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ESLs, helping to lower environmental impact and save costs
for merchants.

This study contributes to the growing field of IoT-based
smart retail solutions by presenting:

• A comprehensive evaluation of the proposed ESL
system;

• Hardware design;

• Software solution;

• Measurement and validation;

2. Related work
The findings highlight the practicality and scalability of LoRa
and E-paper technologies in retail applications, offering a
foundation for future developments in smart supermarkets
and warehouses.

In general, Electronic Shelf Labels (ESLs) utilize standard
technologies such as Bluetooth Low Energy (BLE) [9–11]
and Zigbee [12, 13] for data transmission and reception.
While these technologies have their advantages, they also
come with limitations, particularly regarding communication
distance and energy consumption. BLE and Zigbee are well-
suited for small, easily maintained areas. However, in large-
scale deployments involving numerous devices, deploying
ESLs can be challenging due to their limited communication
range and the need for frequent battery replacements.

To address these challenges, LoRa communication presents
a promising alternative [14, 15]. This technology is
advantageous for ESL systems because of its low energy
consumption [16] and long communication range, making
it feasible to expand the system to larger supermarkets or
warehouses [5, 17]. In a study [18], LoRa technology was
applied at a frequency of 433 MHz, enabling ESL devices
to operate for over five years. However, this study did not
evaluate a system with multiple devices, leaving the practical
applicability of the proposal unproven.

In addition, to meet power consumption and communi-
cation distance requirements, an application network model
is essential for an ESL system with multiple devices. The
network structure proposed in [19] is a star architecture,
commonly found in LoRa networks. This structure is well-
suited for ESL applications, as it allows end devices to be
distributed over a large area, enabling effective monitoring
and data collection from devices located far apart. The LoRa
star network architecture facilitates easy network expansion
by adding new end devices and ensures high security during
data transmission.

3. System Design
The packaging for the ESL system has been designed with
functionality, durability, and efficiency, ensuring that it meets
the practical needs of retail environments. The enclosure is
made of robust materials such as ABS plastic, providing

resistance to physical impacts, dust, and moisture while
maintaining a lightweight structure. The design is compact
and specifically engineered to fit internal components, such as
the LoRa module, E-paper display, and battery holder, within
a small form factor of approximately 60 mm x 34 mm. This
ensures that the ESL seamlessly integrates into retail shelving
systems without taking up unnecessary space. Fig.1.

Figure 1. The proposed ESL device with complete packaging.

The front face features prominently the 2.13-inch E-paper
display, which is protected by a transparent, anti-glare cover
to enhance readability under various lighting conditions.
This cover also provides scratch resistance, preserving the
professional appearance of the device during extended use.
Inside the ESL, there will be a single PCB that controls
its operation. The PCB will contain a LoRa module, which
receives data and displays them on the E-ink screen using
the SPI protocol. Additionally, the PCB includes power
management sections for the ESL components and antennas
for the LoRa module, allowing the ESL to operate without any
external connections. The antenna, an essential component
for LoRa communication, is compactly integrated into the
design to ensure optimal signal reception while maintaining
the device’s slim profile.

For installation, ESL packaging had to be designed to
incorporate flexible mounting mechanisms such as hooks,
magnets, or adhesive mounts, making it easy to attach
to different types of retail shelves. Accessibility has been
considered in the design, with a simple closure mechanism
that allows the device to be opened for maintenance or battery
replacement, while ensuring it remains secure during use.
This approach renders the ESL both user-friendly and robust,
enabling it to endure the challenges associated with a retail
environment.
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3.1. Circuit Design

The circuit design for the ESL device revolves around the
integration of the RAK3172 module, which is based on
the STM32WLE5CC SoC contain of Arm® Cortex®-M4
core with LoRa communication capabilities. The circuit aims
to achieve low power consumption while ensuring reliable
performance for daily data transmission and display updates.
Fig.2 illustrates the overall hardware architecture of the
ESL device, highlighting the core components critical to its
functionality: a LoRa-enabled microcontroller module, an E-
paper display, and power management circuitry.

