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Abstract - Agriculture remains a critical sector for 

global sustenance, yet it faces major challenges due to 

increasing water scarcity, climate change, and 

dependence on manual labor for irrigation 

management. Traditional irrigation methods often 

lead to overwatering or underwatering, resulting in 

water wastage and reduced crop productivity. This 

paper presents the development and implementation 

of a Smart Irrigation System that leverages Internet of 

Things (IoT) technologies to automate and optimize 

the irrigation process. The proposed system uses soil 

moisture sensors to monitor real-time soil conditions, 

a water level sensor to track tank capacity, and a 

weather forecasting API to make intelligent decisions 

about watering schedules. A web and mobile-based 

interface allows farmers to set irrigation parameters 

such as motor on/off timings, watering duration, and 

specific field targeting. In addition, a manual override 

mechanism is integrated to ensure uninterrupted 

operation in case of automation failure. 

The system is built around a microcontroller (e.g., 

ESP32/Raspberry Pi), interfaced with sensors, motor 

relay, and cloud communication services. Real-time 

data from the field is continuously uploaded and 

visualized on a user-friendly dashboard. By combining 

automation with environmental sensing, this solution 

significantly reduces water consumption, increases 

efficiency, and enables remote management of 

irrigation tasks. Experimental results demonstrate 

that the system can adapt to varying soil conditions 

and weather changes, providing timely irrigation while 

saving valuable resources. The proposed model is 

scalable, cost-effective, and adaptable to various types 

of crops and farm sizes, making it a strong step toward 

precision agriculture and sustainable farming. 

Index Terms -IoT, Soil Moisture Sensor, Water Level 

Monitoring, Weather Forecasting, Precision 

Agriculture, Automation, Sustainable Farming, Remote 

Monitoring, Microcontroller, Web-Based Control, 

Water Conservation 

I. INTRODUCTION 

Agriculture is the backbone of many developing 

economies and plays a vital role in ensuring food 

security and economic stability. However, the sector 

is under increasing pressure due to the rising global 

population, water scarcity, labor shortages, and the 

unpredictable effects of climate change. Among 

these challenges, inefficient irrigation practices 

remain a major concern, often resulting in excessive 

water usage, poor crop yields, and soil degradation. 

Traditional irrigation methods—such as flood 

irrigation or manual watering—are typically labor-

intensive and lack the precision required to meet the 

dynamic needs of different crops and soil types. 

To address these limitations, modern agriculture is 

gradually shifting toward smart and automated 

irrigation solutions that integrate technology with 

traditional farming. The emergence of the Internet of 

Things (IoT) has opened new avenues for remote 

sensing, real-time data acquisition, and intelligent 

decision-making in agricultural systems. With the 

integration of IoT, farmers can now monitor critical 

environmental parameters such as soil moisture, 

water levels, and weather conditions, and automate 

irrigation based on actual field requirements rather 

than predefined schedules. 

This paper presents the design and implementation 

of a Smart Irrigation System that utilizes IoT 

sensors, cloud connectivity, and a user-friendly 

web/mobile interface to provide an automated, 

scalable, and cost-effective solution for irrigation 

management. The system continuously monitors 

soil moisture using capacitive sensors and triggers a 

water pump only when the soil moisture drops below 

a user-defined threshold. Additionally, a water level 

sensor is used to monitor the status of the water tank 

to prevent dry run situations. The integration of a 

weather forecasting API ensures that irrigation is 

withheld during expected rainfall, thereby 

conserving water and protecting crops from 

overwatering. 
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Furthermore, the system allows the farmer to control 

the motor manually or automatically using a mobile 

app or web portal, even from remote locations. It 

also provides detailed insights into the soil 

condition, irrigation history, and water usage. To 

ensure operational reliability, a manual override 

switch is included to control the motor physically in 

case of automation failure or connectivity issues. 

The main objective of this project is to develop a 

low-cost, energy-efficient, and reliable irrigation 

system that empowers farmers to make data-driven 

decisions, optimize water usage, and ultimately 

improve crop productivity. The proposed solution 

aligns with the goals of precision agriculture and 

promotes sustainable farming practices, especially 

in regions where water is a limited resource. 

