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This study introduces a semi-automatic system for alternating wet and dry rice
cultivation using internet of things (IoT) technology to enhance precision
agriculture and address critical challenges in water resource management. The
prototype consists of node and master devices powered by ESP32
microcontrollers integrated with sensors to monitor air temperature, humidity,
and water levels. Communication between the devices is achieved through the
low-latency, low-power encrypted secure protocol-network over wireless
(ESP-NOW) protocol, enabling real-time monitoring and remote control of
water pumps. Data collected by the system is displayed on ThinkSpeak servers
and Nextion touch screens, aiding efficient irrigation and environmental
management for farmers. Performance testing demonstrates that the system
achieves reliable communication up to 115 meters with efficient energy
consumption, operating for approximately two hours with a 3,000 mAh
battery. By optimizing irrigation practices, the system reduces water waste

while ensuring adequate crop hydration, promoting sustainable farming
practices. This scalable 10T solution not only enhances productivity and
resource efficiency but also contributes to broader efforts in agricultural
sustainability by supporting precise environmental control and minimizing
dependency on manual labor.
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1. INTRODUCTION

Climate change is increasingly unpredictable, directly affecting water storage and management
worldwide. This uncertainty impacts water systems both directly and indirectly, posing challenges for efficient
water use, especially as water resources are expected to become critically limited. Enhancing irrigation
efficiency and cultivating crops that minimize water loss are key strategies. In ASEAN countries, where rice
is a primary economic crop, popular methods like alternating wet and dry farming, also known as “teasing
rice,” help conserve water and are gaining popularity. Given rice’s water-intensive nature and its economic
importance, finding sustainable irrigation solutions is essential for agricultural resilience and food security
amid escalating water scarcity concerns.

Alternating wetting and drying (AWD) is a water-saving technique that periodically allows rice fields to
dry out between irrigation cycles, instead of remaining continuously flooded [1]. While similar intermittent
flooding practices have existed for decades, the International Rice Research Institute (IRRI) established official
AWD guidelines in 2002. Research in the Philippines has shown that AWD can reduce irrigation hours by about
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38% without significantly affecting yield or profits, leading to substantial savings in water and energy [2].
Additionally, combining AWD with rice straw and manure increases grain yield by 64%, even with reduced
fertilizer and straw inputs, achieving a 51% yield boost compared to conventional flooding [3]. Although AWD
is highly effective for water conservation, challenges in monitoring and control hinder its widespread adoption.

Technology is increasingly used to enhance agricultural production processes, particularly through
the internet of things (1oT), which can improve efficiency and yield rates. Government initiatives encourage
large rice farmers to adopt 10T to boost export potential, promoting innovations like precision irrigation,
environmental monitoring, and crop health management to increase resource efficiency in rice farming
[4], [5]. For widespread adoption, 10T systems should be scalable and cost-effective, with carefully chosen
sensors, actuators, and communication technologies [6], [7]. Advanced data processing methods, such as
machine learning (ML) and artificial intelligence (Al), are crucial for precision agriculture, alongside fog/edge
computing and software-defined networking (SDN), which support decision-making [8]-[10]. Integrating 10T
with AWD offers real-time monitoring and control, addressing the limitations of traditional irrigation methods
and improving agricultural productivity and sustainability.

In loT technology, effective communication is essential for devices to interact with systems and users.
The choice of communication method depends on factors like device type, distance, data speed, and power
limitations. Wi-Fi, for instance, is widely used for connecting IoT devices to the Internet, offering compatibility
with many devices and high data rates [11]-[13]. Bluetooth, with low data rates but low power consumption,
is ideal for short-range communication, often linking sensors to mobile devices for local data collection,
commonly used in industrial field equipment [14]. Zigbee is frequently chosen for home smart systems, such
as lighting or humidity sensors, as it supports up to 64,000 devices with low power usage and short-range
communication [15]. For long-distance communication, long range (LoRa) connects IoT devices over wide
areas and is particularly suitable for applications needing minimal data transmission, like environmental
sensors measuring weather conditions [16]. Another option, encrypted secure protocol-network over wireless
(ESP-NOW), developed by espressif for ESP32 and ESP8266 devices, is efficient for specific 10T applications
due to its reliable performance. In agriculture, however, 10T implementation faces challenges. High costs,
network complexity, and the difficulty of maintaining connectivity across large, often remote fields can hinder
adoption. Agricultural 10T systems must balance power efficiency with the need for real-time data
transmission, especially in rural areas with limited power and network infrastructure. Therefore, developing
cost-effective, scalable solutions that conserve resources while ensuring reliable communication is crucial for
10T in agriculture.