• LoRa-enabled microcontroller module: The central
processor for the ESL device is the RAK3172 module,
which integrates the STM32WLE5CC chip, which uses
a 32-bit Arm® Cortex®-M4 core with an integrated
LoRa transceiver developed by STMicroelectronics.
The module combines microcontroller and RF in one
chip, with a wide frequency range from 150 MHz
to 960 MHz and Sub-GHz communication protocols
such as LoRa, FSK, GFSK, MSK and BPSK. In
addition, the STM32WLE5CC chip is also energy-
saving with multiple deep sleep modes, supports 256-
bit AES, a true random number generator (TRNG)
for data security, and 256 KB Flash + 64 KB
RAM, meeting the flexible processing needs of smart
applications. This module, compatible with LoRaWAN
protocol, enables efficient data transmission over long
distances with low power consumption, making it
particularly advantageous for Internet of Things (IoT)
applications, especially within the domain of electronic
shelf labeling.

• E-paper Display: A 2.13-inch e-paper display is used
for its low energy consumption, as it only requires
power during updates. The display is connected to the
RAK3172 module via a 4-wire SPI interface, enabling
quick data transfer for content updates. E-paper
technology allows the display to retain information
without continuous power, making it well-suited for
battery-operated devices.

• Power Management: The system consists of two low-
dropout (LDO) regulators (NCV8170), which supply
a stable 2.8 V to the RAK3172 and the E-paper
display. The LDOs are chosen for their low quiescent
current, ensuring minimal energy wastage. Power is
supplied by two CR2032 coin-cell batteries connected
in parallel, providing a nominal voltage of 3 V and
increased capacity for long-term operation. The power
management system integrates an enable feature for the
LDO powering the E-paper display, controlled directly
by the RAK3172. This design ensures that the LDO
is disabled during periods of inactivity, conserving
energy.

Figure 2. The proposed hardware architecture of the device.

The schematic and layout of the ESL device were designed
in Altium Designer to ensure compact integration of all
components. Key layout considerations included placing the
LDOs close to their respective loads to minimize voltage
drops, carefully routing the antenna path to maintain signal
integrity, and positioning the e-paper display on the PCB edge
for easy viewing.

The finalized PCB layout and 3D design are shown in
Fig.3. The RAK3172 module will be placed in the right corner
of the PCB, the right side of the RAK3172 module is the
clearance for the LoRa antenna. The E-ink display connector
is placed on the left side of the PCB to connect to the display
located on the back of the PCB via an FFC cable. The center
of the PCB is the area for the passive components for the E-
ink display and the power management. The PCB is designed
with two layers and vias all the areas without components
to minimize noise and create a large enough GND for the
antenna mounted on the PCB. All components on the PCB
are placed in optimal positions for the ESL to have the best
compactness and performance.

This circuit design enables the ESL device to perform core
functionalities such as data transmission via LoRa, display
updates, and optimized power management, making it a
reliable and efficient solution for electronic shelf labeling in
retail applications.

3.2. Antenna Design
The antenna is a critical component in the electronic
shelf label (ESL) system, as it ensures efficient wireless
communication between the device and the network gateway.
For this project, a compact antenna operating at 923 MHz
was designed and implemented. This frequency is within the
AS923 band, which is compliant with regulations for low-
power, long-range communications in Vietnam.
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Figure 3. The proposed device layout with its 3D illustration
image.

The antenna used in this project is the PIFA antenna.
We have referred to the PIFA antenna design of the articles
[21–28] with antennas for compact and high-performance
devices. The design was aimed at optimizing energy
efficiency, achieving robust signal strength, and maintaining
compatibility with the compact form factor of the device.

The design began with theoretical calculations to determine
the optimal antenna dimensions, considering the physical
constraints of the ESL device. Using the equation for a
quarter-wavelength antenna:

L =
c

4 f
√

ε
(1)

Where L is the antenna length, c is the speed of light, f
is the operating frequency (923 MHz), and ε is the relative
permittivity of the substrate. The calculated length was fine-
tuned through simulations to account for the effects of the
PCB ground plane and the dielectric properties of the FR4
substrate.

