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Abstract

Precision agriculture increasingly depends on real-time monitoring
and automation to enhance crop yield and reduce resource waste.
Traditional irrigation systems either overuse or underutilize water due
to lack of real-time sensing and decision-making, leading to poor water
resource management. This research proposes a real-time embedded
system using a NodeMCU ESP8266 microcontroller integrated with
DHT11 (humidity and temperature), soil moisture sensors, and a
solenoid valve to implement smart irrigation. The algorithm evaluates
sensor data to trigger irrigation only when soil moisture falls below a
defined threshold. Simulations in the Proteus environment and real-
time tests demonstrated a 38.5% water savings and a 24.2% increase in
yield efficiency compared to traditional systems. The proposed system
also outperformed existing fuzzy logic and timer-based irrigation
systems in energy efficiency and response time.
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1. INTRODUCTION

With the increasing global population and the need for
sustainable agricultural practices, efficient water management in
irrigation systems has become a critical area of research.
According to recent reports, water scarcity affects approximately
2 billion people globally [1], and agricultural activities are
responsible for around 70% of freshwater use worldwide [2]. In
this context, the adoption of smart irrigation systems that leverage
advanced technologies such as the Internet of Things (loT),
sensors, and data analytics has emerged as a viable solution.
These systems can optimize water usage based on real-time data,
leading to substantial water savings and improved crop yields.

Traditional irrigation methods, such as timer-based or manual
irrigation systems, often result in wastage of water, either by over-
irrigating or under-irrigating the crops. In contrast, fuzzy logic-
based systems aim to optimize irrigation by mimicking human
reasoning to adjust water distribution based on environmental
factors, such as soil moisture, temperature, and humidity.
However, such systems can be computationally expensive and
sometimes fail to achieve real-time adaptability, especially in
remote or large-scale agricultural settings [3].

Despite the advancements in loT-enabled irrigation systems,
several challenges persist. First, the high energy consumption of
sensor-based systems remains a significant limitation. loT
systems require frequent data transmission, which can drain
battery life quickly, particularly when deployed in remote areas
without reliable power sources [4]. Second, while real-time
feedback from sensors to cloud platforms like ThingSpeak can
optimize water usage, the communication latency between data
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collection and decision-making can lead to delayed irrigation,
affecting crop growth [5]. Third, current control algorithms,
especially those based on predefined rules or fuzzy logic, lack
flexibility to adjust dynamically to changing environmental
conditions or user preferences [6]. Finally, scalability is another
challenge, as many existing systems are designed for small-scale
farms and may not easily adapt to larger agricultural operations or
multiple crop types.

The primary problem addressed in this research is the
inefficient use of water in traditional and existing loT-enabled
irrigation systems, which often fail to provide timely and optimal
irrigation based on real-time environmental conditions. This
results in both water wastage and suboptimal crop yield. Existing
methods, such as timer-based irrigation systems and fuzzy logic
controllers, either rely on static schedules or computationally
intensive processes that may not be responsive enough to
changing soil moisture levels.

This research aims to design and implement a threshold-based
decision algorithm for irrigation that:

+ Dynamically adjusts water distribution based on real-time
soil moisture levels, using 10T sensors.

 Optimizes water savings and crop yield improvement,
compared to traditional systems.

« Minimizes energy consumption by incorporating deep sleep
cycles and reducing data transmission frequency.

* Increases system uptime and reliability by leveraging cloud-
based monitoring and remote control through platforms like
ThingSpeak.

The key innovation of this work lies in the threshold-based
decision algorithm, which combines the strengths of real-time
feedback, sensor integration, and cloud connectivity for more
adaptive and efficient irrigation. Unlike traditional systems, this
algorithm continuously monitors soil moisture and triggers
irrigation only when necessary, thus reducing water wastage.
Additionally, the system implements deep sleep cycles to extend
battery life and optimize energy usage, a feature not commonly
found in conventional 10T irrigation systems. The contributions
of this research include:

A novel threshold-based control mechanism for irrigation
optimization.

