Implementation of loT-Based Buoy
Position Monitoring Using GSM
Technology with SIM7000E Module

Hollanda Arief Kusuma, M Hasbi Sidqi Alajuri, Basyaruddin Ismail Harahap, Harmahara
Saputra

Beacon buoys are essential for maritime safety, providing navigation guidance. However, loss of beacon buoys due
to environmental factors or theft necessitates an effective monitoring solution. This study develops and tests an Internet of
Things (loT)-based monitoring system for beacon buoys, utilizing a SIM7000E GSM module and an ESP32 microcontroller
integrated with GNSS to transmit real-time location data to the Ubidots loT platform. The system design includes solar panels
for power, a step-down module, a TP4056 battery charger, and local data storage using a micro SD card. The study was
conducted from April to June 2024, with testing at the Dompak Water Navigation District Beacon Buoy. Test results showed
an average power consumption of 0.64 W, enabling the device to operate for 78,625 hours. The 5-day field test recorded
beacon buoy movement with a difference of up to 279 meters compared to Global Navigation Satellite System (GNSS) data,
attributed to tides and sea waves. The packet loss ratio was 28%, indicating challenges in data transmission due to
electromagnetic attenuation by seawater. The results confirm the potential of lIoT systems in buoy beacon monitoring but
also highlight the need for improvements in design and communication mechanisms to address packet loss and ensure data
accuracy and reliability. This study contributes to the development of improved maritime monitoring technologies and has
the potential to enhance navigation safety.
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1. INTRODUCTION

Beacon buoys play a vital role in ensuring maritime safety and preventing accidents (R et al., 2020). These markers
provide guidance for shipping lanes and aid safe navigation, typically as beacons or buoys (Zhang et al., 2023). Beacon
buoys serve as essential navigational aids in specific water areas with precisely defined coordinates on nautical charts,
significantly contributing to maritime security (Androjna and Perkovi¢, 2021). Accurate information about the position of
beacon buoys is crucial for maintaining safe shipping lanes and avoiding navigational hazards. However, beacon buoys often
experience positional changes caused by environmental factors such as extreme weather, high waves, and strong ocean
currents, despite being designed to withstand these forces (Li et al., 2021).

The loss of beacon buoys is a significant problem (Zhang et al., 2018). Missing or displaced beacon buoys can
severely disrupt ship navigation and increase the risk of maritime accidents (Pizzo et al., 2018). Several factors contribute
to buoy loss, including biofilm development on buoy surfaces, which increases weight and reduces buoyancy, as well as
seasonal variations that affect flotation performance (Chen et al., 2019). Additionally, declining water quality from
anthropogenic activities has been shown to negatively impact buoy durability and operational lifespan (Alhmoudi et al., 2024).
These challenges highlight the urgent need for reliable systems capable of continuously monitoring the position and
operational status of beacon buoys.

The use of Internet of Things (IoT) technology to monitor buoy status has become an important approach to
addressing the problem of missing beacon buoys. Previous studies have explored loT-based buoy monitoring systems and
developed platforms for maritime signaling and marine observation using low-cost hardware and simple computing
architectures (Kim et al., 2017; Pizzo et al., 2018). Jeon et al. (2018) developed IoT technology based on Low Energy (BLE)
Beacons for monitoring the marine environment, emphasizing low power consumption and suitability for continuous
operation. Aziz et al. (2019) implemented loT on a beacon buoy to determine position using a wireless power transfer system
and a phased antenna array. Glaviano et al. (2022) developed smart buoy systems for marine ecosystem monitoring.
Rezazadeh et al. (2018) implemented an loT system using iBeacon technology, which is based on BLE, to improve positioning
accuracy in a museum environment. Collectively, these studies demonstrate the potential of 10T, particularly BLE-based
solutions, in improving the efficiency and accuracy of beacon buoy monitoring systems.

Monitoring the location of beacon buoys requires a reliable navigation and positioning satellite system, commonly
referred to as the Global Navigation Satellite System (GNSS) (Kato et al., 2022). GNSS comprises multiple satellite
constellations, including GPS, GLONASS, Galileo, BeiDou, IRNSS, and QZSS, which together provide global coverage for
positioning and navigation applications. GNSS enables real-time positioning with high accuracy and precise timing
information, making it well suited for maritime navigation and monitoring tasks (Jin et al., 2024). To further enhance
positioning performance, Ashour et al. (2022) compared the accuracy of combined GPS, GLONASS, and BeiDou
configurations, demonstrating that multi-constellation approaches can significantly improve positioning accuracy.