However, the antenna designs presented in the related
articles are all flat, resulting in the antenna area occupying
a large part of the devices. Therefore, we propose a
PIFA antenna design that is placed vertically, rather than
horizontally, to reduce that area. Moreover, most devices
today must accommodate a certain thickness due to
components such as batteries and screens. By utilizing
this thickness to position the antenna vertically, we can
minimize the overall area of the device while still meeting
the performance requirements of the antenna. The design
focuses on creating a compact and efficient antenna that aligns
with the physical constraints of the ESL device. The vertical
antenna placement is illustrated in Fig. 4, showing a portion
of the antenna positioned perpendicular to the substrate and

approximately the same height as the battery pack used in the
ESL device.

Figure 4. The proposed antenna structure in HFSS.

Fig. 5 illustrates the structure and dimensions of the
designed antenna. The values of the geometric parameters
of the antenna structure are shown in Table 2 The antenna
consists of a radiating element and a feeding section
optimized for the 923 MHz LoRa band. The compact design
ensures that it integrates seamlessly into the ESL device while
maintaining high efficiency.

By using ANSYS HFSS software, the proposed antenna
was designed and simulated to meet the operational
requirements of the ESL system, which relies on LoRa
communication at 923 MHz. ANSYS HFSS is specialized
in the design and analysis of electromagnetic systems,
providing accurate tools for simulating antenna performance.
The software enables detailed analysis of electric and
magnetic fields, return loss, and radiation patterns, helping to
optimize the antenna for efficient operation and robust signal
transmission.

In Fig. 6, we varied the antenna length (i). The results
indicate that the antenna length is inversely proportional to its
operating frequency, as predicted by formula (1). Specifically,
when i increases from 7.3 mm to 13.3 mm, the central
operating frequency shifts from approximately 958 MHz to
858 MHz. By adjusting this parameter, the antenna can be
tuned to operate in various LoRaWAN frequency bands, such
as EU868 and US/AU915.

In addition to modifying the antenna length, we also
adjusted the distance between the feed and short pins (w4).
This parameter directly influences the antenna impedance.
As shown in Fig. 7, varying w4 from 1 mm to 2 mm
allows fine-tuning of the impedance to achieve optimal
performance. With w4 = 1.6 mm, the antenna exhibits an
optimal impedance of 46.7 Ω, indicating the best impedance
matching at the desired operating frequency.

The final simulation results are shown in Fig.8 indicated
that the return loss (S11) at 923 MHz was less than -35 dB,
with the -10 dB bandwidth of 15 MHz (from 915 Mhz to
930 Mhz). This ensures excellent energy transfer between
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Table 1. Summary of performance evaluation of the considered LoRa antennas.

Ref Technique Frequency (MHz) Substrate Dielectric (εr) Gain (dBi) Size in mm

[21] PIFA 848-950 FR4 4.4 2.1 40 x 26 x 1.7

[22] MPA 868 FR4 4.3 2.11 120 x 70 x 2.4

[23] MPA/Slot 924 Rogers NA 2.6 98 x 98 x 1.29

[24] MPA/Slot 868 FR4 4.4 1.6 80 x 55 x 0.8

[25] PIFA 868 FR4 4.4 1.92 100 x 40 x 1.6

[28] PIFA 868 FR4 4.7 -2.8 78 x 88 x 1.6

[26] PIFA 868 FR4 4.3 3.36 300 x 30 x 0.8

This work 3D PIFA 923 FR4 4.4 3.78 28 x 7 x 8

the transmission line and the antenna, minimizing signal
reflections.

Figure 5. The proposed antenna structure.

Table 2. Key geometric parameters of the antenna.

Parameter Value (mm) Parameter Value (mm)

a 1.83 h 7.7
b 1.25 w1 1.6
c 26.55 w2 1.0
d 4.6 w3 0.65
e 1.6 w4 1.6
f 7.8 w5 0.5
g 27.45 w6 0.8
i 10.3

3.3. Software Design
The software design emphasizes energy efficiency and
reliable communication, in accordance with the requirements
of a LoRa-based Internet of Things (IoT) system. The
device operates in Class A mode, facilitating event-driven
communication to minimize power consumption. This

Figure 6. Simulation results for reflection coefficient under
varying antenna length.

approach ensures that the device remains in a low-power state
for the majority of its operational lifecycle, activating specific
processes only as needed.

