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An innovative IoT-based system utilizing a modified slotted microstrip patch antenna with enhanced coupling is presented for precise measurement of leaf moisture content. The antenna employs a rectangular slot above the feed point with an advanced coupling technique to enhance sensitivity. The antenna, fabricated on a 0.8 mm F4B substrate, is designed to resonate within the 2.40 to 3.0 GHz range under unloaded conditions. A parametric analysis focusing on leaf permittivity ranging from 20 to 30 is conducted to determine the antennas’ sensitivity. Experimental measurements of the reflection coefficient (S11) with respect to resonant frequency shift are performed with leaf samples as the samples under test (SUT). Experimental results reveal that the proposed patch antenna’s sensitivity is significantly enhanced, ranging from 0.57 to 1.67 times greater than that of traditional patch antennas for the five leaf samples tested. The antenna exhibits a sensitivity of 0.06 GHz and 0.02 GHz for the modified and enhanced coupling designs, respectively. The mean relative error between predicted and measured moisture content values is low at 0.038. The findings highlight the antenna’s increased sensitivity in detecting leaf moisture content and illustrate the potential of the proposed IoT-based system for real-time agricultural monitoring, marking an advancement in precision farming practices. The study validates the microstrip patch antenna’s capability as a moisture sensor through detailed sensitivity analysis, frequency shift measurements, and regression modeling.
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1 INTRODUCTION
In recent years, research has demonstrated that antennas can also serve effectively as sensors in various industrial applications. This emerging field takes advantage of the fact that antennas interact with their surrounding environment, with factors like nearby objects, humidity, moisture [1,2], temperature, etc. impacting the antenna’s impedance and resonance characteristics. By monitoring the variation in antenna parameters, valuable sensor data can be obtained. Implementing antennas as sensors offers notable advantages in industry. Antenna sensors are typically inexpensive compared to traditional sensor modalities, given the mass production of antennas for communication purposes. Additionally, it enables wireless sensing in contexts where wired sensors may be impractical or impossible to implement. The dual use of antennas for both communication and sensing furthermore maximizes efficiency and value. Hence, electromagnetic (EM) resonant sensors demonstrates a type of sensors capable of providing distributed sensing. An example of an electromagnetic (EM) resonant sensor that enables distributed sensing is the microwave patch antenna (MPA) sensor [3,4].
In recent times, there has been immense interest in strengthening the sensing capabilities of microstrip patch antennas. Various ideas and technologies have been employed to design antennas with sensing capabilities. In the design process of a microstrip patch antenna, a broadband electromagnetic (EM) signal is delivered to the radiation patch via a microstrip transmission line. The radiation patch transmits the portion of the signal that resonates along the antenna’s resonant frequency, while the remaining signal is reflected back. Consequently, the frequency spectrum of the reflected signal demonstrates considerable losses close to the antenna’s resonant frequencies. Therefore, precise determination of a material’s permittivity has emerged as a critical factor in microwave antenna design, owing to its straightforwardness and non-destructive nature of application [5].
The need of accurate measurement of permittivity of a material has become an important parameter in the design of microwave antennas due to their simplicity of design and non-destructive applications [5]. Planar resonators designs such as split ring resonators have become increasingly prevalent among various techniques used for determining permittivity. Such strategies are preferred due to their cost-effectiveness, low size, simplistic shape, and relatively simple fabrication [6–8]. In such experiments, the sample under test (SUT) is taken as part of the resonator and the permittivity is determined by analyzing the shift in resonant frequency. Such methods involve addressing the sample under test (SUT) as a component of the resonator and the permittivity is calculated by studying the variation in resonant frequency. Microstrip patch antennas, resembling resonators, have been researched as sensors for measuring the permittivity of liquid or solid substances [9]. In literature, a method is suggested for determining the resonant frequency of a patch antenna clad with a dielectric substrate. The technique relies on the efficient dielectric constant of complete design that is proposed to be determined by use of the variational approach [10].