The ESP-NOW protocol operates on the 802.11 wireless standard at 2.4 GHz, transmitting data up to
250 bytes at a rate of 1 Mbps over distances of up to 220 meters [17]. This low-latency, direct communication
protocol does not require a Wi-Fi network, supporting both broadcast and unicast communication with
encryption for secure data exchange. Ideal for 10T applications, sensor networks, and home automation, ESP-
NOW enables efficient peer-to-peer communication with minimal setup, making it a practical choice for
situations that demand fast, reliable data transfer. Studies highlight its use in smart home systems for device
control via an ESP-NOW mesh network [18] and in residential monitoring for alerts on intrusions, gas leaks,
or fires [19]. However, factors like system design, algorithms, and environmental conditions—such as
reflections and obstacles—can affect transmission efficiency [20]. To overcome these challenges, this research
proposes a semi-automated AWD system that integrates 10T. Using ESP32 microcontrollers, the system
monitors temperature, humidity, and water levels in rice fields. Node and master devices communicate through
the ESP-NOW protocol, chosen for its low latency and energy efficiency, supporting prolonged field
deployment. Data from the system is visualized on ThinkSpeak servers, enabling farmers to remotely manage
irrigation with precision, which could enhance AWD adoption rates.

The reviewed literature emphasizes the growing role of 10T technology in precision agriculture,
particularly in selecting suitable communication protocols and evaluating system performance across
environments. This article introduces a semi-automated wet and dry rice cultivation prototype using loT, with
a focus on evaluating the ESP-NOW wireless communication protocol’s efficiency within this system. The
article is organized as follows: system overview and algorithm, prototype performance experiments, structure
connection design, result and discussion and finally conclusion. This study enhances precision agriculture by
offering a practical, scalable loT solution tailored for rice farming. By addressing the limitations of traditional
AWD methods and high-cost 10T implementations, it aims to promote water conservation and improve rice
production sustainability.

2. SYSTEM OVERVIEW AND ALGORITHM
An overview of the prototype semi-automatic wet and dry rice cultivation system using 10T technology
is shown in Figure 1. The system consists of two parts. The first part is a node device with an ESP32 (node)
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connected to sensors that measure air temperature and humidity, an ultrasonic water level sensor, and a relay
module for water pump control. It is powered by a 7.4-volt Li-Po battery, with the voltage reduced to 5V using a
step-down DC-DC converter and connected to the micro-USB port of the ESP32. The second part is the master
device, which includes an ESP32 (master) connected to real time clock and touch display module. Communication
between the ESP32 (master) and the ESP32 (gateway) is achieved via the inter-integrated circuit (12C) Protocol
to send data to the ThinkSpeak server, where it is displayed on a dashboard for monitoring. The node device and
the master device communicate via the ESP-NOW protocol, designed for ESP microcontroller devices. This
protocol is low-cost, low-latency, and low-power, but powerful enough for sending and receiving sensor data,
making it suitable for a wide range of applications [21]-[23].
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Figure 1. Overview of a semi-automatic alternating wet and dry rice planting system using loT
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The prototype system for semi-automatic alternating wet and dry rice cultivation using 1oT technology
comprises three ESP32 microcontroller boards, each with distinct functions. The ESP32 (master) device is
responsible for communication using the ESP-NOW two-way communication protocol to receive data and display
results. The process begins with setting up the ESP32 and ESP-NOW communication, including specifying the
addresses of the node devices on the network. The message structure to be sent is then defined. This structure
includes the Tiket_message, which acts as a command ticket for the receiving node device to send data back to
the master device. The Tiket_message is sent in a loop to each node device in sequence. Another command sent
to the node devices is the Relay status command, allowing the user to control the water pump remotely. After the
ticket message is sent, the master device enters a waiting state, anticipating data from a node device. Upon
receiving the data, the master device reads the time value, updates the display, and sends the data to the ESP32
(gateway). This process repeats for the number of node devices, as illustrated in Figure 2(a).

