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ABSTRACT 

	[bookmark: _GoBack]Agriculture plays a crucial role in India’s economy, providing livelihoods for over 70% of rural households. However, with rapid population growth and increasing food demands, the agriculture sector faces significant challenges such as land scarcity, resource depletion, and environmental degradation. Precision agriculture technologies, including wireless sensor networks and real-time nutrient sensors, offer innovative solutions to improve crop production and sustainability. Key sensor technologies include soil moisture sensors for irrigation management, pH sensors for acid-base balance, temperature sensors for microclimate monitoring, and disease detection sensors for early pathogen identification. Real-time nutrient sensors, specifically optical and electrochemical sensors, help farmers manage fertilizer applications more effectively by providing instant feedback on nutrient deficiencies, ensuring timely and precise interventions. The integration of real-time data into farming practices enhances nutrient management, reduces environmental impact, and improves productivity. As agricultural challenges continue to evolve, the adoption of precision agriculture tools, including real-time nutrient sensors, becomes increasingly important for sustainable and efficient farming practices.
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1. INTRODUCTION 

The world is facing an impending agricultural crisis, as current crop yield increases are insufficient to meet the projected food demands (Ray et al., 2013). While the global population and food demand continue to rise, the land available for agriculture remains limited and is, in many regions, declining. Rapid urbanization, driven by population growth, has intensified competition for land, leading to the conversion of fertile agricultural areas into residential, commercial, and industrial zones (Samat and Elhadary, 2011). The overuse of limited resources is becoming a serious issue, and farmers, scientists, and policymakers must act to manage these resources more sustainably for the sake of our food, water, environment, and economy. Focusing on sustainable resource management in agriculture is key to improving efficiency and ensuring a better future for all.
Precision agriculture technologies can revolutionize crop production by promoting more sustainable and efficient farming practices. By using data-driven methods, these technologies help optimize the management of crops, soil, and resources, leading to improved productivity and environmental sustainability (Getahun et al., 2024). A precision farming system's core element is managing variability. In order to manage the variability that exists in a field, precision farming technology includes components such as remote sensing (RS), geographical information system (GIS), global positioning system (GPS), variable rate technology (VRT), sensors, etc (Mandal & Ghosh, 2000). 
Recently, the incorporation of wireless sensor network (WSN) technology into precision agriculture has gained significant attention due to its potential to enhance real-time monitoring and data-driven decision-making. WSNs facilitate the seamless integration of heterogeneous sensors and communication modules, enabling continuous acquisition of environmental and crop-related parameters (Garcia et al., 2011). Precision agriculture extensively utilizes WSNs to monitor key environmental factors like humidity, temperature, soil moisture, and pH levels, aiming to improve both the quality and quantity of crops. Additionally, WSNs contribute to more efficient use of natural resources in farming, helping reduce overall consumption (Thakur et al., 2019).
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Fig .1 Components of Precision Agriculture
2. APPLICATIONS OF SENSORS IN AGRICULTURE
[bookmark: _Hlk193550308]Sensors are widely used in agriculture to provide valuable data that improves farming practices. A key application of sensors in agriculture is soil monitoring. It includes measurement of soil moisture, temperature, pH, and nutrients. Crop health monitoring using sensors detects plant distress, diseases, and nutrient deficiencies for timely intervention. Additionally, weather monitoring using sensors can track temperature, humidity, rainfall, and wind to inform farming decisions.