Subsequently, monitoring the moisture content (MC) is crucial in precision farming and the food industry as an indicator of the quality of [11], assessment of numerous quality parameters of animal food [12], granular materials in containers [13], wheat [14], grain [15], rice [16], corn kernel [17] and various crops [18–21]. Accurate and timely measurement of leaf moisture is essential for optimizing water usage, ensuring plant health, and improving crop yield [22]. While utilizing a coaxial probe is a method that can potentially damage the sample, employing antennas is a preferred non-contact approach for MC monitoring. Moreover, the need for leaf moisture sensing in precision agriculture, environmental monitoring, and sustainable resource management is underscored by its critical role in optimizing water usage, ensuring plant health, and improving crop yield [23]. Leaf wetness sensors, as described in the sources, offer a technological solution to accurately and timely gather data on leaf moisture, which is essential for several reasons. In agricultural production, precise and real-time monitoring of plant physiological data is crucial. One such piece of information is leaf wetness, which is correlated with plant capacitance. Nevertheless, plants are susceptible to damage by the methods used currently to measure leaf capacitance, which would compromise the monitoring’s accuracy. As a result, it is advisable to avoid frequency bands where the dielectric constant of water experiences abrupt changes with temperature.
Therefore, the proposed study introduces a study of microstrip patch sensor antenna designed for sensitivity enhancement in permittivity measurement for moisture content. The antenna employs a few rectangular slots that are loaded above the microstrip feed line that has an enhanced coupling. The designed antenna is simulated and fabricated on a F4B substrate with 0.8 mm thickness. The variation in resonant frequency with respect to reflection coefficient (S11) is analyzed to verify the sensing capability of the proposed antenna. The proposed antenna design with enhanced coupling provides higher sensitivity compared to traditional patch antenna designs. Hence, the antenna achieves resonances at lower frequencies while maintaining a compact size. Moreover, the proposed antenna design achieves a sensitivity enhancement ranging from 0.57 to 1.67 times higher than traditional patch antennas for permittivity values between 20 and 30 while maintaining a lower mean relative error (MRE) between the actual and predicted values of moisture content. Furthermore, the proposed integration of the antenna sensor into an IoT-based system for real-time monitoring of leaf moisture content in agricultural applications marks an advancement in precision farming practices. Full-wave simulations using ANSYS EM Suite 2022 are performed and the sensors’ performance is verified through mathematical calculations and experimental processes.
2 DESIGN IDEA
Research indicates that the resonant frequency of a MPA, intended for integrated sensing capabilities, is impacted by the dielectric properties of the substrate material and the dimensions of its radiating component. These radiation characteristics of the microstrip patch antenna are inherently frequency-dependent [24]. The design of such an antenna encompasses three crucial elements: a radiating surface, a microstrip feed line, and a dielectric substrate. The traditional rectangular microstrip patch antenna’s structure is depicted in Figure 1A.
[image: Figure 1]FIGURE 1 | Microstrip patch sensor antenna structures: (A) standard rectangular patch antenna; (B) slotted patch antenna; (C) enhanced coupling modified slotted patch antenna.
The standard microstrip patch antenna (CPA) illustrated in Figure 1A incorporates a patch having a rectangular shape that is connected via 50 Ω microstrip feed line. It is manufactured on an F4B substrate that has a thickness of 0.8 mm and dielectric constant (εr) of 2.65. The designed dimensions of the patch are such that h1 = 19.6 mm and w1 = 15.5 mm, respectively. The width (w2) and calculated length (L1) of the feed line are determined as w2 = 3.2 mm and L1 = 8 mm, respectively. The dimensions of the substrate are 28.1 mm in length (L) and 39.08 mm in width (W).
The dimensions, width (W), length (L), change in length (ΔL) and relative permittivity (Ɛr) of rectangular microstrip patch are calculated using Eqs 1–4 [25].
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where, fr is desired resonant frequency, h is height of substrate and c is speed of light in free space. In order to achieve size reduction at lower frequencies compared to a design reported in [26], slots have been incorporated into the antenna structure.