Figure 2(b) illustrates the flowchart of the ESP32 (gateway). Once the ESP32 is set up and connected
to Wi-Fi. In our system, Wi-Fi connectivity is facilitated by a 4G LTE router acting as a hotspot to distribute the
signal. A separate ESP32 microcontroller serves as a dedicated gateway, enabling efficient management and
minimizing errors that could arise if a single microcontroller were tasked with simultaneously handling both
ESP-NOW and Wi-Fi connections. The network name and password are pre-configured in the program for
seamless integration. The system connects to the ThinkSpeak server and waits to receive data from the master
device via wired 1°C communication. Upon receiving a Data_message, it displays temperature, humidity, and
water level. The node device, equipped with an ESP32 (node), waits to receive commands, specifically the
Ticket_message, from the master device. Upon receipt, it reads the temperature and humidity data from the
DHT22 sensor and the distance value from the ultrasonic sensor. The water level is calculated by subtracting the
distance read from the sensor from the length of the pipe. Additionally, the water pump’s operating status is
determined from the Relay status. Once all information is obtained, it is formatted into strings and sent via the
ESP-NOW protocol, as depicted in the flowchart in Figure 2(c).

The separation of functions between the ESP32 (master), which uses the ESP-NOW protocol for two-
way communication, and the ESP32 (gateway), which uses Wi-Fi communication, is intended to enhance
system stability and simplify algorithm development. Communication between the master device and node
devices is designed such that data transmission from each node device occurs only upon request from the
master device. This approach minimizes the risk of simultaneous data transmission from multiple node devices,
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which could lead to data loss and prevent the master device from receiving data. Additionally, this system can
support the integration of additional node devices in the future.
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Figure 2. Flowchart of the prototype of a semi-automatic alternating wet and dry rice planting system using
10T; (a) ESP32 master device, (b) ESP32 gateway, and (c) ESP32 node device

3. PROTOTYPE PERFORCEMANCE EXPERIMENTS

To study and test the performance of the wireless communication system using the ESP-NOW protocol,
we created a preliminary test kit consisting of a node device equipped with all necessary sensors and devices to
measure power consumption and range. Data is transmitted via the ESP-NOW protocol from the node device.
The principle for testing energy use involves measuring the voltage across a 1-ohm resistor (actually measured
at 0.9 ohms) connected in series between the power supply and the system [17]. The receiver is equipped with
an organic light-emitting diode (OLED) screen to display the temperature, humidity, and received signal strength
indicator (RSSI) values received from the node device. Additionally, the relay status and data transmission are
indicated using light-emitting diodes (LEDSs), as shown in Figure 3. The receiver does not require energy use
testing because it utilizes a 220-volt home power supply.

The performance testing of the prototype system for semi-automatic alternating wet and dry rice
cultivation using 10T technology was conducted in terms of energy consumption in transmitting data over a
wireless network. The node device data consists of temperature (4 bytes), humidity (4 bytes), water level (4
byte) and water pump operating status (4 bytes), totaling 16 bytes. The power consumption test considered two
cases: one where all devices and sensors were connected but no data was transmitted, and the second where 16
bytes of data were sent. In each case, a total of 30 data points were collected to find the average. The average
power consumption was calculated by multiplying the current (According to Ohm’s law, once the voltage
measurement is obtained and the resistor value is known, the current can be calculated) by the voltage from
the battery (7.44 volts). The test results showed that the power consumption during no data transmission was
1442.54 mW, while the power consumption during data transmission by the node device was 1489.98 mW.
Since our system uses additional sensor modules, it has a higher power consumption compared to the study
[17] that considered the transmission of 200 bytes (the maximum) of data and did not account for power
consumption from other sensor modules.
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Receiver

Figure 3. System performance testing kit

From the test data, the difference in power consumption between the two cases was found to be
47.44 mW, which is smaller than the difference observed in the study [17]. This indicates that the amount of
data sent affects energy consumption, but the relationship is not linear. Factors such as transmission time,
packet size, transmission frequency, and environment also influence this relationship. Performance
mechanisms of the protocol, such as packet size management and acknowledgment, play a role in determining
overall energy use. If data is sent every hour, we calculate the average power consumption over this period.

