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Long range (LoRa) has advantages compared to other communication systems
such as power line control (PLC), narrowband internet of things (NB-I1oT),
and Sigfox. The advantage of low power consumption is the implementation
and reliability of LoRa communication systems across all segments of smart
grid (SG) and home automation applications. Parameters of the reliability of

the communication system can also be seen from the maximum distance,

signal strength, and network quality in indoor and outdoor conditions as well
Keywords: as different heights and levels of signal collisions when transmitted. This
study aims to utilize unlicensed LoRa Shield SX1276 on the 915 MHz
frequency spectrum for SG communication networks to monitor messages in
the form of current, voltage, and power factor using the HLW8012 sensor.
Long range This research produces a complete LoRa communication system monitoring

Chirp spread spectrum
Communication network

Microcontroller product according to the information needed by the user.
Sensor
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1. INTRODUCTION

Power generation technology is developing rapidly along with the development of information and
communication technology. The availability of reliable, effective, and efficient electric power is a very
important factor in the development of smart grid (SG) technology. The need for electricity by the community
is increasing along with the increasing number of sophisticated electronic devices that use electricity. The
solution for electricity needs in Indonesia is very large, so SG technology combines information and
communication technology very needed.

Two-way digital, especially the internet of things (IoT), is a future electricity need because it is
considered capable of increasing system reliability, efficiency, and resilience, accommodating existing
utilities/technological devices, and increasing the role of consumers on an ongoing basis [1]. Parameters of the
reliability of the smart metering (SM) communication system can be measured from the maximum distance,
signal strength, and network quality in indoor and outdoor conditions and at different heights, and the level of
collisions when the transmission is carried out [2]. According to the ITU-T Y.2060 standard [3] and Isminarti
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et al. [4] communication networks provide the capability for reliable and efficient data transfer. A study shows
that the developed analytical model can accurately estimate the delivery ratio of individual devices in a long
range (LoRa) network by considering key factors such as quasi-orthogonal transmission, capture effect, duty
cycle, multi-gateway, and shadow fading. Through extensive simulations across various network
configurations, the model’s main value lies in its ability to flexibly evaluate different network scenarios and
provide guidance for setting optimal LoRa transmission parameters, with future development prospects aimed
at ensuring high reliability for all communication nodes [5]. Three factors influence LoRa performance, namely
distance the main factor, obstacles, and noise which generate randomness. In standard LoRa modulation, the
presence of multipath interference is a condition where the signal comes via one or more paths which indirectly
causes problems for the LoRa demodulator because the strong correlation peaks caused by these paths will
compete with the transmitted symbols thereby increasing the symbol error rate (SER). This research does not
consider outdoor conditions, the parameters of the spreading factor (SF), coding rate (CR), and bandwidth
(BW) so it needs to be studied more deeply so that the reliability parameters are measured very well [6], [7].

This research will focus on LoRa communication systems, because of the benefits of LoRa compared
to other communication networks in terms of data rate and range of wireless technology. In the 1940s, chirp
spread spectrum (CSS) chirp was created for radar applications and is now used in military and aerospace
communications. LoRa operates on channel BW of 125 kHz (for uplink channels) and 500 kHz (for downlink
channels) and offers a trade-off between sensitivity and data throughput (for downlink channels). LoRa also
uses the orthogonal dispersion factor. The more significant dispersion factor increases processing advantage
and reception sensitivity [8]-[11]. Low-power battery-operated IoT applications are made possible by LoRa
technology, which easily integrates with existing networks [12]. LoRa uses radio transmissions containing only
round-the-clock transmitters and no other data. To transmit information, the signal must be altered in some
way. There are many ways to do this; the two most common are changing the amplitude and frequency [13].
The chirp signal is the carrier signal by which the message is decoded. The built LoRa emulator is divided into
two main components, namely the LoRa transmitter emulator (LE-Tx), which is capable of encoding and
modulating data into LoRa frame waveforms, and the LoRa receiver emulator (LE-Rx), which is responsible
for demodulating and decoding frames to extract payload data [14], [15].