3. AGRICULTURAL SENSORS AND ITS TYPES
[bookmark: _Hlk211343618]3.1 Soil Moisture Sensors: Technologies and Applications
Soil moisture plays a crucial role in determining how effectively plants can absorb water and nutrients, which directly influences their ability to harness sunlight for photosynthesis. Adequate moisture enables plants to perform photosynthesis efficiently, promoting healthy growth and higher crop yields. Proper moisture levels ensure that crops can thrive, while also contributing to the sustainable management of water resources (Henderson-Sellers, 1996).
Soil moisture sensors come in various types, each utilizing different measurement principles. Capacitance sensors detect changes in the soil's dielectric constant to measure moisture content, while resistance sensors gauge moisture by measuring the resistance between electrodes, with performance varying by moisture levels. Time-Domain Reflectometry (TDR) sensors provide high-precision measurements through high-speed waveform generation, and matrix sensors allow for simultaneous readings across multiple points for improved accuracy. Additionally, hybrid sensors combine multiple measurement techniques to enhance reliability and adaptability in diverse soil conditions (Yu et al., 2021). Soil moisture sensor senses the moisture content based on soil properties like resistance, dielectric constant, interaction with neutrons, and based on environmental factors like soil type, temperature, and electrical conductivity (Balakrishna and Moparthi, 2020).
A study was conducted to investigate how the depth of soil moisture sensors impacts water use efficiency and cabbage yield under automatic irrigation. They placed sensors at depths of 7.5 cm, 10 cm, and 12.5 cm. The irrigation system was activated when soil moisture fell below 50% of the available water content. The results showed that the 7.5 cm depth sensor achieved the best water use efficiency (19.5 q ha⁻¹cm⁻¹), yield (44.25 t ha⁻¹), and benefit-cost ratio (2.32). This depth was optimal for cabbage, a shallow-rooted crop, as it aligned with the crop's active root zone, ensuring better moisture availability and nutrient absorption, which improved growth and yields (Mane et al.,2021) 
A drip irrigation system controlled by soil moisture sensors and a Soil Water Balance (SWB) model was developed for cassava and tested in different soil types (sandy clay loam and loamy sand) and seasons. The irrigated treatments (T2, using soil moisture sensor data, and T3, using SWB data) resulted in higher storage root yield, starch content, and water use efficiency compared to the rainfed treatment (T1). No significant differences were found between T2 and T3, indicating both methods were effective, with T2 offering more immediate responsiveness to soil conditions (Xie et al., 2020).
3.2 Soil Temperature Sensors: Technologies and Applications

Soil temperature is a key factor that impacts soil properties and the processes necessary for plant growth. Soil temperature plays a crucial role in plant growth, with optimal temperatures being essential for healthy development. When soil temperatures fall below certain thresholds, plant growth is significantly reduced. Maintaining optimal soil temperatures is vital for ensuring maximum plant growth and productivity (Wilcox, and Pfeiffer, 1990).
A lab prototype system was developed for wireless temperature measurement using a 13.56-MHz RFID passive tag. The system utilizes a thermometer Integrated Circuit (IC) that generates a Pulse Width Modulated (PWM) signal, which is monitored and averaged by a Motorola 68HC11 microcontroller before being sent to the RFID tag. The tag transmits temperature data to a receiving unit, which then sends it to a data collection PC (Hamrita and Hoffacker, 2005). 

MEMS is a sensor for monitoring soil temperature and moisture featuring microcantilever beams that detect changes in soil conditions. These beams are coupled with a nano-polymer sensing element sensitive to water vapor, improving measurement precision. Preliminary results show that the wireless MEMS sensors provide accurate soil temperature and moisture readings, performing reliably across different conditions. This suggests the sensors could offer a cost-effective solution for soil monitoring (Jackson et al., 2008) 

A TDR-based soil moisture monitoring system was designed and a field evaluation of the results demonstrated the effectiveness of the TDR monitoring system in accurately measuring soil temperature, moisture, and electrical conductivity. The system achieved a temperature measurement error of ±0.5°C, with successful temperature drift corrections, ensuring high accuracy. The relative error in measurements ranged from 0.21% to 0.33% across various tests, highlighting the system's reliability (Skierucha et al., 2012). 

