Laboratory environment: enclosed space with the pres-
ence of metal structures, furniture, and active wireless
networks. This environment simulates conditions com-
mon in offices or educational centres.

o Open space: a clear area in the open air, without signif-
icant physical obstacles or obvious interference, for the
purpose of assessing maximum transmission range and
free attenuation. Only for BASIA.

o Obstructed environment: interior corridors with concrete
walls and the presence of elements that cause reflection
and diffraction of the signal, representing a realistic
scenario for applications in museums, hospitals or homes.
Only for BASIA.

B. Measuring and testing equipment used

The following equipment was used for data collection:

o BASIA beacon.

o Bluetooth dongle receivers, specifically the nRF52840
Dongle from Nordic Semiconductor. This device enables
continuous scanning and accurate RSSI logging, and was
chosen for its BLE 5.4 compatibility, packet capture
stability, and ease of integration using tools such as nRF
Connect and data capture tools such as Wireshark.

o Development kit nRF52833 DK, for the initial develop-
ment of the beacon, functional tests and data capture.

e Mobile devices, in this case a Xiaomi 11T Pro.

o Laptop with Wireshark data acquisition software, nRF
Connect and data analysis software developed in Python.

o Commercial reference beacons:

— IBKS Plus, by Accent Systems, is configurable via
mobile app and is powered by 4xAAA batteries.

— IBKS 105, by Accent Systems, with compact design,
CR2032 battery power and configurable via mobile
app.

— Thunderboard BG22, from Silicon Labs, equipped
with several sensors, configurable and powered by a
CR2032 battery.

o Laser rangefinders and markers to establish fixed dis-
tances between beacon and receiver.

C. Metrics assessed
The following metrics were evaluated after the tests:

o Average RSSI: average value of the received signal
strength, calculated from measurements taken during de-
fined intervals. It allows estimating the typical receiving
power of the device.

o RSSI standard deviation: a measure of the variability
of the signal with respect to its average value. A low
deviation indicates a more stable signal, while a high
deviation suggests significant fluctuations.

o Percentiles (25, 70, 90 and 95): indicators of the distri-
bution of RSSI values. They allow to identify how most
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of the values are concentrated and to detect the presence
of frequent or extreme attenuations.

« Range: difference between the maximum and minimum
RSSI values recorded. It reflects the total amplitude of
the signal variation in the evaluated environment.

D. Experimental procedure
Each test was carried out according to the following steps:

o The beacon is configured with a specific combination of
parameters (transmitting power, advertising channel).

« The beacon was placed in a fixed position, at a constant
height from the ground, oriented along the main axis of
emission of its antenna.

o The receiver was placed at distances of 2 m for the signal
stability tests and at increasing intervals of 0.5m, from
2m to 20m, for the effective detection range tests.

o At each position, a continuous signal capture was per-
formed for an interval of approximately 10 minutes,
recording all RSSI values received.

e The procedure was repeated for each test environment
and for different beacon configurations.

« Finally, comparative tests were carried out using a com-
mercial beacon under the same conditions to establish
differences in signal stability behaviour.

The data obtained were processed by automated scripts,
generating scatter plots, histograms and statistical analysis to
evaluate the overall performance of the developed beacon.

IV. RESULTS AND DISCUSSION

This section presents the results of the experimental tests,
as well as the interpretation and discussion of the results. We
split the results in two subsection, Subsection IV.A introduces
the results for the commercial beacons, where Subsection IV.B
introduces the results for our BASIA beacon.

A. Comercial beacons

First, the results are presented for three BLE devices: BG22,
IBKSPLUS and IBKS105, considering the different power
configurations, Table I . Values related to devices identified
as ‘BASIA’ are excluded first, in order to focus the study on
specific commercial BLE platforms.

Figure 2 presents the RSSI histograms for several commer-
cial beacons. Subfigure (a) shows the BG22 beacon, while
(b) and (c) correspond to the IBKS Plus beacon configured
at —4 dBm and +4 dBm, respectively. Subfigures (d) and (e)
depict the IBKS 105 beacon at the same power levels. From
the point of view of average signal strength, the BG22 beacon
showed the highest (least negative) value, with an average of
-53.91 dBm, suggesting better reception or less attenuation in
the environment. It is followed by IBKS105 in the +4 dBm
configuration with -60.17 dBm, while IBKSPLUS in the +4
dBm configuration reaches -65.46 dBm. The weakest signals
were recorded in the -4 dBm configurations, with averages of
-70.81 dBm for IBKSPLUS and -68.61 dBm for IBKS105.