In the subsequent sections, we provide a detailed 

literature review, system architecture, 

implementation methodology, results, and 

conclusions that validate the performance and 

effectiveness of the Smart Irrigation System. 

II. BACKGROUND AND LITERATURE 

REVIEW 

The agricultural sector is undergoing a 

transformation due to the integration of modern 

technologies such as the Internet of Things (IoT), 

Machine Learning (ML), and automation. 

Traditional farming practices, which heavily rely on 

manual labor and unpredictable weather patterns, 

are increasingly being replaced with data-driven 

smart agriculture solutions to improve crop yield, 

conserve resources, and reduce labor dependency 

[1]. 

IoT-based smart farming has emerged as a powerful 

approach to remotely monitor and manage 

agricultural operations such as irrigation, pest 

detection, and soil analysis through various sensors 

and actuators [2][3]. These systems enhance 

decision-making and minimize human intervention 

by automating key processes like irrigation 

scheduling and environmental monitoring [4]. 

Several researchers have utilized Raspberry Pi and 

microcontrollers for deploying real-time pest 

detection, tank water monitoring, and sensor data 

processing in agriculture fields [5][6][7]. 

Smart irrigation is one of the key areas where IoT 

and sensor-based systems have demonstrated 

significant improvements. Systems integrating 

parameters like soil moisture, temperature, and 

humidity with control units have achieved optimal 

water usage in irrigation [8][9][10]. Moreover, the 

integration of remote sensing technologies and 

platforms like AREThOU5A provides real-time 

irrigation control for large-scale farms [11][12]. 

Weather forecasting also plays a critical role in 

planning irrigation cycles and selecting suitable 

crops. API-based weather prediction models and 

ML-driven rainfall prediction techniques ensure 

accurate short-term and long-term climate 

forecasting, directly impacting yield and resource 

utilization [13][14][15][16]. 

Soil analysis is another vital component, where IoT-

enabled nutrient detection systems offer real-time 

insights into soil health. This has led to precision 

fertilizer recommendations and better crop planning 

[17][18][19][20]. Crop recommendation systems 

further utilize soil properties, environmental factors, 

and ML algorithms to suggest optimal crops, 

maximizing productivity and land usage 

[21][22][23]. 

Drone technologies have also revolutionized 

modern farming by offering aerial insights into crop 

health, facilitating pesticide spraying, and detecting 

nutrient deficiencies. These autonomous drones, 

powered by ML algorithms such as CNNs and 

Random Forest classifiers, enhance large-scale farm 

monitoring [24][25][26][27][28][29]. 

Additionally, advancements in crop yield prediction 

using ensemble ML models and deep learning 

methods have made it possible to forecast yields 

with high accuracy. These models consider various 

parameters like historical data, weather, and soil 

characteristics [30][31][32][33]. 

Crop health monitoring has advanced through the 

use of vegetation indices like NDVI, deep learning, 

and AI-driven systems. These systems detect 

diseases early, track plant growth, and manage 

nutrient deficiencies effectively 

[34][35][36][37][38]. 

Finally, fertilizer recommendation systems based on 

regression analysis and ML optimize the application 
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of nutrients, reducing wastage and environmental 

impact [39][40]. Together, these technologies are 

forming the foundation for the future of precision 

agriculture, ensuring sustainability, profitability, 

and scalability. 

 

III. ARCHITECTURE DIAGRAM 

 

The system architecture is designed to enable 

efficient, real-time monitoring and control of 

irrigation activities using a distributed IoT 

framework. The architecture is divided into three 

primary layers: the Field Layer, the Hub Layer, and 

the Cloud & Application Layer. 

1. Field Layer (End Devices & Sensors) 

This layer consists of multiple End Points (1 to 4), 

each connected to specific sensors deployed in 

different parts of the farm. These sensors collect data 

such as soil moisture, temperature, humidity, and 

water levels. The data from these endpoints is 

transmitted wirelessly to the ESP32 microcontroller 

using BLE (Bluetooth Low Energy). 