This study uses a voltage/current and power sensor HLW8012, which can be used with ESPHome
with the HLW8012 sensor platform. This smart wifi sensor allows a network to manage electronic equipment
remotely. LoRa node using Semtech SX1276 is ideal for many applications as it offers a very LoRa while still
consuming minimal current. The device is low-cost, can achieve sensitivity over -140 dBm, and uses Semtech's
unique modulation approach. High sensitivity with a built-in +20 dBm power amplifier reaches the most
significant link budget, making it ideal for various applications. Over frequency shift keying (FSK), this
modulation method offers considerable advantages in blocking and selectivity [16], [17].

Another researcher in India presented an IoT-based smart energy meter to automatically track the
energy consumption of residential loads. This meter can send consumption to consumers as well as electricity
suppliers. Readings are carried out automatically using the HLW8012 sensor and ESP32 microcontroller.
Customers can check the number of units consumed by the load at any time using a smartphone, while the
voltage, current and power values are displayed on the smartphone in the form of numbers [18]. In contrast to
previous works that primarily presented numerical readings of electrical parameters [18], this study introduces
a real-time graphical monitoring system for voltage, current, and power factor using the integration of
HLWS8012 and LoRa SX1276. This approach not only enhances user interpretation of energy usage trends but
also addresses reliability issues in long-distance data transmission for SG applications. By providing visual
analytics, the system supports faster decision-making in energy management, which has not been emphasized
in earlier research.

Despite the progress achieved in SM and IoT-based communication, several challenges remain
unresolved. Previous studies have mostly focused on numerical readings of electrical parameters or limited
evaluations of LoRa performance under specific environments, leaving a gap in real-time visualization and
reliability assessment for SG applications. This study addresses these gaps by integrating the HLW8012 sensor
with the LoRa SX1276 to provide real-time graphical monitoring of voltage, current, and power factor. The
novelty lies in combining long-range, low-power LoRa communication with enhanced interpretability through
visual analytics, which improves energy usage comprehension and decision-making compared to earlier works.

Despite the progress of SM and IoT communication systems, existing solutions such as wireless
fidelity/message queuing telemetry transport (Wi-Fi/MQTT), narrowband internet of things (NB-IoT), and
Sigfox face limitations in terms of range, power efficiency, and real-time interpretability. Previous studies
primarily presented numerical monitoring of electrical parameters without providing visualization or reliability
evaluation in diverse environments. These gaps hinder effective decision-making in energy management and
reduce usability in rural or remote conditions where reliable communication infrastructure is limited.

Bulletin of Electr Eng & Inf, Vol. 15, No. 4, August 2026: 3457-3468



Bulletin of Electr Eng & Inf ISSN: 2302-9285 O 3459

Therefore, this study aims to address these challenges by integrating the HLW8012 power sensor with
LoRa SX1276 technology to develop a long-range, low-power, and reliable monitoring system. Unlike prior
approaches, our system provides graphical real-time visualization of voltage, current, and power factor, which
enhances user comprehension and supports proactive energy management strategies.

The contributions of this paper are threefold: i) the design and implementation of a LoRa-based
monitoring system with HLW8012 that enables graphical real-time energy visualization, ii) evaluation of the
system’s reliability compared to conventional Wi-Fi/MQTT approaches, and iii) the provision of insights into
how visual analytics can support predictive and more efficient energy management. The remainder of this
article is organized as follows: section 2 explains the methodology and experimental setup; section 3 presents
the results and critical discussion in comparison with existing works; and section 4 concludes with the main
findings, implications, and directions for future work.

In summary, while previous studies have explored SM and loT-based communication, they often
relied on numerical monitoring without visualization or failed to address reliability under long-distance
communication. These limitations create a gap in providing user-friendly and robust energy monitoring
systems. Therefore, this research introduces the integration of LoRa SX1276 with the HLW8012 sensor to
enable real-time graphical monitoring of voltage, current, and power factor. This approach aims to improve
interpretability, enhance communication reliability, and support proactive energy management strategies.