It is known from literature that reducing the gap size can significantly increase the gap capacitance [27]. With strong coupling, maximum electric fields are present, making it more sensitive to overlay permittivity variations. Therefore, a patch antenna is often referred to as a resonator. The proposed design utilizes the concept of enhanced coupling at the periphery of a resonator, as shown in Figure 2. By incorporating an enhanced coupling idea, insertion loss is reduced and gap capacitance is considerably increased. Such a method is more frequently utilized for filters and is used in antenna for same purpose. In addition to coupling capacitance, the capacitance of the ring structure can be further enhanced through mutual coupling. The technique used to increase mutual coupling by adding additional rings is known as concentric circular ring [28]. This technique has shown greater sensitivity in the dielectric characterization of liquid and powder materials.
[image: Figure 2]FIGURE 2 | Enhanced coupling periphery of a ring resonator.
Accordingly, a thin rectangular slot is etched radiating above the microstrip feed line, as depicted in Figure 1B. The slotted modified patch antenna (MPA) features a rectangular patch with dimensions of “h1 = 28.3 mm” in length and “w1 = 25.4 mm” in width, which are connected with the microstrip line. In this configuration, the microstrip line is designed using length, L1 = 12 mm and width, w2 = 3.2 mm. Consequently, the proposed enhanced coupling based slotted-patch antenna (ECMPA) sensor is designed on the basis of MPA with an addition of a semi-circle with a radius of 6 mm denoted as C1 that provides the enhanced coupling to the antenna as shown in Figure 1C.
3 RESULTS AND DISCUSSION
The designed antennas are simulated using a microwave simulation software, ANSYS EM Suite 2022. Analysis of the S11 parameter for the standard inset-fed rectangular microstrip patch antenna (CPA) revealed resonant frequency at 5.807 GHz that has a bandwidth of 400 MHz, as shown in Figure 3A. Subsequently, the fabricated antenna sensor exhibited resonance at 5.82 GHz. In addition, the first slotted rectangular microstrip patch antenna sensor produced a resonant frequency at 2.85 GHz based on simulation results, in addition to a bandwidth of 300 MHz. On the other hand, the fabricated design depicted a similar resonant frequency significantly lower at 2.82 GHz, as indicated in Figure 3B. Finally, the enhanced coupling based microstrip patch antenna (ECMPA) has been simulated utilizing the same parameters and it accomplished dual frequency functioning. The initial resonant frequency, denoted as f1, is at 2.87 GHz, while the other resonant frequency, f2, is at 3.27 GHz, as depicted in Figure 3C. However, measurements revealed the first resonant frequency to be slightly lower at f1 = 2.86 GHz, and the second higher at f2 = 3.4 GHz. The measurement of resonant frequency of the all three designed antennas, i.e., CPA, MPA and ECMPA is determined by measuring its S11 parameter using a vector network analyzer (VNA), which represents the power of the microwave signal reflected by the antenna sensor as a function of frequency. The VNA was calibrated to the end of the coaxial cable so the effect of the microstrip feed is considered to be a part of the antenna sensor.
[image: Figure 3]FIGURE 3 | Reflection coefficient values (S11) of the designed antennas (A) standard microstrip patch antenna (CPA); (B) modified slotted microstrip patch antenna; (C) enhanced coupling slotted microstrip patch antenna (ECMPA).
4 SENSITIVITY OF THE ENHANCED COUPLED MICROSTRIP PATCH ANTENNA
The effectiveness of the designed enhanced coupled microstrip patch antenna (ECMPA) for sensing purposes is validated through measurements in variation in the resonant frequency (f) in gigahertz (GHz) compared to S11 (dB). The electric field intensity is highest in the area influenced by the loaded slot and the coupling, forming a capacitor. This sensor detects variations in the resonant frequency, reflecting the dielectric properties of leaves. By analyzing experimental results, a connection between the resonant characteristics and leaf moisture content can be established. Consequently, during periods of moisture stress in plants, the sensor can detect significant changes in leaf moisture. For precise sensing, the leaf being analyzed should be positioned close to the area with the strongest electric field. The relationship between frequency and capacitance is described by Eq. 5:
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where, f is frequency, Ls and Cs are the inductance and capacitance of the designed sensor. In accordance with Eq. 5, the more concentrated the moisture content of the leaf, the larger the permittivity and capacitance. Consequently, the shift in resonant frequency can be exploited to detect leaf moisture. A leaf model also called sample under test (SUT) with a thickness of 0.5 mm and loss tangent of 0.2 is considered in this experiment. The SUT is positioned over the patch and its relative permittivity (εr) is diversified in the range of 20–30 with an increment of 1. Such a range is selectd because the relative permittivity (εr) of plant-based materials, such as fruits and leaves, typically ranges from around 20 to 30.2 This range encompasses the dielectric properties commonly observed in plant tissues {Doidy, 2019 #128}.