2. Hub Layer (Local Processing Unit) 

At the core of the system is the Raspberry Pi (RPI), 

which acts as a central Hub. It communicates with 

all the ESP32 nodes over BLE and gathers the sensor 

data. The RPI is equipped with a LINUX-based OS 

and runs an MQTT Client, which securely publishes 

the collected data to a remote MQTT Broker for 

further processing. 

3. Cloud & Application Layer (Backend Services & 

User Interface) 

The MQTT Broker forwards the sensor data to 

backend Services running on a Tomcat Server, 

which process the incoming information and store it 

in a Database (DB). These services also handle 

commands from the user (like turning irrigation 

motors on/off or setting schedules) and relay them 

back to the RPI via MQTT. 

A responsive App/Website connects to the Tomcat 

services, enabling farmers to monitor real-time 

sensor data, receive alerts, and control irrigation 

activities remotely from any device. 

IV. TECH STACK 

The system integrates multiple technologies across 

hardware, firmware, backend services, and frontend 

applications to achieve seamless communication, 

data acquisition, processing, and user interaction. 

Below is a breakdown of the complete technology 

stack: 

1. Hardware Components 

ESP32 Microcontrollers: These low-power, Wi-Fi 

and BLE-enabled microcontrollers are used at each 

end-point to interface with environmental sensors 

(soil moisture, temperature, humidity, etc.). BLE is 

used to efficiently transmit data to the hub 

(Raspberry Pi). 

Sensors: A variety of analog and digital sensors are 

connected to ESP32 units. These include: 
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● Soil Moisture Sensors 

● Temperature and Humidity Sensors (e.g., 

DHT11/DHT22) 

● Water Level Sensors 

Raspberry Pi (RPI): Acts as the central Hub, running 

a Linux-based OS. It collects BLE data from ESP32 

modules, processes it, and communicates with the 

cloud infrastructure using the MQTT protocol. 

Power Supply and Protection Circuits: Ensure 

reliable and safe operation in outdoor farming 

conditions. 

2. Communication Protocols 

● BLE (Bluetooth Low Energy): Used between 

ESP32 microcontrollers and the Raspberry Pi 

for low-energy short-range data transmission. 

● MQTT (Message Queuing Telemetry 

Transport): A lightweight messaging protocol 

ideal for IoT. The Raspberry Pi functions as an 

MQTT client, publishing sensor data to the 

MQTT broker. 

3. Backend Technologies 

● MQTT Broker (e.g., Mosquitto): Facilitates 

publish-subscribe messaging between devices 

and the backend server. It receives data from the 

MQTT client on the Raspberry Pi and forwards 

it to services. 

● Tomcat Server: Hosts backend services that 

receive MQTT messages, parse sensor data, 

handle business logic, and respond to user 

commands. 

● Database (e.g., MySQL or PostgreSQL): Stores 

structured data from sensors and user actions for 

historical analysis, reporting, and dashboard 

visualization. 

● Backend Services (Java): Developed in Java to 

handle data ingestion, API responses, motor 

control commands, and communication 

between frontend and database. 

4. Frontend Technologies 

● Website: Developed using TypeScript for 

enhanced type safety and scalability. 

● Framework: Likely built using modern frontend 

frameworks like React or Angular with 

TypeScript for component-based UI. 

● Features: Real-time data dashboard, historical 

charts, motor control interface, and alert 

notifications. 

● Responsive Design: Ensures accessibility 

across devices (mobile, tablet, desktop). 

5. Operating System & Development Tools 

● Linux-based OS (on Raspberry Pi): Provides a 

reliable environment for running BLE and 

MQTT clients, with support for Python and 

Shell scripts. 

Programming Languages: 

● C/C++: Used for programming ESP32 

microcontrollers. 

● Python: Utilized on Raspberry Pi for MQTT 

communication and data parsing. 

● Java: Powers backend services deployed on 

Tomcat. 

● TypeScript: Drives frontend website 

development for robust, type-safe interfaces. 