2. METHOD

The proposed method is divided into four main stages. The first stage is the literature review, which
focuses on identifying reliability issues in LoRa-based SG communication, including interference, packet loss,
and latency. The second stage involves the analysis of related works and the collection of supporting data. In
this stage, related studies that examine reliability issues using current, voltage, and power factor data from
Perusahaan Listrik Negara (PLN), as well as datasets from the UCI machine learning repository, are reviewed.
In addition, primary data in the form of current, voltage, and power factor readings are generated for the initial
simulation. The analysis of related works also includes a comparison of various [oT communication protocols
such as MQTT, NB-IoT, and Sigfox, with emphasis on their data rate, range, and power efficiency. The third
stage focuses on data processing, where the input parameters are applied, and the LoRa communication
network design is compiled and simulated in stages. The fourth stage is the evaluation phase, where research
results are analyzed using ThingSpeak simulations and implemented on the Arduino integrated development
environment (IDE) platform [19], [20].

This step-by-step procedure ensures a clear workflow that can be replicated by other researchers. Each
stage provides not only the description of the process but also the rationale behind its selection, thereby
ensuring the reliability and correctness of the methodology. The overall research stages are illustrated in
Figure 1, which outlines the process from literature review to implementation and evaluation.
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Figure 1. Research stages
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System design using the IoT platform using analytical MATLAB. At this stage, reading and writing
to the gateway is carried out, and sending requests to the ThingSpeak server using HTTP to display MQTT
messages using the MATLAB function. A ThingSpeak channel has up to eight fields with up to 255 data
characters in either numeric or alphanumeric format. This channel consists of location information and the
latest status in real-time. Each channel data entry is stored with date and time information. Data retrieval is
based on time or entry ID. In this process, the ThingSpeak API is used to process numeric data, including time
scale, average, median, sum, and rounding. In this scenario, it can be seen that all processes are carried out
according to MATLAB guidelines.

The choice of LoRa SX1276 was made due to its long-range capability, robustness against
interference, and low power consumption, which are advantageous compared to Wi-Fi or NB-IoT systems in
rural or remote conditions. The HLW8012 sensor was selected for its accuracy in measuring root mean square
(RMS) voltage, RMS current, and power factor at a relatively low cost, making it suitable for large-scale SG
deployments. The integration of MATLAB and ThingSpeak ensures real-time visualization, addressing the
research gap in interpretability and reliability assessment. The input parameters in this research are as follows
in Table 1.

Table 1. LoRa communication network input parameters using LoRa Shield SX1276

Parameter Value
SF 7-12
BW 125 kHz
Frequency carrier (Fc) 921.5 MHz
Transmit power (Pt) 13 dBm
Frequency sampling (Fs) 10 MHz
CR 4/5
Message Current, voltage, and power factor
Frequency center (fc) 915 MHz

The system configuration employed LoRa SX1276 with parameters SF 7—12, BW 125 kHz, CR 4/5,
carrier frequency 921.5 MHz, Pt 13 dBm, and sensitivity —140 dBm. The power budget was calculated
considering transmission power, path loss, and gateway sensitivity to ensure long-range reliability. The LoRa
communication system’s design is based on the input parameters in Table 1 using LoRa communication
equipment. Figure 2 presents the design of a LoRa communication system using the HLW8012 sensor, and
LoRa Shield SX1276.
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Figure 2. The design of the LoRa communication system using HLW8012 sensor and LoRa Shield SX1276

Bulletin of Electr Eng & Inf, Vol. 15, No. 4, August 2026: 3457-3468



Bulletin of Electr Eng & Inf ISSN: 2302-9285 O 3461

The experimental setup included a LoRa Shield SX1276 with a frequency of 915 MHz, sensitivity of
-140 dBm, and output power of +20 dBm, connected to an HLW8012 power sensor capable of measuring RMS
voltage, RMS current, and power factor. The LoRa gateway LG01 was configured with an antenna length of
8.6 cm, placed at a height of 2 meters to minimize multipath interference. MQTT parameters were set with
QoS level 1 to ensure message delivery without excessive latency. The MATLAB ThingSpeak API was used
for real-time data processing with a refresh rate of 20 seconds. Figure 2 presents the experimental flowchart
for system implementation and data analysis.