The device begins its operation in Sleep Mode, the
default state, to conserve energy. A timer or external event
triggers the device to wake up and transmit an uplink packet
containing critical data, such as updated information, device
status, and battery levels. The gateway processes uplink
communication and, when necessary, transmits a downlink
packet to the device for configuration updates or specific
commands. Upon completion of the communication cycle,
the device switches back to sleep mode. This state-based
operation is critical to optimizing energy efficiency and
ensuring robust communication reliability. Fig.9 presents the
software flowchart, illustrating the logical transitions among
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Figure 7. Simulation results for reflection coefficient under
varying distance between feed and short pin.

Figure 8. Simulated reflection coefficient of the proposed
antenna.

sleep mode, uplink communication, data processing, and low-
power mode. This structured state management is essential for
maximizing battery life and ensuring reliable data exchange.

Secure and scalable communication is achieved through
Over-The-Air Activation (OTAA) and encryption using an
application key (AppKey). This approach ensures that all
data transmitted between the device and The Things Network
(TTN) are safeguarded against unauthorized access and
tampering.

Real-time monitoring and remote management are enabled
via the Losant IoT platform. This platform provides a

Figure 9. Flowchart illustrating the software’s operational states
and communication flow.

dashboard that displays critical metrics such as signal
strength (RSSI), battery voltage, and device activity logs.
This dashboard allows users to monitor device performance
and interact with nodes in real time, facilitating the
transmission of updates or commands directly to devices as
necessary. The automation process within Losant, depicted
in Fig. 10, illustrates the seamless integration of MQTT
communication, data decoding, and conditional logic to
optimize operations. This workflow highlights efficient data
handling and automated responses to dynamic conditions
within the IoT environment.

Figure 10. Losant workflow demonstrating MQTT communication,
JSON decoding, and automation logic.

These visual aids provide an in-depth understanding of the
logical structure and operation of the software. The design’s
focus on low power consumption, secure communication, and
real-time functionality highlights its suitability for scalable
IoT deployments.
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4. Measurement Results and Discussions
4.1. Antenna Measurements
Following simulation, the designed antennas were fabricated
and tested in a controlled environment to validate their
performance. The antenna designs were carefully developed
to meet the specific requirements for performance, size,
and power efficiency of the ESL devices. The integration
of simulation, material selection, and field testing ensured
that the antennas delivered robust communication capabilities
while seamlessly fitting into the overall system architecture.
These designs not only optimized performance for the
current application but also established a foundation for
future iterations and applications of LoRa technology in IoT
systems.

To assess the antenna performance for the ESL system
operating within the LoRa 923 MHz band, a series
of measurements were conducted. These measurements
focused on key parameters such as S-parameters and
radiation characteristics. The results will demonstrate that
the antenna operates efficiently at 923 MHz, fulfilling the
project’s performance criteria for long-range, low-power
communications. All measurements were performed using
professional equipment within a controlled anechoic chamber
environment to ensure the accuracy and reliability of the
results.

To measure the S-parameter, we will use the NanoVNA
Vector Network Analyzer to measure the S(11) value of the
manufactured antenna. The measurement results are shown
in Fig.11. With the results at 923 MHz, the antenna has the
lowest reflection coefficient of -21.99 dB, and the -10 dB
bandwidth is 15 MHz, which is similar to the simulation
results in the Ansys HFSS software.

The setup for antenna testing, including the radiation
characteristics, is illustrated in Fig. 12. The ESL device
was positioned within an anechoic chamber, a specialized
environment designed to eliminate external radio frequency
interference and reflections. This configuration isolates the
device, enabling precise measurement of the antenna’s
performance. The measurement results are presented in
Fig. 13, which details the directivity, gain, and efficiency
of the antenna. Within the –10 dB bandwidth of the
antenna (915–930 MHz), the directivity ranges from 6.03
to 6.25 dBi, while the gain varies from 3.45 to 3.78
dBi. These values indicate that the antenna exhibits
favorable directional characteristics and stable performance,
particularly noteworthy given its compact size. Furthermore,
the radiation efficiency ranges from –2.4 to –2.75 dB,
suggesting that the antenna transmits signals effectively with
minimal loss in the AS923 frequency band.