VI. IMPLEMENTATION 

The implementation phase of the Smart Irrigation 

System project involved integrating hardware, 

software, and communication layers to ensure 

seamless data flow from sensors to the user 

interface. The system was implemented in the 

following layered manner: 

1. Sensor Node Setup (ESP32 Endpoints) 

● Each end-point consists of an ESP32 

microcontroller connected to various sensors 

like soil moisture, temperature, humidity, and 

water level sensors. 

● The ESP32 continuously reads sensor values 

and uses Bluetooth Low Energy (BLE) to 

transmit data to the central hub (Raspberry Pi). 

● Sensor data is sent at predefined intervals, and 

the ESP32 operates in power-saving modes 

between transmissions. 

2. Central Hub (Raspberry Pi) 

● The Raspberry Pi acts as a central BLE scanner 

and MQTT client. 

● It is programmed using Python, which scans 

and connects to ESP32 endpoints, receives BLE 
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data, formats it, and publishes it to the MQTT 

Broker. 

● The Raspberry Pi runs on a Linux-based OS and 

stays continuously connected to the internet, 

ensuring reliable data transmission. 

3. Communication via MQTT 

● The Raspberry Pi publishes sensor data to an 

MQTT broker using defined topics. 

● The MQTT protocol ensures reliable, low-

bandwidth, and real-time message delivery to 

backend services. 

● The system uses topic naming conventions to 

distinguish between different end-points and 

sensor types. 

4. Backend Integration 

● Backend services, deployed on a Tomcat server, 

subscribe to MQTT topics. 

● These services are developed in Java and are 

responsible for: 

○ Parsing incoming data 

○ Storing it in a structured database 

○ Processing irrigation logic 

● Sending motor control commands back through 

MQTT if needed 

5. Web Dashboard & User Interaction 

The frontend is a TypeScript-based website, 

providing farmers with a clean, responsive interface 

to: 

● Monitor real-time sensor data 

● View historical trends 

● Manually control the irrigation motor 

● Configure threshold settings and receive alerts 

Data is fetched via REST APIs from backend 

services, ensuring secure and consistent access. 

6. Manual Override & Automation Fallback 

● In case of automation failure or network issues, 

a manual switch connected to the motor allows 

farmers to operate irrigation manually. 

● The system ensures motor control can be 

resumed via the app/website once connectivity 

is restored. 

B. Protocols (MQTT) 

1. Message Queuing Telemetry Transport (MQTT) 

Message Queuing Telemetry Transport (MQTT) is 

used as the primary communication protocol for data 

exchange between devices and the web application. 

MQTT is lightweight, efficient, and suitable for low-

bandwidth environments, making it ideal for IoT-

based smart irrigation systems [18][19]. 

How MQTT Works in the System? 

MQTT operates on a publish-subscribe model, 

where the microcontroller and sensors publish data 

to specific topics. The web application subscribes to 

these topics to receive real-time data from the field. 

For instance, soil moisture data is published to a 

“soil/moisture” topic, while temperature data is 

published to a “temperature” topic, allowing the 

system to keep track of each environmental 

parameter [7][8][20]. 

Data Flow and Efficiency 

Data flows seamlessly between the microcontroller 

and the web app through MQTT. The web 

application subscribes to relevant MQTT topics, 

allowing it to receive real-time updates from the 

field. When irrigation is required, the web app can 

publish control commands to the microcontroller 

through MQTT topics dedicated to irrigation control 

[5][14]. 

Advantages of MQTT 

MQTT ensures reliable data exchange, with low 

bandwidth and minimal latency. MQTT’s Quality of 

Service (QoS) levels help guarantee message 

delivery, ensuring that critical actions, such as pump 

activation, are accurately executed [10][31]. Its 

lightweight nature also allows the system to operate 

efficiently, even in regions with limited connectivity 

[12][29]. 

