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Abstract 

Precision agriculture is a modern technology that focuses on the crop by meeting the spe-

cific needs of the field. This research presents the Wireless Soil Health Beacons design that 

can be used in precision agriculture to enhance the production and real-time monitoring 

of the soil and field parameters. The proposed system integrates bio and physical sensors 

into an IoT-enabled Wireless Soil Health Beacons (WSHB) to provide detailed and real-

time soil health parameters. The beacons are compact and are powered by solar, which is 

weather-resistant and interconnected via wireless nodes. A set of beacons will be im-

planted to capture biological and environmental data. The biosensor module detects key 

soil microbiological parameters such as nitrogen-fixing microbial activity, soil pathogen 

presence, and general microbial population shifts indicative of soil fertility and disease 

conditions. The physical sensor module continuously measures soil moisture levels, tem-

perature, and salinity. The data is passed from the nodes to a processing module, which 

collects and analyses the critical parameters directly related to plant growth, water man-

agement, and fertiliser optimisation. A mobile interface assists the farmers and stakehold-

ers with the required information, such as field maps, real-time soil health indicators, and 

critical alerts related to drought, salinity stress, or pathogen hotspots. The proposed sys-

tem forms as a multi-dimensional soil profiling tool capable of supporting precision agri-

culture. Most existing soil monitoring systems rely on environmental parameters, while 

the proposed system allows the continuous tracking of ecological and microbial dynamics 

in the area. The mesh network architecture helps the system to be redundant and en-

hances the outcomes. The proposed system helps with sustainable agriculture and im-

proves the yields with minimal environmental degradation, enabling an adaptive and 

precise farm management system. 
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sustainable agriculture; environmental sensors 

 

1. Introduction 

Precision Agriculture (PA) is a farming technique that uses technological advances. 

The method helps the farmers make data-driven decisions with the help of data captured 

from sensors, drones, and other sources, all of which aim to optimise crop yields, decrease 
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predictions, manage needs, and efficiently use resources [1]. The sensing techniques pro-

mote real-time analytics, help identify the variables across the field, and help farmers 

make decisions on irrigation, fertilisation and pest control [2]. There is an increase in the 

demand for sustainable practices that increases the need for the application of sensing 

techniques to obtain real-time status of the crops and fields. Various parallel methods 

have also been implemented to optimise and validate the predictions from one approach. 

Integrating biosensors in agriculture offers the ability to continuously monitor mi-

crobial activity, soil pathogen presence and shifts in microbial populations, which are di-

rect indicators of soil fertility and crop health [3,4]. Wireless sensor Networks (WSNs) and 

IoT-enabled systems promote advancements through remote sensing, real-time data col-

lection and coverage across large agricultural fields. The systems, powered using solar, 

weather-resistant nodes connected in a mesh network, facilitate seamless data transfer 

and validation mechanisms with redundancy. With the help of mobile interfaces, these 

systems provide farms with field maps, health indicators, and alerts [5,6]. Integrating bi-

osensors and physical sensors into WSNs is a field profiling tool that helps support PA 

systems for sustainable and adaptive farm management. 

2. Related Work 

Internet of Things (IoT) sensing, along with the application of AI/ML, can process 

complex data and reshape PA, helping with the advisories across irrigation, nutrient man-

agement, and monitoring of the fields. There are practical constraints in rural areas, which 

include network issues, extreme climatic conditions, maintenance of the systems, and the 

conversion of raw data from the sensors into prescriptions with limited information [7]. 

Ritesh et al. proposed the application of LoRaWAN in PA done in greenhouses, but such 

systems lack practical application in real fields [8]. Sui and Baggard demonstrated WSN 

deployment for soil moisture and weather monitoring using sensors at multiple depths, 

wireless data loggers, and GPRS connectivity. The field trials showed successful data col-

lection at 1-h intervals with wireless transmission to internet-based platforms in agricul-

tural WSN systems [9]. Deploying beacons or similar nodes across farms poses challenges 

with data fusion and analytics to extract actionable insights. 

Navarro et al. conducted a review of IoT solutions for smart farming, analysing 159 

research papers and identifying crop monitoring (47% of applications) and irrigation con-

trol as primary use cases [10]. Wu et al. developed an advanced IoT-based multiple-sensor 

monitoring system incorporating temperature, moisture, and pH sensors with 

smartphone integration [11]. AI-driven models can predict soil conditions, optimise irri-

gation schedules, and provide crop recommendations based on real-time sensor data. 

Deep reinforcement learning approaches show particular promise for edge computing 

optimisation in IoT agricultural systems [12]. There is are rapid evolution of advanced soil 

and plant sensors, but there exist data integration issues with farm management systems 

[13]. Monitoring soil macronutrients (N, P, K) helps in planning efficient fertilisation strat-

egies. 

ML algorithms combined with wireless sensor data (for NPK, pH, and moisture) 

helped to give improved crop recommendations and soil health forecasting compared to 

traditional monitoring [14]. Networks consist of sensor nodes that measure various envi-

ronmental parameters such as soil moisture, pH, temperature, and humidity. The data 

collected is transmitted wirelessly to a central hub or decision support system [15–17]. 