Fig. 14 illustrates the 3D radiation pattern of the antenna
that was performed in the anechoic chamber. The pattern
exhibits a quasi-omnidirectional shape, with strong radiation
lobes distributed relatively evenly in multiple directions.
This characteristic indicates that the antenna can effectively
radiate signals across various orientations, allowing ESL

Figure 11. Measured reflection coefficient of the proposed
antenna

Figure 12. Antenna measurement setup in anechoic chamber.

devices equipped with this antenna to be positioned flexibly
without the necessity for precise alignment. This versatility
is particularly advantageous for large-scale deployments or
complex environments.

Real-world testing of the antenna integrated into the ESL
device confirmed stable connectivity to the LoRa gateway,
thereby validating its suitability for deployment within the
system. The measurement results, along with the relevant
evaluations, are presented in Section 4.3.
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Figure 13. Antenna Performance Measurement: Directivity,
Gain, and Efficiency

Figure 14. 3D Measured Radiation Pattern of the Antenna.

4.2. Circuit Measurement

Following the measurement of antenna parameters, the
circuit’s energy consumption was evaluated using the OTII
ARC Power Analyzer. This instrument provided precise
insights into the device’s power draw across various
operational states, including uplink, downlink, E-paper
updates, and sleep mode. These measurements were essential
for assessing whether the energy consumption objectives
of the Electronic Shelf Label (ESL) system were achieved,
particularly its target battery life of over 2 years with daily
updates. The results of the ESL circuit test are illustrated in
Fig.15, indicating an average current of 6.5 mA during typical
operation and a sleep mode current of 6.25 µA. The energy
measurements were analyzed under multiple conditions to

Figure 15. Battery Life Estimation for Different Update
Frequencies

estimate battery life and to understand the impact of various
operating states.

The energy consumption values of the Electronic Shelf
Label (ESL) during specific operations — uplink, downlink,
SPI data transmission, and E-paper updates — were
systematically measured. Uplink transmission exhibited the
highest energy consumption, peaking at 59.3 mA, while
downlink operations averaged 5.0 mA. The SPI data
transmission and E-paper update, which lasted approximately
28.5 seconds, consumed an average of 8.6 mA. Throughout
this 40-second cycle, the average energy consumption was
recorded at 6.5 mA, corresponding to a total of 241 µWh, with
the device remaining in sleep mode for the remainder of the
time, thereby exhibiting minimal power consumption.

Table 3 summarizes the energy consumption measurements
of the Electronic Shelf Label (ESL) device developed during
this research and provides a comparative analysis with the
specifications outlined in the RAK3172 module’s datasheet.
Notably, the sleep current is slightly elevated, primarily due
to the additional power consumption of components such as
the Low Drop-Out (LDO) regulator and the E-Ink display, as
illustrated in the hardware architecture shown in Fig.2.

Battery life was estimated using the Battery Life Estimator
tool of the OTII Power Analyzer, as detailed in Fig. 16. The
system is projected to achieve a lifespan of over six years
with one daily update, although this lifespan decreases as
the update frequency increases. These results indicate that
the energy consumption of the ESL design is well-optimized,
demonstrating performance efficiency that aligns closely
with the project objectives. This comparison underscores
the success of optimizing energy consumption within the
constraints of system design.
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Table 3. Energy Consumption for ESL System

Activity Average Current RAK3172

Sleep Mode 6.25 µA 1.69 µA
Uplink Transmission 47.3 mA (14 dBm) 39.1 mA (14 dBm)
Downlink Reception 5.0 mA 5.22 mA

E-paper Update 8.6 mA N/A
Complete Update

Cycle 6.5 mA N/A
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Figure 16. Battery Life Estimation for Different Update
Frequencies

4.3. Communication Measurement
Communication measurements for the ESL system were
conducted to evaluate the reliability and efficiency of data
transmission over LoRa technology. This included an analysis
of signal quality and packet transmission success rates during
communication events. The measurements focused on key
parameters such as signal strength, noise levels, and packet
delivery rates, ensuring that the system met its intended
design goals.