Figure 4 depicts the S11 characteristics of the traditional patch antenna and the proposed modified slotted patch antenna. For the traditional patch antenna, it is observed that the resonant frequency is achieved at 5.12 GHz as the test sample dimension having εr1 = 30. Moreover, the frequency response of 5.70 GHz is achieved with value of εr1 = 20.
[image: Figure 4]FIGURE 4 | S11 (dB) vs. frequency (GHz) for varying relative permittivity of the SUT: (A) standard rectangular patch antenna; (B) slotted patch antenna; (C) enhanced coupling modified slotted patch antenna.
Whereas, for the proposed slot-loaded modified antenna (MPA), SUT having a permittivity value of εr1 = 30, the antenna demonstrates its lowest frequency response at 2.24 GHz. Conversely, a higher frequency response of 2.48 GHz is achieved when the test sample’s permittivity is set to εr1 = 20. Furthermore, in the case of modified slotted patch antenna with enhanced coupling (ECMPA), it is observed that increasing the relative permittivity (εr) from 20 to 30 that led to a modification in the initial resonant frequency (fr1) of S11, moving it from 2.87 GHz to 2.79 GHz. Furthermore, the second resonant frequency (fr2) of the designed slotted patch antenna shifted from 3.27 GHz to 3.13 GHz. Moreover, it has been observed that introducing slot and enhanced coupling provides better frequency responses in MPA and ECMPA sensors while maintaining acceptable radiation characteristics, i.e., realized gain is above 4 dB and VSWR less than 2. The detailed analysis of radiation characteristics has not been provided as it is out of the scope of paper and it is more focused on sensing analysis.
In order to verify the sensitivity enhancement of the proposed slotted patch antenna with that of the standard patch antenna, the frequency change (Δf), relative frequency change in percent (PRFS), enhancement in PRFS (PRFSE), sensitivity (S) and sensitivity enhancement (SE), are calculated and plotted with respect to S11 responses using Eqs 6–10 [29]:
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where, fu and fl represent the resonant frequency under unloaded and loaded (with leaf sample) conditions. The relative position of the sample under test (SUT) just above the patch’s surface plays a crucial role in determining the total capacitance and effective relative permittivity of microstrip patch sensor. As a result, the resonant frequency of S11 displays as a nonlinear function with regard to the effective relative permittivity [30,31]. indicates that the sensitivity, S, varied as the relative permittivity modified with higher values for lower relative permittivity. In this case, when the permittivity of the SUT is Ɛr = 20, the resonant frequency shift, Δfr, for the traditional patch antenna is 0.10 GHz, compared to 0.32 GHz and 0.03 GHz for the two proposed patch antennas. The percentage resonant frequency shift (PRFS) for the traditional patch antenna is 1.72%, whereas for primary and secondary proposed patch antennas, it reached at 5.52% and 0.51% correspondingly as shown in Figure 5B. Therefore, the percentage resonant frequency shift enhancement (PRFSE) of the proposed patch antennas is 3.2 and 0.3 accordingly.
[image: Figure 5]FIGURE 5 | Comparative plots for sensitivity performance of traditional microstrip patch antenna and proposed slotted patch antennas: (A) sensitivity (S); (B) % relative frequency shift (PRFS); (C) variable resonant frequency (Δfr).