Therefore, integrating GNSS into l0T devices has become a key consideration for achieving efficient and cost-
effective maritime monitoring solutions (Korb et al., 2020). However, the performance of GNSS chipsets embedded in loT
devices remains a critical factor, particularly under harsh maritime environmental conditions (Katsumoto et al., 2017). To
address this challenge, Lee et al. (2020) and Choi et al. (2019) proposed an integrated solution combining NB-loT and GNSS,
with a specific focus on efficient GNSS chipset design to optimize system architecture, reduce power consumption, and
enhance overall performance. One such implementation uses the SIMCOM SIM7000E module. Covenas et al. (2021)
demonstrated the use of the SIMCOM SIM7000E for cellular communication, while Purbakawaca et al. (2022) employed this
module to transmit data to a server. These studies indicate that the SIM7000E has strong potential for loT-based applications
in beacon buoy monitoring systems.

Despite the growing body of research on loT-based buoy monitoring, BLE communication, and GNSS-enabled
positioning, the integration of these technologies into a single operational system for continuous beacon buoy status
monitoring in real maritime environments remains insufficiently explored. Existing studies largely focus on individual
components, such as environmental sensing, indoor positioning, or communication efficiency, rather than evaluating an
integrated system specifically designed for beacon buoy loss detection and operational reliability. This study aims to address
this research gap by evaluating an integrated IoT framework that combines BLE-based communication, GNSS positioning,
and NB-IoT connectivity within a single beacon buoy platform. Rather than proposing entirely new technologies, this work
provides a systematic evaluation of how established technologies can be effectively integrated and optimized for maritime
beacon buoy monitoring, offering practical insights into system performance, energy efficiency, and operational feasibility
under real-world maritime conditions.
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2. RESEARCH METHOD
2.1. System Design

This study proposes an loT-based beacon buoy coordinate monitoring system designed to continuously track buoy
positions and enable early detection of buoy displacement or loss. The overall system workflow and integration of data
acquisition, processing, communication, and visualization components are illustrated in Figure 1 (System Planning Diagram).
As shown in Figure 1, the system operates through a sequential process that begins with GNSS-based position acquisition,
followed by data processing, wireless transmission, and real-time monitoring via a cloud-based loT platform. Beacon buoy
position data are obtained using a GNSS module embedded in the GSM SIM7000E, which provides latitude and longitude
information at predefined intervals to represent the real-time buoy location. These coordinate data are processed by the
ESP32 microcontroller, which serves as the main control unit responsible for data formatting, scheduling data acquisition to
reduce power consumption, and managing data transmission. To ensure data reliability, a micro SD card is integrated as
local storage, allowing coordinate data to be stored temporarily during network outages and retransmitted once connectivity
is restored.

The processed data are transmitted to the Ubidots loT platform via a cellular network using the GSM SIM7000E
module. This communication architecture enables long-range data transmission suitable for both coastal and offshore
environments, supporting continuous remote monitoring of beacon buoy positions. Ubidots serves as the user interface for
real-time visualization and analysis of buoy location data. To support long-term autonomous operation, the system uses a
solar-powered energy supply subsystem, as illustrated in Figure 1. Electrical energy is generated by solar panels, regulated
through a step-down module, and managed by a TP4056 charging module to safely charge a Lithium-lon (Li-lon) battery.
The battery serves as the primary power source for the ESP32 and GSM SIM7000E, enabling stable system operation under
varying environmental and lighting conditions.

The physical implementation of the proposed system consists of several main components, including the GSM
SIM7000E, ESP32, solar panels, step-down module, TP4056 battery charging module, Li-lon battery, and micro SD card, as
shown in Figure 2. Figure 2 presents the front and rear views of the device, illustrating the compact integration of hardware
components within the beacon buoy enclosure.