« A framework for cloud-based monitoring of irrigation
performance using ThingSpeak.

» Comparative analysis of the proposed method against
existing irrigation approaches (e.g., timer-based, fuzzy
logic).

» A comprehensive evaluation of water savings, crop yield,
energy consumption, and system uptime.
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2. RELATED WORKS

In the field of smart irrigation, numerous studies have
proposed innovative solutions to address water management
challenges. These solutions typically rely on 10T technology and
data analytics to monitor environmental conditions in real-time
and adjust irrigation schedules accordingly.

Timer-based irrigation systems have long been a standard for
agricultural irrigation, where water is supplied at fixed intervals,
independent of soil moisture levels. Although simple and easy to
implement, these systems are inefficient, often leading to over-
irrigation or under-irrigation. Various studies have explored
improvements to timer-based systems by introducing sensor data
to fine-tune irrigation schedules, but this remains a basic approach
to water management [8].

Fuzzy logic-based controllers have been widely applied in
automated irrigation systems. These systems mimic human
reasoning and use fuzzy rules to determine the amount of water
needed based on various input parameters, such as soil moisture,
temperature, and humidity. Researchers [9] and [10] have
developed fuzzy logic models for irrigation, achieving better
water management than traditional systems. However, these
models often suffer from high computational costs and lack real-
time adaptability, which limits their effectiveness in large-scale
operations.

The integration of 10T and sensor-based systems with cloud
platforms for real-time monitoring has gained significant
attention in recent years. For example, [11] proposed a system that
connects soil moisture sensors to a cloud-based platform for data
analysis and decision-making. While these systems improve
water efficiency by enabling remote monitoring, they still face
challenges such as high energy consumption and latency in data
transmission.

The loT-based threshold control systems introduced by [12]
represent a significant step forward. These systems trigger
irrigation when soil moisture falls below a predefined threshold,
allowing for more responsive and efficient water management.
However, these methods still need to be improved in terms of
energy efficiency and scalability for large agricultural fields.

A few studies have attempted to combine multiple
technologies, such as machine learning and sensor networks, for
intelligent irrigation control. [13] integrated machine learning
algorithms to predict water requirements based on environmental
data, achieving greater precision in irrigation scheduling. While
promising, these systems often rely on complex models that
require significant computational resources, making them less
suitable for resource-constrained environments.

Energy-efficient designs have been explored by [14], who
designed low-power irrigation systems based on low-power
microcontrollers and sleep cycles to extend the system’s
operational life in off-grid areas. However, these designs often
compromise on the frequency and reliability of data updates,
impacting their real-time decision-making capabilities.

Cloud-based irrigation monitoring systems, such as those
using ThingSpeak [15], have been widely implemented for remote
monitoring and control of irrigation systems. These systems
enable farmers to track soil moisture and other parameters in real
time and adjust irrigation schedules via a web interface. While
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effective for small-scale farms, these systems often face
challenges when scaling up to larger agricultural operations.

Finally, hybrid systems, combining multiple approaches, such
as fuzzy logic and threshold-based control, have been explored in
several studies. [16] integrated both fuzzy logic and threshold-
based approaches for irrigation, achieving a balanced trade-off
between water savings and energy consumption. However, the
complexity of such systems can sometimes hinder their practical
implementation.

Thus, while various methods have been proposed to optimize
irrigation using loT and data-driven approaches, challenges such
as energy efficiency, scalability, and real-time responsiveness
remain. This study introduces a threshold-based decision
algorithm that addresses these limitations by combining adaptive
control, low-energy consumption, and cloud-based monitoring for
smarter and more sustainable irrigation practices.

3. PROPOSED METHOD

The proposed method utilizes an ESP8266 Wi-Fi
microcontroller as the central control unit for managing irrigation.
Sensors for temperature, humidity, and soil moisture collect
environmental data in real-time. These values are processed
through a threshold-based decision algorithm embedded in the
firmware, triggering irrigation only when the soil moisture level
drops below a predefined value (30%). The control signal
activates a solenoid valve connected to the water source, thereby
enabling automatic irrigation. Real-time feedback is also sent to a
cloud platform (ThingSpeak) for monitoring and analytics. The
firmware is developed using the Arduino IDE, with sensor data
polled every 5 seconds. Power efficiency is ensured via deep sleep
cycles during idle states.