Moreover, it is evident from Figure 5C that as the permittivity of the SUT is increased to Ɛr = 30, the shift in resonant frequency, Δfr for the typical patch antenna (CPA) reached 0.68 GHz. In comparison, it reached to 0.56 GHz and 0.20 GHz for the proposed patch antennas, MPA and ECMPA respectively as depicted in Figure 5C. The PRFS for the traditional patch antenna is 11.72%. Meanwhile, for the proposed slotted patch antennas, the percentage is 9.66% and 3.44%, respectively. Subsequently, the PRFSE for both the initial (MPA) and second designed slotted patch antennas (ECMPA) is 0.84 and 0.30. Additionally, the S (sensitivity) of the modified patch antenna (MPA) and enhanced coupling slotted patch antenna (ECMPA) is 0.06 GHz and 0.020 GHz, respectively. Consequently, the sensitivity Enhancement (SE) is found out to be 1.61 GHz and 0.575 GHz respectively for the proposed designs. Therefore, it is evident that the sensitivity of the newly designed patch antennas at the resonant frequency of concern surpasses that of conventional patch antennas by a factor ranging from 0.57 to 1.61, within a relative permittivity range of 20–30.
5 EXPERIMENTAL PROCESS FOR CHARACTERIZATION OF MOISTURE CONTENT RELATIVE TO MASS
The S11 parameters of the designed fabricated traditional and slotted patch antennas shown in Figures 6A–C, have been analyzed by means of an Agilent N5230A network analyzer as indicated in Figure 7A. The leaf is placed above the designed antenna sensor and the shift in resonant frequency is measured. The leaf that is used as a sample is freshly plucked from the renowned Ginkgo tree. It is important to recognize that sensitivity levels may vary between dead and living leaves, as well as between different types of leaves, due to each plant’s unique characteristics in responding to water stress. The experiments are conducted in a laboratory environment filled with various objects to simulate the complex signal propagation challenges encountered in agricultural settings. Measurements were taken under controlled conditions (temperature of 25°C ± 2°C, and 55% RH ±5% humidity) to simulate agricultural environments.
[image: Figure 6]FIGURE 6 | The fabricated slotted patch antennas: (A) standard microstrip patch antenna; (B) modified slotted microstrip patch antenna; (C) enhanced coupling slotted microstrip patch antenna.
[image: Figure 7]FIGURE 7 | (A) Test bed with network analyzer (B) weighting process of the leaf after every level of water.
For the sensitivity analysis, the modified slotted patch antenna (ECMPA) is tested under moisture stress. In the moisture content analysis setup, four (4) distinct levels are chosen with water content that constitutes to approximately mass ranging from 4.96 g to 5.30 g. The weighing process is depicted in Figure 7B. Initially, with an empty sample holder and the dry leaf weighing 4.96 g, there is negligible change in the resonance frequency, indicating the baseline measurement scenario. As the leaf’s mass increases due to water absorption, observable shifts in the resonant frequency occur, attributable to the varying dielectric properties of the leaf as it transitions from dry to increasingly moist. For the simplicity of discussion, four distant moisture levels, i.e., 0%, 1.6%, 3.0%, 5.0%, and 6.9% of moisture content are selected. Consequently, the relative moisture content (mc) in leaf samples, in percentage can be calculated from Eq. 11:
[image: image]
where mwater and mdry leaf are the weight of water and weight of dry leaf sample.
Table 1 summarizes the results from an experiment designed to measure the moisture content in leaves, where moisture is quantified by the volume of water added, denoted as Mwet in grams. The experiment employs the designed enhanced coupled microstrip patch antenna sensor to detect changes in the moisture content through shifts in resonant frequency and insertion loss.
TABLE 1 | Mass of wet leaf and moisture content (%age) by adding water.
[image: Table 1]The experimental data convey a clear correlation between the moisture content of a leaf and the resonant frequency exhibited by the enhanced coupled patch antenna (ECMPA) sensor. When the sensor is assessing a dry leaf, devoid of additional moisture, the recorded resonant frequency stands at 2.85 GHz. As the leaf’s moisture content escalates to 1.6%, there’s a discernible dip in the resonant frequency to 2.83 GHz. Progressing to 3.0%, the frequency further descends to 2.80 GHz, and with a 5.0% moisture increment, it plunges to 2.79 GHz. The most substantial moisture level tested, which is 6.9%, correlates with a resonant frequency of 2.75 GHz. This consistent downward shift in frequency with rising moisture levels is attributable to the increased dielectric constant of the leaf material. The addition of moisture elevates the dielectric constant since water possesses a higher dielectric constant relative to air. Consequently, as the moisture content within the sample under test (SUT) surges, the resonant frequency of the antenna correspondingly diminishes, affirming the sensor’s capacity to detect and quantify varying levels of leaf hydration through frequency shifts.