Energy-efficient protocols and low-power sensor nodes are crucial for the sustainability 

of WSNs in agriculture. Techniques like dynamic data routing and the use of solar panels 

for power supply help in maintaining long-term operations [14]. By accurately measuring 

and analysing soil health parameters, WSNs help in optimising the use of water and fer-

tilisers, leading to improved crop health and yield [18]. Efficient data collection, storage, 
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and processing are essential for the effective use of WSNs. Systems like the WSN Manage-

ment Framework for Precision Agriculture (MFPA) ensure real-time data availability and 

decision support [19]. 

3. Wireless Soil Health Beacons 

The proposed wireless soil health beacons are used to monitor the soil parameters in 

real time. The sensors equipped as part of the beacons continuously measure the soil pa-

rameters and send the data at regular intervals to the centralised node, which then pro-

cesses and analyses the data and sends it to the application server to generate recommen-

dations and provide real-time monitoring of the parameters in the fields. An intelligent 

agent is designed as part of WSHB, which gathers the data inputs from the regional 

weather forecasts and obtains the historical data that is required for further processing of 

the systems in the central node. Here, we present the abstract view of the proposed sys-

tem, detailing the workings and overall processing that the system contributes to sustain-

able agriculture driven by data-driven systems. 

Figure 1 shows the block diagram of the proposed WSHB, which has a set of sensors 

aimed at detecting key soil microbiological parameters such as nitrogen-fixing microbial 

activity, soil pathogen presence, and general microbial population shifts that help to meas-

ure the soil fertility and disease conditions. The physical sensor array continuously 

measures various parameters, including soil moisture levels, temperature, and salinity. 

The data is passed from the nodes to a processing module, which collects and analyses 

the critical parameters directly related to plant growth, water management, and fertiliser 

optimisation. The detailed functions of some of the key components of the proposed soil 

beacons are mentioned in Table 1. 

 

Figure 1. Block diagram of the proposed beacons. 
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Table 1. Sensors and major components that were used in the proposed beacons. 

Parameter Sensor Manufacturer Function 

Soil Moisture 

31076 

Capacitive Soil 

Moisture 

Physiz Agtech Private 

Limited, India 

Measures the volumetric water content in the soil. 

Triggering alerts and optimising irrigation sched-

ules to prevent plant stress. 

Soil Temperature 
DS18B20 Water-

proof Temperature  
Analog Devices, India 

Monitors soil temperature, which has a direct influ-

ence on the microbial activity, nutrient availability, 

and seed germination. 

Soil Salinity 

PHYFARM 

Electrical Conduc-

tivity (EC) 

Physiz Agtech Private 

Limited, India 

Measures the concentration of soluble salts in the 

soil by testing its electrical conductivity (EC), as 

high salinity limits plant water uptake. 

General Microbial 

Activity 

eosFD Soil CO2 

Flux Sensor  
Eosense, Canada 

Soil respiration strongly indicates the overall micro-

bial population and metabolic activity. Shifts in 

CO2 levels can indicate changes in soil fertility and 

health. 

pH  
Soil Sensor JXBS-

3001-PH-I20 
JXCT, India 

Measures the pH value of the soil that controls nu-

trient availability and microbial health 

NPK Availability  
RS-485 Soil NPK 

Sensor 
REES52, India 

It measures nitrate concentration (NO3−), the pri-

mary form of nitrogen absorbed by plants, which is 

used for fertiliser optimisation and understanding 

nutrient availability. 

Processing Unit ESP32 Espressif Systems, India 

A microcontroller with integrated Wi-Fi and Blue-

tooth for data aggregation, local processing, and 

communication with the cloud platform. 

Power Source 

 solar panel, 

LiPo/Li-ion battery, 

charge controller  

 

Provides a self-sustaining power source, enabling 

long-term, unattended deployment of the beacons 

in the field. 

GPS 

GPS/GNSS Re-

ceiver Module 

(M20050-1) 

Antenova, UK GPS Location for geotagging 

Mesh Network HopeRF RFM95 REES52, India 

Mesh network configuration for long-range, low-

power data transmission between beacons and the 

central gateway, ensuring robust connectivity 

across a large field. 

The WSHB unit measures the data and passes it to a centralised node, where the data 

from the beacons is stored and processed. The data shared across to the central node gets 

transmitted to the node in two ways, one via a direct connection and the other via a mesh 

network. The data will reach the central node, even if any one of the means is set up and 

working, providing a redundancy in operation. 

Table 2 shows the data that has been transmitted from one beacon to the central node 

and the subsequent nearby beacons in a mesh network. The capability of transmitting the 

data from the neighbour beacon to the next one into the network ensures that the beacons 

can be deployed in regions where there is limited network availability and can cover a 

large area. Upon receiving the data in the central processing unit from the beacons, the 

data is processed and validated with three entries captured from multiple beacons. Real-

time parameters and factors are also captured from other data sources and weather re-

ports. Based on the nature of the plant that is cultivated in the field, the decisions, real-

time map of the field, etc., are generated and are shared with the farmers in their interfaces 

to make the required steps to address the issues. 
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Table 2. Data that is transmitted from one beacon to the central node. 