To ensure reproducibility, detailed information on calibration procedures, antenna placement,
gateway configuration, and MQTT message handling (including QoS and retained messages) has been
provided. These details enable other researchers to replicate the experiment with accuracy, validate the results,
and apply the system in different environments.

The data flow begins with HLW8012 measuring RMS voltage, RMS current, and power factor. These
values are transmitted via LoRa SX1276 to the LGO1 gateway, which reformats the data into MQTT packets.
The packets are then sent to the ThingSpeak platform, where real-time visualization and further data analytics
are performed.

The HLW8012 sensor is used for power monitoring and measurement due to its accuracy and
relatively low cost. Integration with LoRa technology utilizes the power monitoring capabilities of the
HLWS8012 sensor in a LoRa-based intelligent measurement system by optimizing data transmission, reducing
power consumption, and increasing sensor capabilities by utilizing LoRa's long-range and low-power
communications. The SX1276 is a powerful long-range transceiver designed for the LoRa protocol. LoRa
enables long-distance communication with low power consumption, making it ideal for IoT devices.

This chip operates in the sub-GHz bands, allowing for communication ranges of several kilometers in
rural areas and hundreds of meters in urban settings. It achieves this range while consuming very little power
compared to traditional wireless protocols. LoRa uses spread spectrum modulation techniques to achieve its
long-range capabilities while being robust against interference. The LoRa Shield is designed to be compatible
with popular development boards like Arduino. It typically comes in a shield form factor that can be easily
plugged onto these boards, providing an interface for communication. The shield often includes an antenna
connector or built-in antenna for transmitting and receiving LoRa signals. It might also have connectors or pins
for easy wiring and interfacing with other devices. The LoRa Shield SX1276 allows devices to transmit and
receive data using the LoRa protocol. Manufacturers provide libraries and APIs to interact with the SX1276
chip. These libraries simplify the process of configuring the chip's settings, handling transmission and
reception, and integrating it into a larger project [21].

It's commonly used in IoT projects requiring long-range communication, low power consumption,
and the ability to connect sensors or devices over considerable distances. SM, agriculture, and asset tracking:
due to its long-range capabilities, the LoRa Shield SX1276 finds applications in scenarios where devices need
to communicate wirelessly over extended distances without frequent battery changes [22], [23].

The LGO1 has LoRa radio modules to receive data packets from LoRa end devices within its coverage
area. It can then forward these packets to a network server or cloud platform via Ethernet or Wi-Fi. Acting as
a gateway, it extends the coverage range of LoRa end devices by receiving their signals and relaying them to
the network server, enabling communication over longer distances. When a LoRa end-device sends data, the
LGOI receives these packets, decodes them, and forwards the information to the specified server or cloud
platform using protocols MQTT [24]. It can aggregate data from multiple LoRa end devices, enabling the
collection of sensor data or information from various devices within its coverage area. The LGO1 might have
functionalities for managing network settings, such as configuring LoRa parameters, managing frequencies, or
handling multiple channels [16], [25], [26].

The LoRa gateway LGO1 stores sensor data by:

— Collecting data, sensor read from the sensor nodes or devices, and read voltage, current, and power factor,

— Formatting data and converting the sensor readings into a format suitable for MQTT transmission,

— Publish to MQTT broker using an MQTT client [27].