6 REGRESSION ANALYSIS
Calibration fitting tool is applied to find out the which of the techniques among the relative permittivity measurement and reflection coefficient measurement is best suited for the sensitivity of the proposed sensor with respect to resonant frequency. The graph displayed in Figure 8, shows a linear regression analysis showing the relationship concerning the frequency of a slotted patch antenna (MPA) as shown in Figure 1B and the relative permittivity of a leaf, which is an indirect measure of its moisture content. As the relative permittivity increases, the frequency decreases, suggesting that moisture content has a damping effect on the frequency. The calibration equation (MC = −0.0345f + 3.323) shows the variation in moisture content (MC) as a function of frequency (f). The calibration equation is valid over a range of 2.2 GHz–2.5 GHz as it is the optimal range for sensor’s performance. The high (R2) value of 0.9539 indicates a strong linear relationship between the variables.
[image: Figure 8]FIGURE 8 | Calibration curve for regression analysis related to frequency (GHz) vs. permittivity (Ɛr).
Figure 9 displays a plot of resonant frequency against reflection coefficient for a slotted patch antenna, indicating moisture content (MC) calibration. As frequency increases from 2.2 to 2.5 GHz, the reflection coefficient becomes less negative, suggesting less energy is reflected back and more is absorbed by the load (leaf in this case). The calibration equation (MC = −17.54f + 26.627) with (R2 = 0.1503) is displayed, suggesting a weak linear relationship between frequency and moisture content based on reflection coefficient values. The low (R2) value indicates that reflection coefficient alone may not be a strong predictor of moisture content as mentioned in [32].
[image: Figure 9]FIGURE 9 | Calibration curve for regression analysis related to frequency (GHz) vs. reflection coefficient S11 (dB).
Moreover, regression analysis technique is performed for frequency with respect to permittivity and frequency with respect to reflection coefficient to find out which approach is much better for sensing purpose. The model summary tabulated in Table 2 indicates a high correlation coefficient (R) of 0.961, suggesting a strong positive relationship between the resonant frequency and moisture content. The R Square value of 0.924 implies that approximately 92.4% of the variability in the moisture content can be explained by the model, which is a significant proportion, indicating a strong model fit. This is further reinforced by the Adjusted R Square value of 0.916, which slightly adjusts the R Square value for the number of predictors in the model, ensuring the model’s validity despite the number of terms. The performed ANOVA analysis depicts that the regression model is statistically substantial (p-value <0.001). The coefficients generated reveals the model’s equation: Each unit decrease in frequency is associated with a significant increase in moisture content, as shown by the large negative coefficient for frequency. The calculated t-values and corresponding p-values indicate that both the intercept and slope are significantly different from zero, reinforcing the model’s predictive.
TABLE 2 | Summary of the performed Regression Analysis.
[image: Table 2]6.1 Calculation of mean relative error
Additionally, the mathematical validation leads to determining the sensitivity of the experimental data by Eq. 9 whereas the MRE (mean relative error) for the moisture content is found out by Eq. 12:
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Where, MCActual is the moisture content being measured via experimental analysis depicted in Table 1. The value of predicted moisture content (PMC) is determined by plotting a calibration curve between frequency and permittivity of the SUT as depicted in Figure 8. The calibration curve provided the calibration equation, i.e., MC = −0.0345f + 3.323. It is calculated at second level of actual moisture content (AMC), which is at 3.55%. By using the calibration equation, the PMC is derived at 3.43%. Therefore, the mean relative error (MRE) at this point is determined as 0.0338 which is an indication of a very low error between the predicted and measured values. Moreover, the designed slotted patch antenna sensor depicts better sensitivity, i.e. 2% and lower MRE, i.e. 0.038 as compared to previous research work done in moisture content detection [33].