Energy Sources

Solar Panels [

Stepdown | [ TP4056 §

Module Module
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| GNSS (i~ ESP32 ; ;
i ¥ L GSM (SIM7000E) UBIDOTS |
i i Serial | i i
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Figure 1. System Planning Diagram
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Figure 2. Design Component, (a) Front View, (b) Rear View
2.2. Data Analysis

This research requires data analysis to determine the movement of the beacon buoys and determine the dominant
pattern of the beacon buoys using Equation 1 (Pham et al., 2017). The displacement distance Z represents the spatial
deviation of the beacon buoy from its reference position and is calculated based on the difference between the measured
beacon buoy coordinates and the GNSS reference coordinates. Specifically, x, and y, denote the latitude and longitude
obtained from the beacon buoy GNSS measurements, while x; and y; represent the reference GNSS latitude and longitude.
By computing the Euclidean distance between these coordinate pairs, Equation 1 provides a quantitative measure of buoy
movement that can be used to assess positional stability and detect abnormal displacement events.

Z= 10— )2+ (¥, — »)? ¢y}

The calculated displacement values are further analyzed to determine dominant movement trends of the beacon
buoys, which may be influenced by environmental factors such as ocean currents, wave activity, and weather conditions.
This analysis allows for the identification of consistent movement patterns as well as sudden or irregular shifts that may
indicate buoy drift or loss.

In addition to positional analysis, energy efficiency is a critical consideration for IoT devices deployed on beacon
buoys due to their reliance on limited power sources. Battery life is evaluated by analyzing the power consumption of active
system components, including the ESP32 microcontroller and GSM SIM7000E communication module. Power savings are
estimated by measuring the voltage and current drawn during operation, as suggested by (Alegria, 2023). The operational
active time, or system uptime, is calculated using Equation (2), which relates the available battery energy to the average
power consumption of the device.

battery ener
Uptime = JatEery energy

@)

device power

This calculation provides an estimate of how long the system can operate continuously under typical operating
conditions, which is essential for assessing the feasibility of long-term deployment in remote maritime environments.

System communication performance is further evaluated by measuring the Packet Loss Ratio (PLR), which reflects
the reliability of data transmission between the beacon buoy and the Ubidots loT platform. PLR is determined by comparing
the number of failed data transmissions to the server (PL) with the total number of data packets generated, including those
successfully stored on the micro SD card (PTS), as described by (Purbakawaca et al., 2022). Equation (3) is used to quantify
the proportion of data packets that fail to reach the server.

P
Packet Loss Ratio = —= x 100% 3)
Prs

The PLR metric provides insight into network stability and transmission robustness, particularly under conditions of
intermittent cellular connectivity. A lower PLR indicates more reliable data transmission, whereas a higher PLR suggests
communication challenges that may affect real-time monitoring. Together, the displacement analysis, energy consumption
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evaluation, and PLR assessment form a comprehensive framework for evaluating the effectiveness, efficiency, and reliability
of the proposed beacon buoy monitoring system.

3. RESULT AND DISCUSSION
3.1. Buoy Beacon Monitoring Device

This device is assembled according to the design as can be seen in (Figure 3). Component assembly by connecting
all the components together in one place. Apart from assembling components, dashboard data receivers are created using

several widgets that have been provided by the platform IoT. Ubidots displays location maps, graphs, and parameter values
(Figure 4).

}l+]
fo= — Latitude = 0.91572°
Longitude = 104.497597°

Figure 4. Ubidots Dashboard View
3.2. Power Consumption Test

The power consumption test shows that the average power consumption is 0.64 W. Figure 5 shows the results of
measuring power consumption for one hour and 10 minutes. Power surges occur when the device is transmitting data. In
this condition, the LED indicator lights up, and the GSM SIM7000E sends data to the Platform loT Ubidots. The battery
energy used is 50.32 Wh, allowing the device to work for 78.625 hours or around 3 days, 6 hours, and 37 minutes. Use sleep
mode on the device, which is capable of providing power reduction (Jang et al., 2020). However, this power reduction is not
carried out on the GSM SIM7000E due to the need to avoid repeating coordinate searches that require high power and
ensure the accuracy of coordinate retrieval (Parrino, Peruzzi dan Pozzebon, 2021).
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Figure 5. Power Consumption Measurement Results (a) For 1 Hour; (b) For 10 Minutes
3.3. Field Test

The field test was carried out by placing the device on one of the beacon buoys as in Figure 6 in the Sri Bintan Pura
Tanjungpinang Harbor area. This buoy is used as a sign of shipping lanes (Figure 7a). These buoys are placed in waters to
provide clear navigation markings for passing vessels, help avoid shallow areas, and maintain navigation safety. The device
is placed on the side of the beacon buoy frame, and the solar panel placement is on the top side of the beacon buoy (Figure
7b).

