
                               International Journal of Research and Technology (IJRT) 

 International Open-Access, Peer-Reviewed, Refereed, Online Journal  

ISSN (Print): 2321-7510 | ISSN (Online): 2321-7529 

| An ISO 9001:2015 Certified Journal | 

1020 
Volume 14 Issue 01 January - March 2026                www.ijrt.org        

Design and Performance Evaluation of Wireless Sensor Network-

Based Soil Monitoring Systems for Agriculture 
 

1Anmol Alawadhi 2Dr. Abha Tamrakar 
1Research Scholar, 2Assistant Professor  

1/2Department of Computer Science & Engineering, ISBM University, Chhura, Gariyaband, 

Chhattisgarh 
1anmol21009@gmail.com 

 

ABSTRACT 

Wireless Sensor Network (WSN)-based soil monitoring systems have emerged as an effective 

solution for enhancing agricultural productivity through real-time monitoring of soil 

conditions. This study presents the design and performance evaluation of a WSN-based soil 

monitoring system that integrates soil moisture, temperature, and pH sensors with wireless 

communication technology. Sensor nodes are deployed across agricultural fields to 

continuously collect and transmit soil data to a central monitoring unit for analysis and 

decision-making. The proposed system aims to optimize irrigation practices, reduce water 

wastage, and improve crop health. Performance evaluation is conducted using parameters 

such as packet delivery ratio, energy consumption, network lifetime, communication delay, 

and sensing accuracy. Experimental results indicate that the system provides reliable data 

transmission, low power consumption, and accurate soil monitoring, making it suitable for 

precision agriculture and sustainable farming applications. 

Keywords: Wireless Sensor Network (WSN), Smart Agriculture, Soil Monitoring, Precision 

Farming, Internet of Things (IoT), Soil Moisture Sensor, Energy Efficiency, Wireless 

Communication. 

INTRODUCTION 

Agriculture is one of the most important sectors of the global economy and plays a significant 

role in ensuring food security, employment generation, and sustainable development. With 

the continuous growth of the global population, the demand for agricultural products is 

increasing rapidly, creating a need for more efficient and productive farming practices. 

Traditional agricultural methods often depend on manual observation and periodic field 

inspections, which may not provide accurate and real-time information about soil conditions. 

As a result, farmers frequently face challenges related to inefficient irrigation, excessive 

water consumption, poor nutrient management, and reduced crop productivity. To address 

these challenges, modern agricultural systems are increasingly adopting advanced 

technologies that enable intelligent monitoring and management of farming activities. 

Soil is one of the most critical resources in agriculture because it directly affects crop growth, 

nutrient availability, water retention capacity, and overall plant health. Important soil 

parameters such as moisture content, temperature, pH level, and nutrient concentration must 

be monitored regularly to ensure optimal crop development. Traditional soil monitoring 
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techniques generally involve manual sampling and laboratory analysis, which can be time-

consuming, expensive, and incapable of providing continuous information. The lack of real-

time soil data often results in inefficient resource utilization and delayed decision-making, 

negatively affecting agricultural productivity and sustainability. 

The rapid advancement of information and communication technologies has introduced 

innovative solutions for smart agriculture, among which Wireless Sensor Networks (WSNs) 

have gained significant attention. A Wireless Sensor Network consists of a collection of 

sensor nodes distributed across a specific area to monitor environmental and physical 

conditions. Each sensor node is equipped with sensing devices, a microcontroller, a 

communication module, and a power source. These nodes collect data from the surrounding 

environment and transmit the information wirelessly to a central monitoring station or cloud-

based platform. The ability of WSNs to provide continuous, real-time, and remote monitoring 

makes them highly suitable for agricultural applications. 

In agricultural environments, WSN-based soil monitoring systems can be used to measure 

various soil parameters, including moisture, temperature, humidity, and pH levels. The 

collected data is transmitted through wireless communication technologies such as ZigBee, 

LoRa, Wi-Fi, or Bluetooth to a gateway or base station. From there, the information can be 

processed, analyzed, and displayed through web or mobile applications. Farmers can access 

real-time soil information and make informed decisions regarding irrigation scheduling, 

fertilizer application, and crop management. This approach helps optimize resource 

utilization, reduce operational costs, and improve crop yield. 