7 COMPARISON WITH PREVIOUS RESEARCH
Table 3 provides comparative analysis of the proposed ECMPA sensor with the three sensor designs used for moisture content detection in different materials. The proposed design of the enhanced coupled microstrip patch antenna (ECMPA) sensor presents several advancements over the previous reported designs [24,34,35] as indicated by various parameters. With dimensions of 47.7 × 56.3 mm2, it is larger than previous design 1, potentially offering a more extensive surface area for interaction, which can be crucial for sensing performance. It operates at lower frequencies of 2.87 GHz and 3.2 GHz compared to previous designs 1 and 3, which could allow for deeper penetration into materials, beneficial for specific sensing applications. In contrast, its frequencies are somewhat similar to previous design 2, suggesting possible similarities in penetration capabilities. The choice of leaf as the sensing material for the proposed design suggests a specialized or targeted application, possibly in the agricultural or environmental monitoring sectors, differing from the rice, granular, and soil materials of the previous designs. This specificity could leverage the unique properties of leaves in sensing applications. The substrate material, F4B, differs from the FR4 used in previous design 1, which can affect the antenna’s performance characteristics such as dielectric properties and mechanical stability. Cost-wise, the proposed design is noted as the cheapest, offering a significant advantage in terms of affordability and accessibility for widespread use. Its performance in terms of accuracy is substantiated by a high R2 value of 0.954, far surpassing the 0.411 and 0.57 of design 1 and design 3, indicating a reliable and accurate model fitting which is crucial for sensor efficacy. In terms of moisture sensing, the proposed design can detect a range from 0.86% to 22.48%, offering a more precise and suitable range for specific applications compared to range of previous design 1, 2, and 3. Finally, its mean relative error (MRE) at 0.30% is significantly lower than that of the other designs, underscoring its superior accuracy and reliability in sensing applications.
TABLE 3 | Comparative Analysis with previous designs.
[image: Table 3]Hence, it can be proved with this method that he resonant frequency of the microstrip patch antenna decreases as the moisture content of the leaf increases due to the variation in relative permittivity as proved in previous research [36]. It is due to the fact that the water molecules in the leaf absorb some of the electromagnetic radiation, which reduces the resonant frequency of the antenna. This method of measuring leaf moisture content is non-destructive and can be used in a variety of applications, such as agriculture, environmental monitoring, and plant physiology research.
8 IOT SYSTEM FOR MOISTURE CONTENT DETECTION
The architectural framework of any system is pivotal in delineating its structure and elucidating the functionality of its components. In the realm of IoT-based systems, numerous architectures have been suggested. The Service Oriented Architecture (SOA), renowned for its efficacy in smart applications, is adopted for the proposed IOT based moisture content detection system due to its simplicity and clear delineation of components. The IOT system as an architecture, encompasses four layers: sensing, network, service, and interface [37].
8.1 Sensing layer
Central to the IoT system is the sensing layer, focused on the “things”—in our context, a microstrip patch antenna designed for moisture sensing in leaves. The primary challenge is engineering a sensor with the precision to detect moisture content accurately. Utilizing a microstrip patch antenna with slotted enhancements, based on the principle of effective permittivity changes, we targeted the microwave frequency range known for its sensitivity to moisture content. Selecting a 2–3 GHz frequency for its compact size and effective correlation with moisture content, the research embarked on optimizing the antenna’s sensitivity through various techniques, including enhanced coupling, to ensure minute variations in moisture content are detectable.
8.2 Network layer
Achieving reliable wireless connectivity for developed sensor to transmit data is crucial. By integrating the sensor within a SOA framework, it ensures modular manageability suited for agricultural settings [38]. After evaluating various communication technologies, Bluetooth Low Energy (BLE) emerged as the optimal choice due to its low energy consumption, compatibility with numerous operating systems, and effective data rate for our application. This BLE-based network facilitates seamless data transmission from the sensor to the gateway, ensuring real-time monitoring of leaf moisture levels.