3.1 PROPOSED THRESHOLD-BASED DECISION
ALGORITHM

The Threshold-Based Decision Algorithm is designed to make
real-time irrigation decisions based on soil moisture levels. The
algorithm continuously monitors the moisture data from the
sensor, compares it with a predefined threshold, and triggers
irrigation when necessary. Below is the detailed explanation of
how this algorithm works, along with tables and equations to
demonstrate its functionality.

1. Data Collection: The soil moisture sensor reads the
moisture level in the soil at regular intervals. Additionally,
temperature and humidity data are collected to cross-check
environmental conditions.

2. Threshold Comparison: The algorithm compares the
current moisture level with a predefined threshold. If the
moisture level is below the threshold, irrigation is
triggered.

3. Irrigation Decision: If the moisture level is below the
threshold, the solenoid valve is opened, allowing water to
flow. Once the moisture level is back within the acceptable
range, irrigation is stopped.

4. Feedback Mechanism: After irrigation is completed, the
moisture level is rechecked to ensure that the system
operates within optimal moisture conditions.
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Table.1. Moisture Data vs. Threshold Comparison

Sensor Reading|Threshold| Decision
(Moisture %) | (30%) |(Irrigate?)
25 30 Yes
35 30 No
28 30 Yes
32 30 No
40 30 No

The Table.l demonstrates how the moisture readings are
compared with the threshold. If the reading is less than 30%,
irrigation is triggered. Let the current soil moisture level be
denoted by M(t) and the threshold value by T. The decision
function D(t) is represented as:

1 ifM@)<T
D(t)=+" . @
0 ifM@®t)=T
where, D(t)=1 means the system triggers irrigation. D(t)=0 means
the system does not trigger irrigation.

Table.2. Irrigation Action with Time Stamps

Time Soil Igggii?:)%n Irrigation Action
Moisture (%) (Valve Open/Closed)
(B()
08:00:00 25 1 Valve Open
08:05:00 32 0 Valve Closed
08:10:00 28 1 Valve Open
08:15:00 33 0 Valve Closed

The Table.2 shows how the algorithm checks the moisture
levels at regular time intervals and takes actions accordingly. The
irrigation system turns on (Valve Open) when the moisture level
falls below the threshold and turns off (Valve Closed) once the
moisture level is sufficient. To ensure continuous and real-time
monitoring, the algorithm uses a feedback loop. The soil moisture
level is updated based on the irrigation action:

M(t+1) =M (t)+AM -W () 2
where,
M(t+1) is the updated moisture level at the next time step.
M(t) is the current moisture level.

AM is the moisture increase from irrigation (typically a constant
value based on the amount of water released).

W(t) represents the moisture loss over time due to evaporation and
plant absorption, which is modeled as a function of temperature
and humidity.

For simplicity, let’s assume W (t) = k x Tempx Hum , where k

is a constant factor that represents moisture loss per degree
Celsius and humidity percentage. By using this threshold-based
decision-making process, the proposed system ensures that
irrigation is only performed when necessary, resulting in water
savings and optimized crop growth.
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3.2 REAL-TIME FEEDBACK TO THE CLOUD
(THINGSPEAK)

The core of the proposed system is the control signal that
drives the operation of the irrigation system. Additionally, real-
time feedback is provided to a cloud platform (ThingSpeak) for
monitoring and analytics. This feedback allows farmers to track
system performance remotely and ensure the irrigation system
operates efficiently. The embedded firmware, developed using
Arduino IDE, includes deep sleep cycles for power efficiency, as
the system is designed for long-term operation in remote areas.

3.2.1 Control Signal and Actuation

» Control  Signal Generation: The microcontroller
(ESP8266) continuously monitors the soil moisture. Once
the moisture level falls below the predefined threshold
(30%), a control signal is generated to trigger the solenoid
valve, allowing water to flow.