3.3 Soil Nutrient Sensors: Technologies and Applications
Timely application of fertilizers is crucial for maximizing crop growth and yield. Effective nutrient management optimizes crop production and sustainability by creating site-specific nutrient recommendations, applying balanced NPK doses, and using timely, appropriate fertilization methods (Prasad, 2009). Incorporating real-time nutrient sensors into agricultural practices can enhance nutrient management, leading to increased productivity and sustainability (Ravikumar et al., 2024).
Nutrient sensors can be classified into two main categories: Optical sensors and electrochemical sensors. Optical sensors, such as Visible-Near Infrared (Vis-NIR), Visible-Mid Infrared (Vis-MIR), Attenuated Total Reflectance (ATR), and Raman spectroscopy, utilize light reflectance to analyze soil nutrient content and are capable of providing rapid, non-destructive measurements in both laboratory and field settings. On the other hand, electrochemical sensors, including ion-selective electrodes (ISE) and ion selective field-effect transistors (ISFET), measure the concentration of specific ions in the soil by generating a current or voltage response, making them suitable for in situ nutrient determination (Burton et al., 2020).

Precision nitrogen management using plant sensors (green seeker, Soil Plant Analysis Development (SPAD) meter), and Leaf Color Chart (LCC) was evaluated. The highest grain yield was recorded with the green seeker-based nitrogen management (5.53 t ha-1), followed by LCC-based nitrogen application (5.30 t ha-1), while the control treatment (no nitrogen application) yielded the lowest (2.60 t ha-1). The green seeker-directed nitrogen application yielded better due to its precision in assessing crop nitrogen needs. This method allowed for timely and accurate nitrogen application, minimized excess use and also ensured that the crop received the necessary nutrients for optimal growth (Kumar et al., 2021).
The effectiveness of chlorophyll meters and optical sensors for nitrogen management in direct-seeded rice was evaluated and it was observed that the SPAD readings and (Normalized Difference Vegetation Index) NDVI values increased with higher applied doses of nitrogen across different growth stages. They also studied the correlation coefficients between SPAD readings, NDVI values, leaf chlorophyll, and nitrogen content with final grain yield and it were generally positive (Pateel et al., 2017).
3.4 Sensors in Plant Disease Diagnostics: Technologies and Applications
Diseases can lead to significant yield losses in crops by directly affecting plant health and productivity. Primary losses include reduced yield, diminished quality, and increased costs for control, harvesting, and grading. Secondary losses, such as contamination of planting material and the spread of soil-borne diseases, can further weaken plants, leading to long-term reductions in crop yield (Savary et al., 2012). The detection and identification of plant diseases are essential for effectively applying plant protection measures in crop production. Recent research focusing on innovative optical methods like hyperspectral sensors offers a non-invasive, objective way to measure pathogen-induced changes in plant physiology, providing valuable tools for disease detection, identification, and quantification at various scales, from tissue to canopy level, with applications across laboratories, greenhouses, and fields (Thomas et al., 2018).
Unmanned Aerial Vehicle (UAV)-based hyperspectral imaging was developed for identifying powdery mildew disease in summer squash (Cucurbita pepo) caused by the fungus Podosphaera xanthii, at different stages. The study categorized the plants into six stages, from healthy to very advanced disease stages. They collected hyperspectral data in both laboratory and field conditions and observed differences in spectral reflectance patterns between healthy and infected plants. Reflectance values increased in the blue (400 nm), green (520-550 nm), and red (630 nm) spectral ranges as the disease progressed. Late-stage infections showed higher reflectance in the red range due to a loss of chlorophyll, reduced moisture, and increased brown pigmentation, making it easier to detect advanced infections. After getting the spectral signature, an artificial neural network called rbf – radio basis function was used to compare healthy plants and plants at different stages of infection. This network was able to classify between healthy plants and infected plants even during the initial stages with high accuracy (Abdulridha et al., 2020).
Crop health assessment can be effectively performed using hyperspectral data. In this approach, a total of 80 leaf samples comprising 40 healthy and 40 unhealthy specimens of cotton and maize were randomly collected. Spectral reflectance measurements were obtained using an ASD FieldSpec4 hyperspectral sensor. From the acquired data, the Normalized Difference Vegetation Index (NDVI) and Carotenoid Reflectance Index (CRI2) were computed. Healthy plants exhibited NDVI values greater than 0.75 and CRI2 values lower than 5.0. Classification of crop health status was carried out using Support Vector Machine (SVM) and K-Nearest Neighbor (KNN) algorithms, both of which demonstrated high accuracy in differentiating between healthy and unhealthy samples. Specifically, SVM achieved superior performance in maize health classification (90% accuracy), whereas KNN yielded higher accuracy for cotton (92.5%) (Shejul et al., 2023).