{ 

  "beacon_id": "WSHB-03", 

  "timestamp": "2025-08-10T14:30:00+05:30", 

  "soil": { 

    "moisture_vwc_pct": 21.8, 

    "temperature_c": 25.7, 

    "ec_ds_m": 1.82, 

    "ph": 6.7, 

    "co2_flux_umol_m2_s": 3.2, 

    "nitrate_mg_kg": 35, 

    "phosphate_mg_kg": 18, 

    "potassium_mg_kg": 152 

  }, 

  "device": { 

    "battery_v": 3.93, 

    "fw": "1.0.0", 

    "seq": 1248 

  } 

} 

Table 3 presents the action insights generated from the data that is captured from the 

beacons after processing. These action items are identified with the help of data aggrega-

tion and processing. The system that is used for the data processing and aggregation is a 

new study, which details the components, AI and ML models applied, diverse decision-

making processes and strategies. The system is also equipped with a mobile interface that 

is connected with the central node to assist the farmers and stakeholders with the required 

information, such as field maps, real-time soil health indicators, and critical alerts related 

to drought, salinity stress, or pathogen hotspots. The proposed system forms as a multi-

dimensional soil profiling tool capable of supporting precision agriculture. The proposed 

WSHB and the comprehensive processing unit help to capture data from fields and drive 

precision data-driven agriculture with the support of an informed decision-making sys-

tem. 

Table 3. Insights generated from the data that is captured from the beacons after processing. 

Condition 

Detected 
Evidence Rule/Trigger (Generic) Recommendation/Action Priority 

Action 

Window 

Irrigation 

watch (near-

dry) 

VWC 21.8% 

(midday) 

If VWC < 22% and falling 

over 2 readings 

Monitor next 2–3 h; if still ↓, irrigate over-

night (light cycle) to avoid stress and 

minimise evap. 

Medium Check again 

Salinity cau-

tion 

EC 1.82 

dS/m 

If EC ≥ 1.5 dS/m (sensi-

tive crops) 

Avoid saline fertigation today; after irri-

gation, consider leaching if EC stays ≥1.8; 

use low-EC water if available. 

Medium Check again 

pH accepta-

ble 
pH 6.7 Target 6.0–7.5 No liming/sulfur needed. Keep as-is. Low  
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Tempera-

ture optimal 
25.7 °C 

Crop-optimal 20–30 °C 

for roots 

Good for root activity; keep moisture 

steady to avoid heat+salt stress. 
Low  

Microbial 

activity nor-

mal 

CO2 flux 3.2 
Within the local baseline 

band 

No action; use as bio health reference. If 

it drops with drying, prioritise irrigation. 
Low  

Nitrogen 

status ade-

quate 

NO3− 35 

mg/kg 
If 25–40 mg/kg = OK 

Hold N today; consider light top-dress 

next irrigation only if crop demand is ris-

ing. 

Low 
Next irriga-

tion 

Phosphorus 

adequate 
P 18 mg/kg 

If >10–15 mg/kg = ade-

quate (Olsen-P equiv.) 

No P this cycle; reassess pre-flower-

ing/critical growth stage. 
Low 

Next check 

in 2–3 

weeks 

Potassium 

adequate 
K 152 mg/kg 

If >120 mg/kg = adequate 

(crop/soil dependent) 

No K this cycle; monitor leaf symptoms 

and soil trend. 
Low 

Next check 

in 2–3 

weeks 

Data quality 

check 

EC high + 

VWC near 

threshold 

If EC≥1.8 & VWC<25% 

Rinse EC probe at service visit; ensure 

temp compensation enabled; verify soil-

specific moisture calibration. 

Medium 
Within 1–2 

days 

Device 

health 

Battery 3.93 

V 
If >3.6 V = OK 

No action. Log RSSI/SNR on the next up-

link for link QA. 
Low  

4. Conclusions 

Soil beacons are set in fields to capture live updates from the fields. The sensors em-

bedded in the beacons capture a variety of parameters that drive the plant’s growth and 

monitor the soil’s fertility. Combined with the data captured from the beacon array, along 

with the parameters required for crops, the farmers can make informed decisions to max-

imise their production. The major challenge is detecting specific pathogens, which re-

quires specialised biosensors that need constant development and upgrades. The set of 

beacons that form a mesh network could give comprehensive data about the field, which 

needs to be enhanced into a field map, and automations can be brought in terms of irriga-

tion, essential manuring and so on, which again requires significant research and devel-

opment. The application of artificial intelligence in processing data is another significant 

milestone that needs to be applied, along with the capability to process and gain insights 

from multimodal data. The soil beacons promote sustainable growth by helping the stake-

holders to plan and make informed decisions, which are required for the effective man-

agement of the field. 
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