Ptxt+P;
Pavg = % )]

When P, is the power consumption during data transmission and P4, is the power consumption
during idle state. From the test results, it can be calculated £,,,, as 1,466.26 mW. Now, to find the battery life
(L) in hours:

__ Battery capacity

L 2

Pavg

Therefore, with a 3,000 mAh. battery capacity and considering the average power consumption, the battery can
last approximately 2.04 hours (approximately 2 hours and 2 minutes) under the described operating conditions,
where data is sent every hour.

Figure 4 shows the relationship between distance and the acceptable RSSI value. The test is divided
into two cases. The first case involves data transmission between the receiver and transmitter without any
packaging (no obstacles). The second case involves data transmission with the device installed in a PVC plastic
box (as used in actual conditions) for both the receiving and transmitting parts. Both test cases were conducted
on an open walkway, with RSSI values measured at each location 10 times and averaged. The results indicate
that RSSI values decrease as distance increases, characterized by an exponential decline. At the starting point
of 5 meters, the RSSI values in both cases were -50.7 and -51.8 dBm, respectively, showing a slight difference.
However, as the distance increases, the rate of decline for the case with the box is noticeably greater than that
for the case without the box. Tests showed that when the RSSI value is lower than -90 dBm, data transmission
in both cases sometimes fails. This conclusion is based on 10 transmission attempts, where not all attempts
succeeded, which is consistent with previous research [17], [24] that identified -90 dBm RSSI as a critical
threshold for reliable data transmission. When considering the maximum distance for both cases, it was found
that without the box, data can be transmitted up to 135 meters. With the box, data can be transmitted via the
ESP-NOW protocol up to 115 meters. However, the maximum distance for data transmission depends on
various factors, such as grassy areas, walkways, balconies, or playgrounds [25]. Even testing in the same open
area may yield different maximum distances. We can model the relationship between distance and RSSI value,
which can accurately characterize the actual condition of RSSI in position estimation space. RSSI is inversely
proportional to the distance d between the transmitter and receiver in two-dimensional space. In this model,
the equation accounts for the effect of obstructions, known as the log-normal shadowing model [26]. The
received power RSSI(d) is related to the distance d through the following model [27].

RSSI(d) = RSSI(d,) — 102 log (dio) +, 3)
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Where RSSI(d,) is the transmitted power in dBm received at the reference position d, in meters. A
is the path loss exponent, which depends on the surrounding environment and varies between 1.4 and 5.1 for
outdoor settings. ¢, represents a Gaussian distribution of random variables with a standard deviation . For
outdoor environments, ¢, ranges from 1.73 to 3.32, as indicated in Table 1 [25]. To study the efficiency of the
prototype system for semi-automatic alternating wet and dry rice cultivation using loT technology, this research
simulates a mathematical model to calculate the RSSI value corresponding to the system, shown by the green
line. The RSSI(d,) measured at a reference distance (d,) of 5 meters is -51.8 dBm (with case), with A=1.9 and
{,=3.32 (playground). It can be observed that when the RSSI value is greater than -80 dBm, the simulation results
from the mathematical model closely match the actual measurement results. This mathematical model can be used
as a reference for determining the installation distance between the master device and the node device.
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Figure 4. RSSI measurement of testing kit

Table 1. 1 and ¢, value for different condition

Condition A {;
Lawn 4.6~5.1 1.67~2.23
Balcony 1.4~24 2.00~4.00
Laboratory 1.4~2.2 2.39~3.46
Playground 1.9~2.2 1.73~3.32