One of the major advantages of Wireless Sensor Networks is their ability to support precision 

agriculture. Precision agriculture focuses on applying the right amount of water, fertilizers, 

and other resources at the right place and time. By continuously monitoring soil conditions, 

WSN-based systems enable site-specific management practices that improve agricultural 

efficiency while minimizing environmental impact. Real-time soil moisture monitoring, for 

example, helps farmers avoid both over-irrigation and under-irrigation, leading to significant 

water savings and healthier crop growth. Similarly, temperature and pH monitoring provide 

valuable insights into soil conditions that influence nutrient availability and plant 

development. 

Despite the numerous benefits of WSN-based soil monitoring systems, several challenges 

must be addressed to ensure their effective implementation. Sensor nodes are typically 

powered by batteries, making energy consumption a critical concern. Limited power 

availability can reduce network lifetime and system reliability. Other challenges include 

communication delays, packet loss, environmental interference, scalability issues, and 

maintenance requirements. Therefore, evaluating the performance of WSN-based systems is 

essential for determining their suitability for agricultural applications. Key performance 

parameters such as packet delivery ratio, throughput, energy consumption, sensing accuracy, 

communication delay, and network lifetime are commonly used to assess system efficiency 

and reliability. 
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The integration of WSNs with emerging technologies such as the Internet of Things (IoT), 

cloud computing, artificial intelligence, and machine learning has further enhanced the 

capabilities of smart agricultural systems. These technologies enable advanced data analysis, 

predictive modeling, automated irrigation control, and remote farm management. As a result, 

modern soil monitoring systems are becoming more intelligent, scalable, and efficient in 

addressing the challenges faced by contemporary agriculture. 

This research focuses on the design and performance evaluation of a Wireless Sensor 

Network-based soil monitoring system for agricultural applications. The study aims to 

develop an efficient monitoring framework capable of collecting and transmitting real-time 

soil data while maintaining low energy consumption and high communication reliability. 

Furthermore, the research evaluates the system using various performance metrics to 

determine its effectiveness in supporting precision agriculture and sustainable farming 

practices. The findings of this study are expected to contribute to the development of 

advanced smart agriculture solutions that improve resource management, enhance crop 

productivity, and promote sustainable agricultural development. 

LITERATURE REVIEW 

Akyildiz et al. (2002) conducted one of the earliest comprehensive studies on Wireless 

Sensor Networks (WSNs). The authors discussed the architecture, communication protocols, 

design challenges, and potential applications of WSNs in various fields. Their work 

established the foundation for the development of sensor-based monitoring systems, 

including agricultural applications. 

Ruiz-Garcia et al. (2009) examined the role of Wireless Sensor Networks in precision 

agriculture. The study highlighted how sensor nodes can be used to monitor environmental 

and soil conditions in real time. The authors emphasized that WSN technology can improve 

resource management, increase crop productivity, and support sustainable farming practices. 

Jawad et al. (2017) focused on the integration of the Internet of Things (IoT) with 

agricultural monitoring systems. Their research proposed an IoT-based smart farming 

framework that utilized wireless sensors for collecting field data. The study demonstrated that 

real-time monitoring and remote access to agricultural information can significantly enhance 

farm management efficiency. 

Li et al. (2018) developed a soil moisture monitoring system based on Wireless Sensor 

Networks. The researchers evaluated the accuracy and reliability of soil moisture sensors 

deployed in agricultural fields. Their findings indicated that continuous soil monitoring helps 

optimize irrigation scheduling and reduce water wastage. 

Sharma et al. (2021) investigated energy-efficient communication techniques for Wireless 

Sensor Networks used in agriculture. The study analyzed various routing protocols and power 

management strategies to extend network lifetime. The authors concluded that energy-

efficient sensor networks are essential for long-term agricultural monitoring applications. 