8.3 Service layer
The service layer, demanding significant computational resources, is hosted on a robust Dell precision tower 3960 workstation, equipped to handle the intensive tasks of data storage, analysis, and reporting. This local-cloud setup not only supports real-time operations but also enables data analytics, essential for the comprehensive IoT-based leaf moisture monitoring system. The system is designed to offer a plethora of services crucial for processing and analyzing the data collected from the field.
8.4 Interface layer
The user interface, developed in LabView®, allows for direct interaction with the system, presenting processed data to users in an accessible manner. This application, coupled with LabView web services, enables both local and remote monitoring of moisture levels, facilitating timely decision-making in agricultural management. Through RESTful API, the system ensures data is shared seamlessly, allowing users to access real-time information and thus optimize irrigation practices based on the moisture content detected by our sophisticated sensor. The flowchart illustration of an IOT-based leaf moisture content monitoring system is depicted in Figure 10.
[image: Figure 10]FIGURE 10 | Flowchart of an IOT-based leaf moisture content monitoring system.
8.5 IOT based monitoring system
Evaluating the effectiveness of a cutting-edge IoT-based leaf moisture sensing system is the primary aim of the research. An experimental setup is established, as shown in Figure 11, within a laboratory designed to replicate the varying conditions typical of an agricultural setting as proposed by [39]. A microstrip patch antenna sensor, crucial to the research, is strategically placed few meters away from the gateway node to mirror the real-world deployment distance in a field, though for visualization purposes in Figure 11, it is presented next to the gateway.
[image: Figure 11]FIGURE 11 | A real-time IOT based monitoring system in lab.
The selected laboratory environment is intentionally filled with various objects, such as equipment and furniture, to simulate the complex signal propagation challenges encountered in agricultural environments. This configuration is chosen to evaluate the durability of the wireless network against the physical barriers common in farming areas. Furthermore, the laboratory included two WLAN routers positioned at different sites to determine the system’s capability to withstand interference.
As detailed in Figure 11, the microstrip patch antenna is connected to a high-precision microwave analyzer, which is equipped with a BLE adapter, emphasizing the system’s applicability to IoT scenarios. The calibration of the system is conducted through standardized procedures to ensure the accuracy of measurements, focusing on the S11 parameter across a broad frequency spectrum.
Before introducing leaf samples, a baseline performance of the system is recorded to identify the unloaded resonance frequency. Subsequently, leaf samples with precise dimensions are placed onto the sensor, aligning carefully with the antenna’s enhanced coupling region for accuracy. Multiple measurements are taken for each sample to verify the consistency of the data. The orientation of the samples is meticulously arranged to facilitate optimal interaction with the electromagnetic fields, a vital factor for precise moisture detection. All experiments are performed under controlled conditions—maintaining a steady temperature of 25°C ± 2°C and humidity levels within 55% RH ± 5%—to closely mimic the operational environment of the IoT-based system in an agricultural context, thus confirming its potential for practical applications. The detailed working of the idea is to be presented as future research.
9 CONCLUSION
The research presented herein introduces an innovative approach to moisture measurement in foliage through the use of modified slotted microstrip patch sensor antennas, showcasing a marked improvement in sensitivity over the conventional patch antenna models. Our findings reveal that the sensitivity of these newly developed slotted patch antennas surpasses that of the traditional designs by a factor ranging from 0.57 to 1.67 when tested against dielectric samples with constants in the 20 to 30 range. Fabricated on a 0.8 mm F4B substrate, these antennas achieve operational resonance frequencies between 2.4 and 3.0 GHz without load. The key to their enhanced performance lies in the strategic integration of slots above the antenna’s feed point, coupled with an advanced coupling technique, elevating their sensitivity levels. Moreover, an IOT based implementation for real time monitoring is also presented. Such improvements position the modified slotted patch antennas as highly versatile tools, suitable for a wide array of applications that span from proximity sensing in automated systems to the wireless monitoring of biological materials, the measurement of permittivity in both solid and liquid mediums, and the non-destructive evaluation of moisture content in soils, foods, and various liquids. This versatility, combined with their increased sensitivity, underscores the potential of these antennas to significantly advance the field of IoT implementations by providing more accurate and reliable sensors for a multitude of applications.
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