3.5 Soil pH Sensors: Technologies and Applications

Soil pH plays a crucial role in the natural environment, significantly impacting soil biogeochemical processes. Often referred to as the "master soil variable," it affects a wide range of biological, chemical, and physical properties and processes in the soil, which in turn influence plant growth and biomass production (Neina, 2019). The different methods of pH sensing include glass electrodes, which provide fast and accurate readings but are complex and fragile. Ion Sensitive Field Effect Transistors (ISFET) offer a miniaturized approach by replacing the gate metal with a reference electrode, making them sensitive to pH changes. Conductimetric sensors utilize two identical electrodes with a sensing layer to measure changes in conductivity related to pH levels (Kumar et al., 2015) 
An in-situ soil pH sensor was developed to address several limitations associated with conventional pH analysis methods. The sensor employs antimony as the sensing electrode, coupled with a newly designed solid-state reference electrode fabricated by coating KCl-saturated Araldite onto the surface of an AgCl-coated Ag electrode. This configuration enables stable and accurate measurements within a pH range of 3 to 8, exhibiting a sensitivity of −38.2 mV/pH and a strong linear correlation (Nair et al., 2022).

Another low-cost, paper-based soil pH sensor using a three-electrode system fabricated through screen printing. By employing square wave voltammetry, the sensor demonstrated a sensitivity of 60.61 mV/pH for KCl and 65.16 mV/pH for CaCl2 solutions, with relative errors in pH measurements of ≤4.9% and ≤7.9%, respectively. The results indicated that the sensor could accurately measure the pH of various soil samples (Singh et al., 2019).

3.6 Sensors for Weed Detection: Technologies and Applications
Weeds are regarded as one of the most detrimental biotic constraints to agricultural production, in addition to negatively impacting agrobiodiversity and natural water bodies. They also affect crop production indirectly by competing with crops for resources, providing shelter for pests, disrupting water management, lowering yield and quality, and ultimately increasing processing costs (Zimdahl, 2013). The timing of weed management is crucial, as delays in controlling weeds during key growth stages can lead to significant yield losses that cannot be fully recovered later in the crop cycle.
Motorized finger weeders equipped with a bi-spectral camera were used for intrarow mechanical weed control in sugar beets over two years. The sensor system enabled effective identification of crop plants, achieving weed control efficacy comparable to conventional herbicide applications without negatively impacting sugar beet yields. There were no significant differences in sugar beet yields between the motorized finger weeders and conventional herbicide applications (Machleb et al., 2021).
Weed Warden is a cost-effective device for detecting weeds in agricultural systems, aiming to minimize herbicide usage. It employs an open-source multispectral sensor to differentiate live vegetation from bare soil using various vegetation indices such as Enhanced Normalized Difference Vegetation Index (ENDVI), Normalized Difference Vegetation Index (NDVI), Enhanced Vegetation Index (EVI), Pigment-Specific Normalized Difference (PSND) (Duncan et al., 2022).
3.7 Integrating Heterogeneous Wireless Sensor Networks for Precision Agriculture
A multimodal sensor in agriculture refers to a technology that integrates multiple sensing modalities to monitor various aspects of plant health and environmental conditions. These sensors can detect factors such as plant water content, volatile organic compounds (VOCs), hormones released by plants, and environmental parameters like humidity, temperature, wind speed, and light intensity. By combining different sensing principles, multimodal sensors provide a comprehensive, multidimensional assessment of plant health and microclimates, enabling more accurate and detailed monitoring (Wang et al., 2024). In contrast, general sensor integration involves deploying multiple independent sensors across agricultural fields and coordinating their data through wireless sensor networks (WSNs) or IoT platforms (Mansoor et al., 2025).
A multimodal sensor for precision agriculture was developed to measure soil pH, electrical conductivity (EC), and temperature. The sensor consists of an Ion-Sensitive Field Effect Transistor (ISFET) for measuring pH, platinum electrodes for measuring EC, and p-n junction diodes for temperature sensing. A validation study was also conducted to assess the accuracy and reliability of the sensor. The study confirmed that the sensor accurately measured all three parameters without any interference (Futagawa et al., 2012).
An automated irrigation system was developed using soil moisture and temperature sensors. Temperature and moisture levels of different soils were recorded multiple times a day and compared with the threshold values of moisture and temperature (moisture at 72% and temperature at 40°C). The relay activates the motor when moisture is below the threshold, watering the field and the motor turns off automatically when moisture exceeds the threshold value, minimizing water wastage. A modem was also integrated for sending SMS updates to farmers about the motor's status in the field (Srilikhitha et al., 2017) 
Another study investigated the effectiveness of sensor-based irrigation management for soilless-grown strawberries, comparing it to traditional timer-based irrigation methods. It focused on real-time monitoring of moisture content and EC of the substrate and ambient temperature using sensors to optimize water and nutrient delivery. It was found that sensor-based irrigation resulted in a total fruit yield of 332 g plant-1, compared to 308 g plant-1 with timer-based irrigation, indicating a significant improvement in actual yield. Water use efficiency was 19 g L−1 for sensor-based irrigation against 13 g L−1 for timer-based irrigation, reflecting a 46% increase in water use efficiency. Sensor-based irrigation was efficient because it provided water and nutrient solutions based on real-time measurements of substrate moisture and EC (Bonelli et al., 2024).