* Valve Control: The control signal sent by he
microcontroller is a digital high signal (3.3V) that drives the
solenoid valve. The valve remains open until the moisture
level reaches an acceptable level (e.g., 40%).

* Cloud Feedback: Real-time data from the soil moisture
sensor, as well as the status of the solenoid valve, is sent to
a cloud platform (ThingSpeak) via Wi-Fi. This allows for
remote monitoring and control by the farmer, providing a
dashboard that displays the current moisture level, valve
status, and other relevant data.

3.2.2 Deep Sleep Cycles:

The system is designed with power efficiency in mind. Since
the sensors are only read at periodic intervals (e.g., every 5
seconds), the microcontroller enters deep sleep between readings
to conserve energy. During deep sleep, the ESP8266 consumes
minimal power (around 20 pA) and wakes up only when it’s time
to read the sensors or send data to the cloud. The deep sleep cycle
is controlled through the Arduino code, using the
ESP.deepSleep() function, and is configured to wake up every 30
seconds (adjustable based on requirements).

Table.3. Control Signal and Valve Status

Time Soil Control Valve Status L(J:Igl;(tje

(HH:MM:SS) Moisture| _ Signal (Open/Closed) gent
: : o ;

(%) |(High/Low) (Yes/No)
08:00:00 25 High Open Yes
08:05:00 32 Low Closed Yes
08:10:00 28 High Open Yes
08:15:00 33 Low Closed Yes

The Table.3 demonstrates how the control signal works to
actuate the valve based on soil moisture readings. The system
sends feedback to the cloud after each reading. The deep sleep
function is managed through the following code in the Arduino
IDE:

ESP.deepSleep(30 * 1000000); // Sleep for 30 seconds

This sleep cycle ensures that the system wakes up periodically,
checks the moisture levels, and processes the control signal
accordingly.
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The control signal is determined by comparing the soil
moisture reading M(t) with the threshold T:

High ifM(t)<T
Low ifM@)>T
where, High means the solenoid valve is triggered to open

(irrigation starts). Low means the valve is closed (irrigation
stops).

Control Signal (C) = { 3

3.3 CLOUD FEEDBACK AND MONITORING

To enable real-time monitoring, the microcontroller sends
data to the ThingSpeak cloud platform using the ThingSpeak API.
This data is uploaded via Wi-Fi in the following format:

« Soil Moisture Level (M): Real-time soil moisture data.

* Valve Status (V): Indicates whether the valve is open or
closed.

» Timestamp: The time at which the data was collected.

Table.2. Cloud Platform Data (ThingSpeak)

Time Soil Valve Status |Cloud Update

(HH:MM:SS)|Moisture (%)|(Open/Closed) | (ThingSpeak)
08:00:00 25 Open Sent
08:05:00 32 Closed Sent
08:10:00 28 Open Sent
08:15:00 33 Closed Sent

The Table.2 demonstrates how the cloud platform stores and
displays real-time data from the system. Each time the system
wakes up from deep sleep and takes a reading, the data is sent to
ThingSpeak for remote monitoring.

« Control Signal: The control signal is generated based on
moisture readings and is responsible for triggering the
irrigation system (open/close valve).

 Deep Sleep Cycles: The system enters deep sleep between
readings to conserve power, ensuring efficient long-term
operation.

* Cloud Feedback: Real-time data is sent to ThingSpeak for
remote monitoring, allowing farmers to always observe soil
moisture levels and valve status.

4. RESULTS AND DISCUSSION

Simulations were performed using Proteus 8.12, where sensor
values and response behavior were modeled. For hardware
implementation, a laptop with Intel Core i7-1165G7 CPU, 16GB
RAM running Windows 11 was used for coding and serial
monitoring. Firmware was developed in Arduino IDE v2.1.0 and
tested using actual ESP8266 modules. We compared the system
against three conventional methods:

» Timer-based irrigation system — Uses fixed intervals for
watering.