2. Bluetooth Low Energy (BLE) 

Bluetooth Low Energy (BLE) is another 

communication protocol utilized in smart irrigation 

systems, particularly for short-range, energy-

efficient data transmission [22][25]. BLE is ideal for 

connecting sensors to the central microcontroller in 
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scenarios where Wi-Fi or cellular networks are not 

available or when low power consumption is critical. 

How BLE Works in the System? 

BLE operates on a direct device-to-device 

connection, where sensors equipped with BLE 

modules communicate with the microcontroller. The 

microcontroller acts as a central hub, collecting data 

from soil moisture, temperature, and humidity 

sensors using BLE communication [6][30]. BLE’s 

broadcasting and advertising modes allow sensors to 

send periodic data updates without establishing a 

permanent connection, which conserves energy 

[13][24]. 

Data Flow and Efficiency 

In a BLE-enabled system, data is transmitted 

through low-energy bursts, which minimizes power 

consumption. The microcontroller receives these 

bursts and processes the data for storage in the SQL 

database or for immediate action, such as triggering 

irrigation via relay modules [18][19]. BLE also 

supports mesh networking, which is advantageous 

for large agricultural fields where data needs to hop 

between multiple devices to reach the central system 

[3][11]. 

Advantages of BLE 

BLE offers several advantages, including low power 

consumption, reduced operational costs, and 

simplicity in sensor deployment. Its low data rate is 

sufficient for transmitting sensor data in smart 

irrigation applications. Additionally, BLE's 

capability to integrate with mobile applications 

enhances the system’s usability, allowing farmers to 

receive data directly on their smartphones through 

BLE-enabled apps [1][7][12]. 

VII. RESULTS AND EVALUATION 
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Fig. 1 Landing Page 

Fig. 2 Add Farm Page 
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Fig. 3 Motor status Page 
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IX. CONCLUSION 

The Smart Irrigation System successfully 

demonstrates how integrating IoT, automation, and 

intelligent decision-making can transform 

traditional farming into a more efficient and 

sustainable practice. By leveraging sensor data, real-

time monitoring, and automated control 

mechanisms, the system enables farmers to manage 

irrigation remotely and accurately, ensuring optimal 

water usage and healthier crop growth. 

The system offers a user-friendly web interface for 

scheduling irrigation, monitoring tank levels, 

viewing weather forecasts, and manually overriding 

operations when needed. This ensures both 

convenience and reliability. The use of technologies 

like soil moisture sensors, water level monitoring, 

weather API integration, and cloud-based 

connectivity has made the solution practical and 

scalable for real-world agricultural applications. 

Overall, the project addresses key issues in modern 

agriculture, such as water conservation, crop 

productivity, and ease of farm management. It lays 

a strong foundation for future advancements such as 

AI-based crop recommendations, pest prediction, 

and integration with precision agriculture tools, 

thereby supporting the broader goal of smart and 

sustainable farming. 
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X. LIMITATIONS 

Dependence on Internet Connectivity 

The system requires a stable internet connection for 

real-time data transmission and remote access. In 

remote or rural areas with poor connectivity, 

functionality may be limited. 

Initial Hardware Cost 

Although the system is cost-efficient in the long run, 

the initial setup involving sensors, microcontrollers, 

and networking components can be relatively 

expensive for small-scale farmers. 

Sensor Accuracy and Durability 

Environmental factors like dust, heat, or water 

exposure may affect the accuracy and lifespan of 

sensors, leading to potential maintenance issues or 

incorrect readings. 

Power Supply Dependency 

The hardware setup depends on continuous power. 

In areas with irregular electricity, system uptime 

could be compromised unless supported by solar or 

backup solutions. 

Limited Machine Learning Integration 

While basic automation is implemented, advanced 

AI features like crop disease prediction, dynamic 

irrigation based on past patterns, or yield prediction 

are not yet integrated. 

Scalability Challenges 

Adapting the system to very large farms or 

integrating it with heavy-duty irrigation systems 

may require further customization and resource 

investment. 

Manual Override Reliability 

Though manual control is available, in case of 

complete system failure (e.g., hardware damage or 

power outage), a fallback to entirely manual 

irrigation must be ensured on-site. 
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