4. STRUCTURE AND CONNECTION DESIGN

This section discusses the design process involved in connecting the hardware and structure of a
prototype semi-automatic wet and dry rice cultivation system using loT technology. Figure 5 shows the circuit
connections: Figure 5(a) node device circuit connections: The node device uses a 7.4-volt battery power supply.
A voltmeter is connected to the battery to display the voltage status of the system. The ultrasonic sensor and
DHT22 sensor are connected to the digital pins of the ESP32 board, which serve as inputs, and use the 5V and
3.3V outputs from the ESP32 as their power supply. The relay, which controls the operation of the water pump,
is connected to a digital pin as an output and uses a 3.3 V supply. Figure 5(b) master device circuit connections:
The master device is powered by a 220-volt house power supply, using a voltage converter to step down to
5 volts for connection to the ESP32 boards. A real-time clock module, driven by a 5-volt supply, uses I2C serial
communication through two digital pins, which serve as input pins. The Nextion touch-screen display
communicates data via two digital pins using the RS232 standard, which supports full-duplex data
transmission, allowing simultaneous sending and receiving of data. The display also uses a 5-volt supply from
the ESP32.

Figure 6 shows the structure and placement of the node device. The main structure is a 4-inch PVC
pipe with holes drilled at the end to allow water to flow into the pipe. At the top is a cone-shaped tube that
holds the circuit board. A hole is drilled in the side to install a male power plug for connecting the water pump
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and DHT22 sensor. The top threaded cap is equipped with a voltmeter and an on-off switch. The length of the
pipe is measured from the tip of the ultrasonic sensor to the end of the pipe, totaling 50 centimeters. The water
level can be determined by subtracting the distance measured by the sensor from the length of the pipe.
However, the length tube will change as the pipe is inserted into the ground.
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Figure 5. Schematic circuit diagram of; (a) node device and (b) master device
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Figure 6. Structure of node device prototype alternate wetting and drying rice cultivation using loT

OPERATION AND DISPLAY
For the NEXTION touch-screen display, we designed a total of four display screens, as shown in

Figure 7. The first screen shows the time and date retrieved from the real time clock, along with a login button.
When the login button is pressed, the second page appears, where a 4-digit password must be entered. After
entering the password, pressing the enter button (bottom left) will take you to the third page if the code is
correct. The third page displays all the node sensors in the network installed in the rice fields. You can press
the check-in button (red) to go to the fourth page, which shows the temperature, humidity, and current water
levels in the fields. Additionally, there is a water pump control button to manage water levels in the rice fields
according to the desired settings. Pressing the number 1 button on the display will pump water into the rice
fields until the set level is reached, while pressing the number 2 button will pump water out of the rice fields.
As shown in Figure 8, all four screens were designed using the Nextion editor program, a tool for designing
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human-machine interfaces (HMI). Various parameter data are displayed and received through the programming
screen using the Arduino IDE, allowing the ESP32 (master) and the Nextion display to communicate via the
universal asynchronous receiver-transmitter (UART) communication protocol.

Temperature Humidity Water level

27+C 85% 10 cm

Master device

Figure 8. Prototype of alternate wetting and drying rice cultivation using l1oT for precision agriculture

Figure 9 illustrates data transmission from a prototype of a semi-automatic wet and dry rice planting
system using loT technology, utilizing ThinkSpeak as a server to display results through the dashboard. The
figure comprises graphs displaying temperature, humidity, and water level data measured from two node
sensors (field 1, 3, 5 for node sensor 1 and field 2, 4, 6 for node sensor 2) over a period of 3 days, with data
sent every hour. All six charts demonstrate the water level measurements: node sensor 1 pumped water in until
it reached a level of 15 centimeters and pumped water out until it reached levels of 10 and 5 centimeters,
respectively. Node sensor 2 alternated pumping water in and out at levels of 5 and 10 centimeters. These tests
aimed to evaluate the accuracy and precision of water level measurement. The charts provide insights into
variations in temperature, humidity, and water levels over the specified time period. Consistency in data
formatting across both fields for each parameter indicates the reliability and validity of the data. Such detailed
analysis of time-varying data can significantly aid in environmental monitoring, resource management, and
understanding daily climate changes in rice fields.
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6. RESULT AND DISCUSSION

