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Abstract. This work presents a fully customized Bluetooth Low Energy 
(BLE) beacon system, developed using the Zephyr real-time operating 
system (RTOS). The beacon broadcasts structured, application-specific 
data through the Manufacturer Specific Data field, enabling a level of 
customization not offered by standard BLE profiles. A cross-platform 
mobile application, built with Flutter, has been designed to detect and 
interpret these customized signals in real time, providing a clear and 
interactive representation of the transmitted data. The complete system 
offers a lightweight, l ow-cost, and adaptable alternative to commercial
solutions, particularly suitable for context-aware environments, smart
infrastructures, and experimental research. The proposed architecture
bridges embedded BLE development with mobile technologies, offering
an open and scalable framework for customized wireless communication.

Keywords: Bluetooth Low Energy · Zephyr RTOS · Custom Beacon · 
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1 Introduction 

The proliferation of smart environments has driven significant interest in wire-
less technologies for location-aware services and asset tracking. Fields such as 
healthcare, education, tourism, and industrial automation increasingly rely on 
the ability to identify the position of people and objects indoors, where GPS 
is ineffective. Among various technologies explored for this purpo se, Bluetooth
Low Energy (BLE) beacons have emerged as a compelling solution due to their
affordability, minimal energy requirements, and widespread compatibility with
mobile devices [4,10]. 
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BLE-based systems operate by periodically broadcasting small data pack-
ets that nearby receivers can detect. From these signals, the received signal 
strength indicator (RSSI) can be used to estimate proximity, often enhanced
through techniques such as trilateration, probabilistic filtering, or fingerprint-
ing [1,3,5,7,11,12]. This principle supports applications like indoor navigation 
in museums, access control in smart buildings, or real-time monitoring in hospital 
wards and elderly care. However, despite their wide adoption, many off-the-shelf 
BLE beacons provide only basic configurability. Parameters such as transmis-
sion power, advertising intervals, and—critically—advertising channel selection
are often fixed or severely limited [6,13]. 

Recent investigations have demonstrated that BLE performance is highly 
sensitive to these configuration parameters. Differences in propagation char-
acteristics across advertising channels (37, 38, and 39) due to multipath and 
shadowing effects are significant. When signal processing ignores channel ori-
gin, localization accuracy tends to suffer. Conversely, approac hes that consider
channel separation, or even leverage extended channels beyond the default three,
show improvements in robustness and granularity [2,8,9]. 

Given these limitations, a custom BLE beacon (BASIA) has been developed 
in this work. It allows dynamic control of transmission power and advertising 
channels, and is built with an optimized antenna layout to reduce RSSI fluctua-
tions. This device is intended for both real-world applications and experimental 
research where fine-tuned beacon behavior is essential. Additionally, a cross-
platform mobile application was implemented using Flutter to detect, decode,
and visualize beacon signals in real time. This paper focuses on the design, con-
figuration, and evaluation of the proposed system, analyzing the implications for
context-aware localization applications.

This paper is structured as follows: Sect. 2 introduces the beacon’s hardware 
and firmware architecture. Section 3 describes the experimental procedures used 
for characterization. Section 4 presents results and comparative analyses. Finally,
Sect. 5 outlines the main conclusions and future research directions.

2 System Arc hitecture

This section describes the architecture of the complete system, which consists 
of two core components: a custom Bluetooth Low Energy (BLE) beacon pro-
grammed using the Zephy r Real-Time Operating System (RTOS), and a cross-
platform mobile application developed in Flutter.

2.1 Embedded Beacon D esign

The custom beacon, Fig. 1, was developed on a low-power microcontroller plat-
form and programmed using the Zephyr Real-Time Operating System (RTOS). 
Zephyr enables fine-grained control of the Bluetooth Low Energy (BLE) stack,
power management, and peripheral integration.
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Fig. 1. Custom b eacon.

The beacon broadcasts advertising packets using custom Manufacturer Spe-
cific Data (MSD), structured to include the following fields: transmission power, 
advertising channel, battery lev el, supply voltage, temperature, and status flags
(e.g., charging state), Table 1. This format provides a flexible and compact mech-
anism for context-specific data dissemination.

Table 1. Structure of the Manufacturer Sp ecific Data Payload

Offset Size (bytes) Type Name Description 
0–1 2 uint16_t company_code Bluetooth Company Identifier (e.g., 0x0059 for Nordic)
2 1 int8_t power TX power level in dBm (e.g., −20, −8, 0, +4, etc.)
3 1 uint8_t channel Advertising channel identifier (e.g., 37, 38, 39, etc.)
4 1 uint8_t battery Battery level as p ercentage (0–100)
5–6 2 uint16_t supply_mv Power supply voltage in milliv olts (e.g., 3700)
7 1 uint8_t temperature Device temperature in Celsius (integer)
8 1 uint8_t flags Bitwise status flags (bit 0: charging, bit 1: low power)

BLE behavior is dynamically configurable at runt ime. The system includes:

– Transmission power control: cyclic adjustment across levels from -20 dBm
to +8 dBm.

– Channel switching: rotation through BLE advertising channels 37, 38, 39
and optional custom modes.