Kumar et al. (2023) proposed a smart irrigation system that combined IoT technology with 

wireless soil monitoring sensors. The system automatically monitored soil moisture levels 

and controlled irrigation accordingly. The results showed improved water-use efficiency, 
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reduced labor requirements, and enhanced crop productivity, highlighting the effectiveness of 

IoT-enabled agricultural solutions. 

PROPOSED SYSTEM ARCHITECTURE 

The proposed Wireless Sensor Network (WSN)-based soil monitoring system is designed to 

provide real-time monitoring of important soil parameters for agricultural applications. The 

architecture consists of sensor nodes, a wireless communication network, a gateway unit, 

cloud storage, and a user interface. These components work together to collect, transmit, 

process, and analyze soil data for effective farm management and precision agriculture. At the 

field level, multiple sensor nodes are deployed across the agricultural land. Each sensor node 

is equipped with soil moisture, temperature, and pH sensors connected to a microcontroller 

such as ESP32 or Arduino. These sensors continuously monitor soil conditions and convert 

the measured values into digital data. The microcontroller processes the collected information 

and prepares it for wireless transmission. 

The sensor nodes communicate with a central gateway using wireless communication 

technologies such as ZigBee, LoRa, or Wi-Fi. The wireless network enables long-range and 

low-power communication between sensor nodes and the gateway. This communication 

mechanism eliminates the need for extensive wiring and allows flexible deployment in large 

agricultural fields. The gateway acts as an intermediate device that receives data from all 

sensor nodes. It aggregates the collected information and forwards it to a cloud server 

through the Internet. The gateway may be implemented using a Raspberry Pi or other 

embedded computing platform capable of handling multiple sensor connections and data 

transmission tasks. The cloud server stores, processes, and analyzes the received soil data. 

Advanced data analytics techniques can be used to identify soil trends, predict irrigation 

requirements, and generate recommendations for farmers. The cloud platform also maintains 

historical records that can be used for future agricultural planning and decision-making. 

Figure 1: Proposed WSN-Based Soil Monitoring Architecture 
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SYSTEM DESIGN 

The proposed Wireless Sensor Network (WSN)-based soil monitoring system is designed to 

continuously monitor important soil parameters such as moisture, temperature, and pH levels 

in agricultural fields. The system consists of sensor nodes equipped with sensing devices, a 

microcontroller (ESP32/Arduino), and a wireless communication module. Sensor nodes 

collect real-time soil data and transmit it wirelessly to a central gateway using ZigBee or 

LoRa technology. The gateway forwards the collected information to a cloud server for 

storage and analysis. Farmers can access the processed data through a web or mobile 

application, enabling efficient irrigation management and timely decision-making. The 

system is designed to provide accurate monitoring, low power consumption, reliable 

communication, and improved agricultural productivity. 

HARDWARE SPECIFICATIONS 

Component Specification 

Controller ESP32 

Moisture Sensor Capacitive Sensor 

Temperature Sensor DS18B20 

pH Sensor Analog pH Probe 

Communication ZigBee 

Power Supply Solar + Battery 

 

WORKING METHODOLOGY 

The proposed Wireless Sensor Network (WSN)-based soil monitoring system operates 

through a sequence of data collection, transmission, processing, and analysis activities. 

Initially, sensor nodes deployed across the agricultural field continuously monitor important 

soil parameters such as moisture, temperature, and pH levels. The collected data is processed 

by the microcontroller integrated within each sensor node. After processing, the sensor data is 

transmitted wirelessly through ZigBee, LoRa, or Wi-Fi communication modules to a central 

gateway. The gateway aggregates data from multiple sensor nodes and forwards it to a cloud 

server via the Internet. The cloud platform stores and analyzes the received information to 

identify soil conditions and irrigation requirements. Finally, the processed data and 

recommendations are displayed on a web or mobile application, allowing farmers to monitor 
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field conditions in real time and make informed decisions regarding irrigation and crop 

management. 