* Fuzzy logic-based controller — Uses fuzzy rules for sensor
data to trigger irrigation.

» Manual irrigation — Controlled by farmers based on visual
inspection.
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The proposed system showed superior performance in energy
consumption, water usage, and crop yield with average sensor-to-
action latency of 0.8 seconds, compared to 2.2s for fuzzy logic
and no latency control for timer/manual methods.

Table.4. Experimental Setup and Parameters

Parameter Value

Soil moisture threshold 30%
Temperature sampling interval |5 seconds
Humidity sampling interval |5 seconds
Sensor accurac £5% (DHTL1I),

y +3% (moisture)
Deep sleep duration 30 seconds

P P (between checks)
Operating voltage 3.3V
Wi-Fi transmission interval |- cY 50 seconds to
ThingSpeak

4.1 PERFORMANCE METRICS

» Water Savings (%0): Percentage reduction in water usage
compared to traditional methods.

* Crop Yield Improvement (%): Increase in crop output due
to optimized irrigation.

* Response Time (s): Time between sensing moisture drop
and actuation of the irrigation system.

+ Energy Consumption (mAh/day): Total power consumed
by the system daily.

« System Uptime (%): Percentage of time the system
remained online and functional without human intervention.

Table.5. Water Savings (%)

Method High Control Signal{Low Control Signal
Timer-based 15% 10%
irrigation system
Fuzzy logic-based 20% 18%
controller
Manual irrigation 5% 3%
Proposed method o 0
(Threshold-based) 38.5% 28%

Table.6. Crop Yield Improvement (%)

Method High Control Signal{Low Control Signal
fl'lmer?based 50 30
irrigation system
Fuzzy logic-based 12% 10%
controller
Manual irrigation 2% 1%
Proposed method o 0
(Threshold-based) 24.2% 15%
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Table.7. Response Time (s)

Method High Control|Low Control
Signal Signal

Tlmer_—based 10 15
irrigation system
Fuzzy logic-based 8 12
controller
Proposed method
(Threshold-based) 0.8s 1.2s

Table.8. Energy Consumption (mAh/day)

Method High Control Signal{Low Control Signal
Timer-based 350 300
irrigation system
Fuzzy logic-based
controller 250 230
Proposed method 180 120

(Threshold-based)

Table.9. System Uptime (%)

Method High Control Signal|Low Control Signal
Timer-based 90% 80%
irrigation system
Fuzzy logic-based 92% 85%
controller
Manual irrigation 70% 60%
Proposed method 98% 96%

(Threshold-based)

The proposed threshold-based decision algorithm outperforms
all existing methods across all performance metrics. Specifically,
water savings are highest with the proposed method, achieving a
38.5% savings under high control signal and 28% under low
control signal, compared to only 15-20% savings in fuzzy logic
and timer-based systems. This is due to the algorithm’s ability to
activate irrigation only when necessary, based on real-time sensor
data.

In terms of crop yield improvement, the proposed method
again leads with a 24.2% increase under high control signal, with
a 15% improvement under low control signal. Traditional
systems, on the other hand, show minimal yield improvement
(around 5-12%). This improvement is due to optimized water
usage, resulting in better soil conditions for plant growth.

Response time is significantly better in the proposed system,
with the system reacting in under 1 second, compared to the 8-15
seconds observed in fuzzy logic and timer-based systems. This
reduces the lag between detecting moisture deficiency and
activating the irrigation system.

When it comes to energy consumption, the proposed system
is more efficient, consuming just 180mAh under high control
signal and 120mAh under low control signal. This is due to the
deep sleep cycles and efficient processing of data, as compared to
the higher energy consumption of the timer-based and fuzzy logic
systems.
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Finally, system uptime is near 100% for the proposed method,
showing 98% uptime under high control signal and 96% under
low control signal, compared to 70-90% for traditional systems.
The system’s ability to remain operational without requiring
manual intervention or complex logic results in greater reliability.

These results confirm that the proposed system offers
significant improvements in water efficiency, energy
consumption, crop yield, and system reliability over existing
irrigation methods.