Physical buttons on the device trigger interrupts, each associated with spe-
cific work routines (e.g., changing TX power, switching channels, displaying bat-
tery level). These tasks are m anaged using Zephyr’s work queues and kernel
timers, enabling low-latency asynchronous execution.

2.2 Mobile Application D esign

A cross-platform mobile application was developed using the Flutter framework, 
enabling native deployment on both Android and iOS platforms. The appli-
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cation is responsible for scanning, decoding, and visually presenting the d ata
transmitted by the custom BLE beacon.

Each detected beacon is filtered by name and decoded using its Manufacturer 
Specific Data payload, w hich is parsed to extract key fields such as:

– Transmit power (dB m)
– Advertising channel iden tifier
– Battery level ( %)
– Supply voltage (m V)
– Internal temperature ( ◦C)
– Charging status fl ag

The decoded data is rendered in dynamically generated, providing a user-
friendly summary per device. Additionally, a detailed view includes a real-time 
RSSI chart, which updates with each scan interval and allows signal stability
monitoring over time.

3 Methodology 

To evaluate the detectability and robustness of the beacon signal under vary-
ing operating conditions, a series of experimental tests were conducted using 
multiple instances of the custom BLE beacon (denoted as anchors). The pri-
mary objective of the methodology w as to assess how changes in transmission
power and advertising channel influence the signal’s reception performance in
real-world scenarios.

3.1 Experimental Setup 

One anchor was deployed across a controlled indoor environment with minimal 
interference. The mobile application described in Sect. 2 was used as the receiver, 
scanning continuously and logging information. Signal data was recorded for a 
fixed time interval (typically 60 s) to obtain a representative sample of the signal
quality and stability.

3.2 Test Parameters a nd Metrics

Two main variables were independently manipulated i n the beacons:

1. Transmission Power: The power level was varied across the supported dis-
crete values {−4, +4} dBm. For each p ower setting, a complete distance
sweep was conducted.

2. Advertising Channel: The beacon was configured to transmit on specific 
BLE advertising channels—namely 37, 38, and 39—as well as combined or 
custom modes. This was achieved by modifying the Zephyr advertising param-
eters at runtime via button interaction.
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Each combination of power level and advertising channel was tested inde-
pendently, resulting in a matrix of configurations. All tests were performed in a 
single session to ensure environmental consistency (e.g., temperature, ambient 
RF noise, human movement). The key metric under observation w as detectabil-
ity of the beacon signal, measured as RSSI distribution. Mean and standard
deviation of the signal strength at each distance point.

4 Results 

This section analyzes the signal stability of the BASIA beacon under different 
advertising channel configurations and transmission power levels. The evaluation 
is based on the statistical behavior of the Received Signal Strength Indicator
(RSSI), focusing exclusively on the mean and standard deviation of the signal
across all tested conditions. Table 2 summarizes the results obtained during the 
experimental campaign.

The configuration using advertising channel 37 at +4 dBm yielded the 
strongest average RSSI (-49.91 dBm), indicating favorable propagation con-
ditions in the test environment. This was followed by channel 39 under the 
same power level (-52.24 dBm). As expected, reducing the transmission power
to -4 dBm led to a general decrease in signal strength, with the lowest mean
observed in the all-channels configuration (-62.41 dBm).

Regarding signal stability, the standard deviation values reveal a clear con-
trast between multi-channel and single-channel modes. The all-channel configu-
rations produced the highest signal variability, with deviations of 7.30 dBm at 
+4 dBm and 6.96 dBm at -4 dBm. In comparison, single-channel settings demon-
strated significantly more stable behavior. Notably, channel 37 at -4 dBm had the 
lowest standard deviation (1.16 dBm ), followed closely by channels 38 and 39.
These results suggest that broadcasting over multiple advertising channels intro-
duces greater RSSI dispersion, while single-channel transmission favors more
consistent signal reception.

Table 2. Mean and Standard Deviation of RSSI by Advertising Channel and Trans-
mission Power.

Configuration Mean RSSI (dBm) Standard Deviation ( dBm)

All channels +4 dBm−53.74 7.30 
All channels −4  dBm−62.41 6.96 
Channel  37  +4 dBm −49.91 2.83 
Channel 37 −4  dBm −58.25 1.16 
Channel  38  +4 dBm −58.99 2.88 
Channel 38 −4  dBm −58.57 1.24 
Channel  39  +4 dBm −52.24 3.19 
Channel 39 −4  dBm −58.81 2.57
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5 Conclusions 

This work presented the design and implementation of a custom Bluetooth Low 
Energy (BLE) beacon system combined with a cross-platform mobile applica-
tion for structured wireless data broadcasting and visualization. The architec-
ture’s modularity and low-power design make it particularly well-suited for smart 
environments, prototyping platforms, and experimental setups where control, 
customization, and monitoring are critical. Additionally, the system is being 
explored for use in context-aware localization applications, such as indoor navi-
gation in museums, patient flow tracking in hospitals, and other location-based 
services that benefit from lightweight and infrastructure-independent solutions. 
Future work will explore integration with cloud platforms, data logging features, 
and extended sensor inputs to further broaden the system’s applicability.
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