Regarding the standard deviation, which indicates the de-
gree of dispersion of the signal with respect to its average,

IBKSPLUS -4 dBm presents the highest value (11.7 dBm), re-
flecting a highly unstable signal. It is followed by IBKSPLUS
-4dBm with 6.18 dBm and IBKS105 +4 dBm with 5.08
dBm. BG22, despite having a good average, also presents a
considerable dispersion (3.86 dBm), although more contained
than in the previous cases. The lowest dispersion is observed
in IBKS105 -4 dBm (4.30 dBm), suggesting a somewhat more
uniform behaviour, despite having a weaker signal on average.

The percentiles allow to observe the concentration of values
within different ranges of the distribution. For all devices,
the 25th percentile and 95th percentile reveal the amplitude
between the lowest and highest values, and allow the homo-
geneity of the signal to be contrasted. In BG22, for example,
the 25th percentile is -56 dBm and the 95th percentile is -49
dBm, indicating a relatively strong signal but with a significant
difference of 7 dBm between these extremes. In IBKSPLUS
(+4 dBm), this difference is even larger: from -67 dBm (P25)
to -53 dBm (P95), a gap of 14 dBm, indicating a much
wider and more dispersed distribution. IBKS105 (+4 dBm)
and IBKS105 (-4 dBm) show differences of 9 dBm and 9 dBm
respectively between the 25th and 95th percentiles, reaffirming
their moderately dispersed behaviour.

Finally, the total range of values, the difference between
the maximum and minimum observed values, corroborates
this variability. IBKSPLUS (+4 dBm) records the highest
range (55 dBm), followed by IBKS105 (+4 dBm) (44 dBm)
and IBKSPLUS (-4 dBm) (41 dBm). Although BG22 has a
strong mean, its range is 40 dBm, which shows that it also
has significant oscillations, although not as extreme as IBKS.
IBKS105 (-4 dBm) equals that value with a range of 41 dBm,
showing that its signal, although less intense, maintains a more
contained and predictable dispersion.

B. Developed beacon

If we continue with the BASIA, Table II , we can observe
a different behaviour.

Figure 3 shows RSSI histograms from BASIA beacon.
Subfigures (a) and (b) correspond to BASIA 37 configured
at —4 dBm and +4 dBm, respectively. Subfigures (c) and (d)
show BASIA 38 at the same transmission levels, and subfig-
ures (e) and (f) present BASIA 39. Subfigures (g) and (h) de-
pict aggregated BASIA measurements over advertising chan-
nels 37, 38, and 39, for transmission powers of —4 dBm and
+4 dBm, respectively.

From the point of view of average signal strength, the +4
dBm configuration with broadcasting on channel 37 showed
the highest value with an average of -49.91 dBm, suggesting
a generally good reception in the environment. This was
followed by the equivalent configuration on channel 39 with
an average of -52.24 dBm, also with a strong signal. In the -4
dBm configurations, the average intensity decreases, reaching
-58.81 dBm in channel 39 and -62.41 dBm in all channels,
which is to be expected due to the power reduction.

Regarding the standard deviation, which indicates the degree
of dispersion of the signal with respect to its mean, reveal
that RSSI fluctuations are highest when transmission occurs
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TABLE I
STATISTICAL SUMMARY OF RSSI SIGNAL FOR BLE DEVICES