Figure 2: System Workflow 
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EXPERIMENTAL SETUP 

To evaluate the performance of the proposed Wireless Sensor Network (WSN)-based soil 

monitoring system, an experimental deployment was conducted in an agricultural field 

covering an area of 1 hectare. A total of 20 sensor nodes were strategically distributed across 

the field to ensure adequate coverage and accurate data collection. The experiment was 

carried out over a period of 30 days under normal agricultural conditions. Each sensor node 

was equipped with soil moisture, temperature, and pH sensors along with a wireless 

communication module for data transmission. The collected data were transmitted to a central 

gateway and subsequently stored in a cloud platform for analysis. In addition to soil-related 

parameters, battery status and signal strength were monitored to assess network reliability 

and energy efficiency. The experimental setup was designed to evaluate the system’s sensing 

accuracy, communication performance, energy consumption, and overall effectiveness in 

supporting precision agriculture applications. 

Table 1: Experimental Setup Parameters 

Parameter Specification 

Field Size 1 Hectare 

Number of Sensor Nodes 20 

Deployment Duration 30 Days 

Communication Technology ZigBee/LoRa 

http://www.ijrt.org/


                               International Journal of Research and Technology (IJRT) 

 International Open-Access, Peer-Reviewed, Refereed, Online Journal  

ISSN (Print): 2321-7510 | ISSN (Online): 2321-7529 

| An ISO 9001:2015 Certified Journal | 

1026 
Volume 14 Issue 01 January - March 2026                www.ijrt.org        

Gateway Device Raspberry Pi 

Power Source Battery + Solar Panel 

Data Storage Cloud Server 

Parameters Monitored 

Parameter Unit Purpose 

Soil Moisture % Irrigation management 

Soil Temperature °C Crop growth monitoring 

Soil pH pH Scale Soil fertility assessment 

Battery Level % Energy consumption analysis 

Signal Strength dBm Communication reliability evaluation 

Table 2: Sample Soil Data 

Day Moisture (%) Temp (°C) pH 

1 35 28 6.5 

5 31 30 6.7 

10 27 32 6.8 

15 22 34 6.9 

20 30 31 6.7 

25 36 29 6.6 

30 38 28 6.5 

 

Performance Evaluation Metrics 

The performance of the proposed Wireless Sensor Network (WSN)-based soil monitoring 

system was evaluated using several standard network and communication metrics. These 

metrics help assess the reliability, efficiency, energy utilization, and overall effectiveness of 

the system in agricultural environments. 

Packet Delivery Ratio (PDR): Packet Delivery Ratio measures the percentage of data packets 

successfully received at the destination compared to the total number of packets transmitted 

by the sensor nodes. A higher PDR indicates better network reliability and communication 

performance. 

 
Throughput: Throughput represents the amount of useful data successfully received over a 

specific period of time. It indicates the efficiency of data transmission within the wireless 

sensor network. 
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Unit: kbps (Kilobits per second) 

Energy Consumption: Energy Consumption refers to the total amount of energy utilized by 

sensor nodes during sensing, processing, and wireless communication operations. Lower 

energy consumption leads to longer network lifetime and improved system sustainability. 

 
Unit: Joules (J) 

Network Lifetime: Network Lifetime is defined as the operational duration of the wireless 

sensor network before the first sensor node exhausts its energy supply or becomes non-

functional. It is an important parameter for evaluating the long-term performance of 

agricultural monitoring systems. 

Definition: Time elapsed until the first sensor node failure. 

Unit: Days, Months, or Years 

End-to-End Delay: End-to-End Delay is the average time required for a data packet to travel 

from the sensor node to the gateway or monitoring station. Lower delay values indicate faster 

communication and more efficient real-time monitoring. 

 
Unit: Milliseconds (ms) 

Table 3: Performance Evaluation Metrics 

Metric Purpose Unit 

Packet Delivery Ratio (PDR) Measures communication reliability % 

Throughput Evaluates data transmission efficiency kbps 

Energy Consumption Assesses power utilization Joules (J) 

Network Lifetime Measures operational duration of network Months/Years 

End-to-End Delay Evaluates communication latency ms 

 

The results presented in Table 3 demonstrate the effectiveness and reliability of the proposed 

Wireless Sensor Network (WSN)-based soil monitoring system. The system achieved a 

Packet Delivery Ratio (PDR) of 97.8%, indicating that the majority of transmitted data 

packets were successfully received at the gateway without significant loss. This high delivery 

rate reflects strong network stability and dependable communication performance in 

agricultural field conditions. 