To carry out communication measurements, a test environ-
ment was established with 25 ESL nodes positioned under
varying conditions, including indoor settings with obstacles
and open-field scenarios. These nodes communicated with the
RAK7240 gateway, operating at a frequency in the AS923
band and a transmission power of 14 dBm. The Adaptive
Data Rate (ADR) functionality was enabled during testing
to optimize communication performance based on environ-
mental conditions. The gateway, centrally positioned, relayed
messages between the nodes and The Things Network (TTN),
which served as the network server.

The test setup included five distinct node groups (A, B,
C, D, and E), strategically distributed at varying distances

Figure 17. Views of the Node Groups.

from the gateway. Fig.17 shows the placement of the node
groups within the testing environment, while Fig.18 provides
a detailed layout of the distances between the groups and the
gateway. Groups A and C, located within 14 meters of the
gateway, were closest, while Groups D and E were positioned
further away at distances of 22-23 meters, introducing
additional challenges such as obstructions.

Figure 18. Layout of Node Groups and Distances from the
Gateway.

The results of the measurements provided valuable insights
into the communication capabilities of the system. The
received signal strength indicator (RSSI) was recorded for
all nodes, ranging from -70 dBm to -95 dBm in testing
environments with physical obstructions. These values were
well within acceptable ranges for LoRa communication,
ensuring stable data transmission over distances of up
to 23 meters indoors. The signal-to-noise ratio (SNR),
another critical metric, averaged at 6.5 dB, indicating robust
resistance to environmental noise and interference, even in
challenging indoor conditions.

In terms of packet transmission, the ESL system
demonstrated high reliability. The average packet delivery
ratio (PDR) across all nodes was calculated at 96.46%,
with a corresponding packet loss rate of 3.54%. The
system’s ability to maintain a consistent PDR, even under
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Table 4. Packet Transmission and Loss Summary for Each Node

Group Node ID Packets Sent Packets Received Packets Lost Packet Delivery Ratio (%)

A 1 2534 2451 83 96.72
2 2564 2469 95 96.29
3 2515 2425 90 96.42
4 2533 2444 89 96.49
5 2545 2457 88 96.54

B 6 2563 2470 93 96.37
7 2569 2484 85 96.69
8 2570 2481 89 96.54
9 2519 2425 94 96.27
10 2541 2452 89 96.50

C 11 2576 2477 99 96.16
12 2535 2443 92 96.37
13 2584 2495 89 96.56
14 2574 2489 85 96.70
15 2546 2458 88 96.54

D 16 2596 2507 89 96.57
17 2584 2494 90 96.52
18 2523 2435 88 96.51
19 2542 2452 90 96.46
20 2513 2424 89 96.46

E 21 2578 2489 89 96.55
22 2514 2416 98 96.10
23 2534 2449 85 96.65
24 2572 2489 83 96.77
25 2519 2412 107 95.75

obstruction conditions, highlights the effectiveness of the
LoRa modulation technique and Adaptive Data Rate (ADR)
in mitigating packet loss. A detailed summary of packet
transmission and loss for each node is presented in Table 4.

Communication measurements underscore the feasibility
of deploying the system in real-world scenarios. With reliable
signal strength and minimal packet loss, the ESL nodes
adequately meet the operational demands of smart retail
environments. Although the observed packet delivery ratio
(PDR) is within acceptable thresholds, further optimization
can enhance system performance, particularly in more
complex environments. Nevertheless, the measurements
validate the design objectives and demonstrate the suitability
of the ESL system for scalable and energy-efficient
deployment.

5. Conclusion
The developed ESL system has successfully achieved its
initial objectives, establishing a foundation for further
research and development of efficient and scalable IoT

solutions utilizing LoRa technology and E-paper displays.
This work demonstrates the potential for integrating LoRa
communication in practical applications, emphasizing its
energy efficiency and reliability.

Future advancements are anticipated to enhance the
performance and adaptability of ESL systems, thereby
contributing to the broader adoption of LoRa technology
and fostering innovation in smart retail. This progress
will further advance the development of sustainable and
intelligent technology ecosystems. Additionally, exploring
energy harvesting from indoor light sources represents a
promising avenue for extending the operational duration of
ESL systems. This approach has the potential to significantly
improve both the performance and sustainability of ESL
implementations.
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