Figure 6. Beacon buoy equipped with a monitoring device and solar panels: (a) an overall view of the buoy in the water, (b)
details of the monitoring device and solar panels

The field test was conducted over a period of five days, during which system performance data were continuously
collected and visualized on the Ubidots loT dashboard. The device acquired data at fixed 10-minute intervals, including
latitude, longitude, and telecommunication network signal information. As part of the Internet of Things (IoT) framework, the
beacon buoy operated as an autonomous sensing node that collected and transmitted data to the Ubidots cloud platform
for remote monitoring (Bhuvaneswari et al., 2020). The collected data were stored locally on a micro SD card to ensure data
availability during temporary network disruptions and subsequently transmitted to the Ubidots loT platform. The transmitted
data were then displayed on the Ubidots dashboard using various widgets, including a beacon buoy location map, signal
quality graphs, coordinate point information, and signal value indicators, as shown in Figure 7. This visualization enabled
users to remotely monitor beacon buoy positions and assess communication performance in near real time..
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Figure 7. Ubidots Dashboard View During Data Collection
3.4. Buoy Movement Pattern
The coordinates of the beacon buoy being tested are in the latitude position 0°54’37.00”” N and oval 104°26’16.00”

E based on DSI (Indonesian Beacon List). The beacon buoy coordinates were compared with the field test coordinates from
GNSS, and a distance difference of 279 m was obtained, as can be seen in Figure 8.
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Figure 8. Difference in Distance between Beacon Buoy Points Based on DSI and GNSS Measurement Points

In the distribution of coordinate points obtained from GNSS, the beacon buoy experiences varying movements as
seen in Figure 9. This is due to the tides and sea waves that occur combined with different weather. The farthest movement
that occurred on the beacon buoy was 8.52 meters. This is due to the occurrence of ups and downs in field conditions. In
addition, the accuracy of coordinate point readings can decrease due to ionospheric bias ((Caldeira et al., 2020); (Marques
et al., 2018)). However, the furthest coordinate point obtained by GNSS is still within the limits set by astronavigation
(International Hydrographic Organization, 2022). Meanwhile, the difference in the coordinates of the beacon buoy with GNSS
is quite significant, which is possible due to inaccurate coordinates during the installation of the beacon buoy after it was
released into the sea.
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Figure 9. Distribution of Beacon Buoy Coordinates Based on GNSS
3.5. Packet Loss Analysis

Based on field testing, a packet loss ratio of 28% was observed. In loT and wireless communication systems, this
level of packet loss can reduce measurement accuracy and data transmission reliability (Omar et al., 2020). This high packet
loss ratio indicates the need for further evaluation and improvement of communication mechanisms to ensure effective data
transmission (Solimini et al., 2021). The high packet loss ratio is likely caused by the attenuation of electromagnetic wave
propagation in seawater, which can degrade cellular communication performance in marine environments (Huo, Dong dan
Beatty, 2020).

Signal
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Figure 10. Data stored in micro SD (blue) and sent to Ubidots (orange)

4. CONCLUSION

This research demonstrated the effectiveness of the beacon buoy monitoring device, which was assembled
according to the specified design. The device has an average power consumption of 0.64 W and can operate for 78,625
hours with the available battery energy. Using sleep mode helps reduce power consumption, although the SIM7000E's GSM
must remain active to ensure accurate coordinate retrieval.

During the 5-day field test, the device collected and sent data every 10 minutes to the Ubidots platform. The data
obtained included the location of the beacon buoy, signal quality, and signal value. However, there was a distance difference
of 279 meters between the coordinates reported by DSI and the GNSS measurement results, caused by the movement of
the buoy due to tides and sea waves. The farthest movement of the buoy recorded was 8.52 meters, which remained within
the specified accuracy limits. Analysis of packet loss showed a packet loss ratio of 28%, indicating a problem in data
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transmission that could affect the accuracy and reliability of the system. High packet loss is believed to be caused by
attenuation of electromagnetic waves by seawater.

Overall, the results of this research highlight the challenges faced by loT-based monitoring systems in marine
environments, such as power consumption, coordinate accuracy, and packet loss. This research underscores the
importance of improvements in device design and communication mechanisms to increase the accuracy and reliability of
beacon buoy monitoring systems, especially in extreme marine environmental conditions.
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