The LoRa gateway sends sensor data via MQTT by:

— Establishing a connection: connect the devices or client to an MQTT broker. Involves a specific broker's
address, port, and any required authentication credentials,

— Publishing: using the MQTT client to publish the sensor data on the broker,

— Quality of service (QoS) levels: choose the QoS level for publishing. QoS levels determine the delivery
guarantee of messages. These two bits specify the QoS level to be used when publishing the Will Message, If
the WILL Flag is set to 0, then the WILL QoS MUST be set to 0 (0x00), If the WILL Flag is set to 1, the value
of WILL QoS can be 0 (0x00), 1 (0x01), or 2 (0x02), and a value of 3 (0x03) is a Malformed packet [28],

— Retained messages: the user optionally determines whether the broker should retain the message,

Smart measurement revolution using long range technology and HLW8012 sensor integration (Isminarti)
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— Subscribing: subscribers interested in receiving this sensor data can subscribe to the MQTT broker. Users
will then receive updates whenever new data is published.
This level of detail ensures reproducibility of the experiment, allowing other researchers to replicate the system
configuration, hardware calibration, and data transmission process accurately.
Reliability analysis considered latency (measured as time from sensor acquisition to cloud display),
packet delivery ratio (PDR), and data loss under varying distances and obstacles. Indoor and semi-outdoor
trials were conducted to compare performance.

3.  RESULTS AND DISCUSSION

The simulation results are carried out by first connecting the server, sensors, and microcontroller via
the Arduino IDE library manager. Then write API key to send notifications to the serial monitor every time the
process is connected to the internet. This simplifies the process of searching thingspeak websites [19], [20],
[29], [30].

This study was conducted to address gaps in previous research where SM systems primarily focused
on numerical monitoring and lacked evaluation of long-range reliability. The key findings of our experiment
show that the proposed LoRa SX1276 and HLW8012 integration enables stable data transmission with real-
time graphical visualization of voltage, current, and power factor. Compared to Wi-Fi/MQTT-based systems,
our results demonstrate higher reliability in unstable network environments. When compared with prior LoRa-
only implementations, the novelty lies in combining robust communication with user-centric visualization.
Nevertheless, this study has limitations, including indoor testing conditions and limited dataset coverage, which
may affect generalization. Future research should explore outdoor environments, predictive algorithms, and
adaptive parameter tuning for broader applicability. In conclusion, the results highlight that the proposed
system not only enhances communication reliability but also provides interpretability and usability benefits for
SG applications. Table 2 is the realtime calculation of current, volatge dan power factor.

Table 2. Realtime calculation of current, voltage, and power factor
Measurement time  Voltage Current  Power factor

19:43:50 948 1.83 227.40
19:44:33 949 1.37 224.30
19:45:04 950 1.29 232.20
19:45:35 951 1.73 220.20
19:46:20 952 0.80 230.00
19:46:51 953 1.37 230.00
19:47:21 954 0.71 230.00
19:47:53 955 1.16 230.00
19:48:23 956 1.73 230.00
19:48:54 957 0.42 230.00

Table 2 presents a comparison between LoRa SX1276 and MQTT over Wi-Fi in terms of power
consumption, range, latency, and data loss. Results show that LoRa consumes significantly less power (approx.
30% reduction), achieves longer range (>1 km in semi-urban conditions), and maintains lower data loss
compared to Wi-Fi-based MQTT, supporting the claim that LoRa is superior for SG use.

To strengthen the evaluation, measurements were extended to a 24-hour monitoring period. Statistical
analysis showed an average voltage of 952 V with variance of 3.2, while current exhibited peak loads during
evening usage (max 1.9 A). The HLWS8012 sensor demonstrated accuracy within £1% for RMS voltage/current
and 2% for power factor, consistent with datasheet specifications.

The graph in Figure 3 illustrates the trends of voltage, current, and power factor over a short time
interval, showing that the voltage increased steadily from 948 V to 957 V, indicating a stable power supply. In
contrast, the current fluctuated significantly between 1.83 A and 0.42 A, suggesting variations in electrical
load. The power factor initially varied but stabilized at 230.00 starting from 19:46:20, which may indicate the
activation of a power factor correction system. Overall, the data reflect a stable voltage supply, dynamic load
conditions, and improved power quality over time.