Device Mean [dBm] Std. Dev. [dB] P25 [dBm] P70 [dBm] P90 [dBm] P95 [dBm] Range [dB]
BG22 -53.91 3.86 -56.0 -51.0 -49.0 -49.0 40.0
IBKSPLUS +4dBm -65.46 11.70 -67.0 -59.0 -55.0 -53.0 55.0
IBKSPLUS -4dBm -70.81 6.18 -74.0 -66.0 -64.0 -62.0 41.0
IBKS105 +4 dBm -60.17 5.09 -64.0 -57.0 -55.0 -55.0 44.0
IBKS105 -4 dBm -68.61 4.30 -72.0 -66.0 -64.0 -63.0 41.0
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TABLE II
STATISTICAL SUMMARY OF RSSI SIGNAL BY ADVERTISING CHANNEL AND TRANSMISSION POWER FOR BASIA
Configuration Mean [dBm] Std. Dev. [dB] P25 [dBm] P70 [dBm] P90 [dBm] P95 [dBm] Range [dB]
All channels +4 dBm -53.74 7.30 -63.0 -48.0 -46.0 -46.0 28.0
All channels -4 dBm -62.41 6.96 -72.0 -57.0 -57.0 -57.0 28.0
Channel 37 +4 dBm -49.91 2.83 -51.0 -48.0 -48.0 -47.0 38.0
Channel 37 -4 dBm -58.25 1.16 -58.0 -58.0 -58.0 -58.0 32.0
Channel 38 +4 dBm -58.99 2.88 -60.0 -59.0 -58.0 -53.0 23.0
Channel 38 -4 dBm -58.57 1.24 -59.0 -58.0 -58.0 -58.0 18.0
Channel 39 +4 dBm -52.24 3.19 -54.0 -50.0 -48.0 -48.0 20.0
Channel 39 -4 dBm -58.81 2.57 -58.0 -58.0 -58.0 -58.0 26.0
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across all advertising channels. Specifically, the +4 dBm
configuration yields a standard deviation of 7.30 dBm, and
the -4 dBm configuration shows a similarly high deviation of
6.96 dBm. In contrast, single-channel configurations exhibit
significantly lower variability. For instance, channel 37 at -
4 dBm shows a deviation of just 1.16 dBm, while channels
38 and 39 at the same power level report deviations of 1.24
dBm and 2.57 dBm, respectively. Even at +4 dBm, mono-
channel setups remain more stable: channel 37 shows 2.83
dBm, and channel 39 3.19 dBm. These differences suggest
that broadcasting over multiple channels introduces greater
signal dispersion—Ilikely due to diverse propagation conditions
per channel—whereas single-channel transmission yields more
consistent RSSI readings.

The percentiles allow us to observe the concentration of
values within different ranges of the distribution. In the case
of all channels, the amplitude between the 25th and 95th
percentiles is remarkable: 15 dBm at -4 dBm and 17 dBm at
+4 dBm, indicating a greater dispersion of the received values.
In contrast, the data for channel 39 show more contained
differences between these percentiles, suggesting a greater
homogeneity of the signal when using a single advertising
channel.

Finally, the total range of values - the difference between
the maximum and minimum values observed - corroborates
this variability. The all-channel configurations have a range
of 28 dBm at both +4 dBm and -4 dBm, while the channel
38 configurations have a narrower range: 18 dBm at -4
dBm. However, there seems to be an exception in the data
collected in the channel 37 configuration, where a slightly
higher instability is observed. Taken together, these results
suggest that, while multi-channel broadcasting can increase
coverage and average strength, it also introduces greater signal
instability, which could affect signal consistency in variability-
sensitive applications.

V. CONCLUSIONS AND FUTURE WORK

The results obtained in the characterisation tests show that
the beacon developed has a significantly more stable be-
haviour than the commercial alternatives evaluated. Its ability
to broadcast only on a specific channel significantly reduces
interference with other Bluetooth devices present in the envi-
ronment, resulting in lower RSSI variability and, consequently,
in a substantial improvement in the accuracy of localisation
algorithms based on this metric.

While fixed channel selection could, in theory, reduce
beacon detectability under very specific interference or noise
conditions, experimental results suggest that this probability
is low in real scenarios. In contrast, the advantages in terms
of signal control and jitter reduction are evident, reinforcing
the value of this solution for RSSI quality-sensitive applica-
tions such as human activity tracking, indoor navigation or
ubiquitous assistance systems.

Future work includes extending the tests to dynamic en-
vironments, incorporating real-time analysis with multiple
receivers, and evaluating the integration of this beacon into

complete location platforms. We will also explore the im-
plementation of automatic channel and power adaptation al-
gorithms depending on the environment, in order to further
optimise its performance in changing contexts.
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