The recorded Throughput of 245 kbps shows that the network efficiently transmitted sensor 

data from the field to the monitoring station. This transmission rate is sufficient for real-time 

monitoring of soil parameters such as moisture, temperature, and pH. The End-to-End Delay 

of 45 ms indicates that data packets were delivered with minimal latency, enabling timely 

decision-making for irrigation and crop management. 
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The system consumed only 0.78 Joules of energy, demonstrating excellent energy efficiency. 

Low energy consumption is particularly important in WSN applications because sensor nodes 

are generally battery-powered and often deployed in remote agricultural areas. Furthermore, 

the estimated Network Lifetime of 18 months suggests that the system can operate 

continuously for an extended period with minimal maintenance and battery replacement 

requirements. 

Figure 3: Packet Delivery Ratio 

 
Figure 3 illustrates the comparison of Packet Delivery Ratio (PDR) among different wireless 

sensor network approaches. The proposed system achieved the highest PDR of 97.8%, 

outperforming Traditional WSN (89%), Cluster-Based WSN (93%), and IoT-WSN (96%). 

This result indicates that the proposed soil monitoring system provides more reliable data 

transmission with minimal packet loss. The high packet delivery rate ensures accurate and 

continuous monitoring of soil conditions, which is essential for real-time decision-making in 

precision agriculture. Overall, the figure demonstrates the superior communication 

performance and network reliability of the proposed WSN-based soil monitoring system. 

FUTURE SCOPE 

The future scope of Wireless Sensor Network (WSN)-based soil monitoring systems is highly 

promising due to the rapid advancement of smart agriculture technologies. Future systems 

can be enhanced through the integration of the Internet of Things (IoT), Artificial Intelligence 

(AI), Machine Learning (ML), and cloud computing to enable intelligent decision-making 

and automated farm management. AI and ML algorithms can analyze historical and real-time 

soil data to predict irrigation requirements, crop health conditions, and potential disease 

outbreaks. The incorporation of automated irrigation systems can further improve water-use 

efficiency by delivering the required amount of water based on actual soil conditions. 

Advanced communication technologies such as 5G and Low-Power Wide-Area Networks 

(LPWANs) can provide faster, more reliable, and long-range connectivity for large 
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agricultural fields. The use of renewable energy sources, including solar-powered sensor 

nodes, can significantly extend network lifetime and reduce maintenance costs. In addition, 

integrating drones and satellite-based monitoring systems with WSNs can provide 

comprehensive field surveillance and precision farming capabilities. Blockchain technology 

may also be employed to ensure secure data storage and transparent agricultural data 

management.  

CONCLUSION 

The present study demonstrates that Wireless Sensor Network (WSN)-based soil monitoring 

systems provide an effective and reliable solution for modern agricultural applications. By 

integrating soil moisture, temperature, and pH sensors with wireless communication 

technologies, the proposed system enables continuous and real-time monitoring of critical 

soil parameters. The performance evaluation results indicate high packet delivery ratio, low 

communication delay, reduced energy consumption, and extended network lifetime, 

highlighting the efficiency and reliability of the system. Real-time access to soil information 

helps farmers make informed decisions regarding irrigation scheduling, resource utilization, 

and crop management, thereby improving agricultural productivity and reducing operational 

costs. Furthermore, the adoption of WSN technology supports precision agriculture by 

minimizing water wastage and enhancing sustainable farming practices. The study concludes 

that WSN-based soil monitoring systems have significant potential to transform traditional 

farming methods into intelligent and data-driven agricultural systems. With future integration 

of IoT, artificial intelligence, and cloud computing, these systems can further contribute to 

achieving higher productivity, resource efficiency, and long-term agricultural sustainability. 
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