The prototype system demonstrate its effectiveness in supporting semi-automatic alternate wetting
and drying rice cultivation through reliable and efficient data communication and control mechanisms. Using
ESP32 microcontrollers and the ESP-NOW protocol, the system maintained low energy consumption and
stable data transmission over a range of up to 115 meters, even in outdoor conditions, making it suitable for
field applications. The clear separation of functions between the master and gateway ESP32 devices improved
system stability and reduced data loss by ensuring that data transmission from node devices only occurred upon
request from the master, minimizing interference. The relay module effectively controlled the water pump
based on real-time sensor data, allowing responsive water level adjustments according to the predefined
settings. The ThinkSpeak server’s integration enabled remote monitoring and visualization of key parameters,
such as temperature, humidity, and water levels, which could assist farmers in managing irrigation needs more
precisely. This system’s successful implementation and performance in managing water resources align with
the objectives of precision agriculture, providing a scalable and sustainable solution that can be expanded by
adding more nodes or integrating advanced data analysis for further optimization.

Additionally, we have presented a communication protocol between the master device and node
devices. This protocol addresses potential data collision issues, which can occur if multiple node devices are
deployed across a large field and need to send data to a single master device. If all node devices attempt to
transmit data simultaneously, data collisions may arise. To manage the order of communication, our protocol
designates the master device as the controller of data transmission. The master device sends a ticket to the first
node device in the network, prompting it to transmit its data, followed sequentially by each node device until
all devices have successfully communicated. With this transmission protocol, node devices are prevented from
sending data to the master device at the same time. However, it is essential to ensure that all node devices
within the network are continuously operational.

The testing prototype focused on evaluating the energy consumption and transmission range of the
node device using the ESP-NOW protocol. Performance was assessed under two conditions: one with all
sensors connected but idle, and another during active data transmission, where temperature, humidity, and
water pump status data were sent. By measuring voltage across a known resistor, current consumption was
calculated to determine power usage, revealing a slight increase in energy consumption during transmission.
The results also explored how factors like data packet size and transmission frequency impact power
consumption, indicating that while data size affects energy use, the relationship is non-linear. Additionally,
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experiments on transmission range highlighted that RSSI values declined with distance, with reliable data
transmission achievable up to 115 meters in field conditions, aligning with a critical threshold RSSI value of
-90 dBm. These results were complemented by an RSSI-distance model to guide practical node placement,
supporting efficient energy and data management in the field.

The design of the node and master devices is presented in detail, emphasizing how each component
and connection serves the study’s objectives of achieving energy-efficient and reliable communication for rice
field irrigation. The node device is housed in a durable PVC structure, supporting both weather resistance and
ease of maintenance, with sensors carefully positioned for optimal data collection on water levels, temperature,
and humidity. The connection of each sensor to the ESP32 microcontroller and its power regulation system is
illustrated, and the inclusion of a relay for water pump control is outlined. A master device, powered by a stable
220V supply, is configured to aggregate data from multiple nodes and transmit it via ESP-NOW to ThinkSpeak
for monitoring.

7. CONCLUSION

This study presents a scalable, 10T-based prototype for alternating wet and dry rice cultivation, with
findings that underscore the system’s potential to enhance precision agriculture through efficient water
management and real-time environmental monitoring. The system’s use of ESP32 microcontrollers and the
ESP-NOW protocol demonstrated low energy consumption, reliable data transmission, and a practical
communication range suitable for field deployment, addressing critical objectives related to energy efficiency
and resource conservation. Performance evaluations confirmed that the system could reliably transmit data up
to 115 meters, with the designed hardware configuration proving resilient in outdoor agricultural environments.
These results align with previous research on 10T applications in agriculture, while the addition of user-friendly
interfaces and robust real-time control contributes significantly to practical applications, making this system
accessible and manageable for farmers aiming to improve resource use and crop yield.

For the research field and agricultural community, these findings represent a substantial step forward
in developing sustainable, cost-effective technology for crop management, especially in water-scarce regions.
The adaptability of this system allows for further extensions, such as incorporating solar power to extend
battery life, adding more nodes to cover larger areas, or integrating ML algorithms to refine irrigation schedules
based on predictive data models. Future research could explore optimizing sensor networks for varied
environmental conditions or integrating this system with other 10T-based solutions in agriculture, creating a
comprehensive approach to resource management. Ultimately, this research contributes a valuable tool for the
agricultural community, advancing the adoption of precision agriculture technologies to address both current
and future challenges in food production and sustainability.
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