4. CHALLENGES AND FUTURE PERSPECTIVES
The adoption of advanced sensor technologies in agriculture faces several significant challenges. The primary hurdle is the high initial investment and ongoing maintenance costs, which can be prohibitive, especially for smallholder farmers with limited capital (Mizik, 2023). Technical complexity and the need for specialized knowledge for operation and data interpretation also restrict widespread use, particularly in regions lacking extension services or technical training. 
Another significant challenge encountered when integrating agricultural sensors is related to calibration difficulties. Calibration issues arise due to the diverse and dynamic nature of field conditions, such as soil variability, moisture content, and temperature fluctuations, which can adversely affect sensor accuracy. Addressing these calibration challenges is crucial for ensuring the dependable performance of sensors in precision agriculture, enabling more accurate and actionable data for nutrient management and crop monitoring (Sudduth et al., 2001).
Furthermore, data management and interoperability issues among various sensor systems and platforms can hinder seamless integration and effective utilization (Aarif et al., 2025). Rural areas often suffer from poor internet connectivity, limiting real-time data transmission and cloud-based analytics, which are critical for timely decision-making.
Looking toward future perspectives, technological innovations aim to address these challenges. The development of affordable, user-friendly sensors tailored for small-scale farmers is vital for broader adoption. Advances in wireless communication, edge computing, and artificial intelligence (AI) will improve sensor reliability and data analysis capabilities, enabling more precise and actionable insights (Miller et al., 2025). Policy interventions, such as subsidy programs and capacity-building initiatives, are essential to promote sensor technology adoption among farmers. (Long et al., 2016) Emphasizing climate-smart agriculture practices will also enhance the sustainability of sensor technologies, ensuring long-term benefits for food security and environmental health.

5. CONCLUSION
Modern agriculture increasingly depends on an array of advanced sensors to convert environmental measurements into practical management decisions, fostering more sustainable and productive farming practices. Soil moisture and temperature sensors help fine-tune irrigation to match crop needs and maintain optimal root-zone conditions, while nutrient sensors ensure fertilizers are applied precisely where and when they are needed, reducing waste and protecting water quality. Early-warning systems for pests, diseases, and weeds allow targeted interventions, lowering crop losses and minimizing chemical inputs. By linking these sensors through wireless networks and IoT platforms, farmers gain real-time visibility into field conditions, empowering data-driven strategies that boost yields, conserve resources, and support long-term environmental health. As sensor technology becomes more accurate, affordable, and interoperable, its role in addressing global food security and sustainability goals will only grow more vital.
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