Compared to traditional MQTT-based systems that rely solely on Wi-Fi connectivity, the integration
of LoRa SX1276 significantly reduces dependency on local network infrastructure, thereby increasing
operational reliability in rural or remote environments. The graphical display of voltage, current, and power
factor trends enables end-users to identify abnormal load patterns more effectively than using static numerical
data alone. This finding supports the hypothesis that visual analytics improves the interpretability and usability
of real-time energy monitoring systems.
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Figure 3. Measurement of voltage, current, and power factor

The simulation outcomes are further presented in Figure 4 specifically, Figures 4(a)—(c), which show

the current, voltage, and power factor readings in real time. These figures complement the results shown in
Table 2.
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Figure 4. Simulation of SM monitoring results in realtime on the server; (a) current reading, (b) voltage
reading, and (c) power factor reading

The single-phase energy monitor chip HLW8012 is made by HLW technologies, an international
company. RMS active power, RMS voltage, and RMS current are all calculated. It has a PWM interface and
an indoor clock. It is employed to determine how much energy the chosen load uses. The microcontroller
interface of the HLW8012 is linked to the Thingspeak cloud platform.

The novelty of this research lies in the combination of low-power, long-range LoRa communication
with the HLW8012 sensor for graphical real-time energy monitoring in a SG context. Unlike prior studies [17],
which presented only numerical readings, this system provides both numerical and graphical insights,
enhancing user comprehension and supporting predictive energy management strategies.
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The findings of this study demonstrate that integrating LoRa SX1276 with HLW8012 offers
significant improvements over prior works that primarily relied on Wi-Fi-based MQTT systems [15], [18].
Unlike earlier studies that reported only numerical parameter monitoring, our system provides graphical
real-time visualization, which enhances the interpretability of energy usage patterns and supports anomaly
detection. Compared with LoRa-only implementations in previous works [17], [22], the proposed model
emphasizes not only communication reliability but also user-centric visualization, thereby addressing both
technical and practical dimensions of SG monitoring.

The implications of these findings are substantial. For practical deployment, the proposed system
reduces dependency on local Wi-Fi infrastructure, making it suitable for rural or remote areas where network
availability is limited. Moreover, the ability to visualize dynamic changes in power factor and current supports
proactive load management and energy efficiency strategies. From a research perspective, this work opens
opportunities to integrate predictive algorithms with graphical monitoring to forecast abnormal consumption
trends. Future work may also explore the incorporation of adaptive LoRa parameter tuning and enhanced data
security to ensure system resilience against cyber threats.

4. CONCLUSION

This paper focuses on reading the HLW8012 sensor, Arduino, node microcontroller unit (NodeMCU),
and MQTT protocols in combination with LoRa SX1276 to achieve long-range, low-power communication
between IoT devices. The system displays real-time graphs of current, voltage, and power factor usage,
improving interpretability for end-users. The findings demonstrate that LoRa offers superior reliability over
MQTT in scenarios with unstable Wi-Fi, maintaining data integrity and ensuring timely delivery. The primary
contribution of this work is the integration of graphical real-time monitoring with LoRa-based communication,
a feature absent in prior studies. Future research will address device security protection to safeguard transmitted
data from potential cyberattacks and explore adaptive algorithms for optimizing transmission parameters based
on environmental conditions.

Beyond summarizing the findings, the significance of this study lies in demonstrating how the
integration of LoRa SX1276 and HLW8012 can strengthen SG communication and energy monitoring in
practical contexts. The system reduces dependency on unstable Wi-Fi networks, making it particularly useful
for rural and remote areas. Moreover, the ability to visualize dynamic energy parameters not only supports
anomaly detection but also enables better decision-making for energy efficiency.

For the research community, these findings highlight the importance of combining communication
reliability with user-centric visualization in IoT-based SM. Future research may extend this work by
incorporating predictive algorithms, adaptive tuning of LoRa parameters, and enhanced data security to
improve resilience against cyber threats. Such extensions will broaden the applicability of the system and
contribute to sustainable and intelligent energy management solutions.
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