Table.10. Water Savings (%)

Every
60s

Every
120s

Every
180s

Every

Method 2408

Timer-based
irrigation system

Fuzzy logic-based
controller

Manual irrigation

Proposed method
(Threshold-based)

10% | 12% | 13% | 15%

15% | 17% | 18% | 20%

5% | 6% | 7% | 8%

38.5%| 35% | 33% | 28%

Table.11. Crop Yield Improvement (%)

Every|Every|Every|Every
Method 60s | 1205 | 180s | 240s
Timer-based a% | 5% | 6% | 8%
irrigation system
Fuzzy logic-based 8% | 10% | 11% | 1206
controller
Manual irrigation | 2% | 3% | 4% | 5%
Proposed method o 0 0 0
(Threshold-based)| 2+2%0| 22% | 20% | 15%
Table.12. Response Time (s)
Every|Every|Every|Every
Method 60s | 1205 | 180s | 240s
Timer-based 12s | 14s | 15s | 18s
irrigation system
Fuzzy logic-based 10s | 125 | 135 | 155
controller
Proposed method
(Threshold-based)| *8° | 18 | 125 | 1.5

Table.13. Energy Consumption (mAh/day)

Every|Every|Every|Every
Method 605" | 120s | 180s | 2405
Timer-based 320 | 300 | 280 | 260
irrigation system
Fuzzy logic-based 240 | 220 | 210 | 200
controller
Proposed method
(Threshold-based)| 89 | 160 | 150 | 120
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Table.14. System Uptime (%)

Every
60s

Every
120s

Every
180s

Every

Method 2408

Timer-based
irrigation system

Fuzzy logic-based
controller

Manual irrigation

Proposed method
(Threshold-based)

The proposed threshold-based decision algorithm consistently
outperforms the existing methods across all performance metrics.
As the frequency of updates to ThingSpeak increases (i.e., every
60s to 240s), water savings gradually decrease for the proposed
method but remain much higher compared to timer-based and
fuzzy logic systems. For example, at 60s, the proposed method
saves 38.5% of water, while timer-based and fuzzy logic systems
save only 10% and 20%, respectively.

Crop yield improvement is similarly highest with the proposed
method, showing a peak of 24.2% at 60s and declining to 15% at
240s. In comparison, the fuzzy logic-based controller provides
only up to 12% improvement, and manual irrigation offers
minimal benefits.

The response time for the proposed method is remarkably low,
with response times of just 0.8s at 60s intervals, compared to 12-
18 seconds for the other methods. This speed leads to more
efficient real-time irrigation control.

When evaluating energy consumption, the proposed system is
much more power-efficient, particularly when the system checks
every 60s (180mAh), compared to 320mAh for timer-based
systems and 240mAnh for fuzzy logic systems. Finally, the system
uptime is highest for the proposed method, reaching 98% at 60s
intervals and remaining stable even as the update frequency
increases.

92% | 90% | 88% | 85%

94% | 93% | 91% | 89%

75% | 70% | 65% | 60%

98% | 96% | 95% | 92%

5. CONCLUSION

The proposed threshold-based decision algorithm for smart
irrigation offers substantial improvements over existing methods.
With its real-time monitoring, the system is able to provide
significant water savings, up to 38.5%, compared to just 5-20%
with traditional systems. Additionally, the system’s ability to
respond swiftly (under 1 second) ensures that irrigation is
triggered precisely when necessary, improving crop yield by
24.2% under high control signal conditions.

Moreover, the proposed method is highly energy-efficient,
consuming significantly less power compared to timer-based and
fuzzy logic controllers, while maintaining high system uptime
(98% at 60-second intervals). This makes it particularly suitable
for long-term operation in remote agricultural environments
where power and water conservation are crucial.

By integrating real-time feedback with ThingSpeak, the
proposed system offers remote monitoring and management,
enhancing the efficiency and reliability of agricultural operations.
These benefits demonstrate that the threshold-based decision
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algorithm represents a superior solution for modern irrigation
needs, leading to more sustainable agriculture.
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