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Abstract

:

Soil Moisture (SM) is one of the most critical factors for a crop’s growth, yield, and quality. Although Ground-Penetrating RADAR (GPR) is commonly used in satelite observation to analyze soil moisture, it is not cost-effective for agricultural applications. Automotive RADAR uses the concept of Frequency-Modulated Continuous Wave (FMCW) and is more competitive in terms of price. This paper evaluates the viability of using a cost-effective RADAR as a substitute for GPR for soil moisture content estimation. The research consisted of four experiments, and the results show that the RADAR’s output signal and the soil moisture sensor SEN0193 have a high correlation with values as high as 0.93 when the SM is below 15%. Such results show that the tested sensor (and its cost-effective working principle) are able to determine soil water content (with certain limitations) in a non-intrusive, proximal sensing manner.
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1. Introduction


According to the United States Geological Survey (USGS), water used for irrigation accounts for nearly 65% of the world’s freshwater withdrawals. Due to climate change, droughts are becoming more frequent and water becomes even more valuable than before [1,2]. Soil Moisture (SM) is also known to be a crucial factor in climate change [3,4] and is a fundamental part of the continental water cycle. In fact, the soil returns as much as 60% of land precipitation to the atmosphere in a process called evapotranspiration [3,5]. This process impacts the air and ground temperature by using more than half of the total solar energy absorbed by the soil [3]. SM thus impacts many climate processes, such as temperature and precipitation [3].



Soil moisture is also known as Surface Water Content (SWC), and it is one of the critical factors for crop’s growth, yield and quality; the moisture of the soil also affects the regulation of the soil’s temperature, the activity of microorganisms, the absorption of nutrients, evapotranspiration, and photosynthesis [6]. Assessing and understanding SM and its spatial distribution significantly impact economic, social, and agronomical planning [7]. Topography, soil type, and soil management can significantly impact soil moisture variability that becomes hard to ascertain. An excessive amount of SM is likely to harm the growth of plants, particularly when the soil soaks the roots and may rot.



In general, RADAR (Radio Detecting And Ranging) systems are built for distance measurement. Such devices use pulses of ElectroMagnetic Energy (EME), and, in every discontinuity, such EME is refracted according to Maxwell laws. In simple terms, this means that every time there is a dielectric discontinuity in the medium transmitting the energy, a portion of the emitted energy is sent back in the direction of the emitter. The waves’ propagation, attenuation, and reflection depend on the medium’s electrical conductivity and dielectric constant. The returned wave over time is used for measurement.



Ground-penetrating RADARs (GPR) are commonly used to analyze the soil and the soil water content [8]. Usually, GPR devices have a center frequency between 50 MHz and 3.6 GHz [9].



Automotive RADARs use the concept of Frequency-Modulated Continuous Wave (FMCW). Such devices have a more competitive price tag than the GPR, costing surely less than one-tenth of a GPR. Given the need to assess SWC and the interest in using an inexpensive RADAR system, the foremost goal of this research is to evaluate the viability of using automotive RADAR to characterize the SWC.



1.1. State of the Art in Proximal Sensing Sensors for SWC


Non-invasive sensors are placed externally and without contact with the process to measure. They are called proximal sensors, where the instrument is placed within 2 m of the target, or remote sensors if the distance is greater [10]. The main advantage against invasive techniques is the possibility of reading from different locations within a reasonable timeframe and naturally, not to touch nor affect the process. This ability to move the sensor allows overcoming the disadvantage of the invasive types with the small volume of the sample being measured. Figure 1 shows the classification of Soil Moisture (SM) measurement methods. Non-invasive sensors are also easier to deploy and result in more stable results in harsh environments such as rocky or vertical soil, not depending on surface contacts.



Apart from RADAR, there are some other techniques for contactless measurement of the amount of moisture in the soil, each of which has its strengths and weaknesses.



Most non-invasive techniques to measure soil moisture imply using ElectroMagnetic (EM) radiation and measuring the soil’s reflected radiation. Common difficulties with non-invasive approaches include limited penetration depth (L-band microwave [11]), difficulty in separating readings from different soil layers or depths (EMI, Cosmic Ray), soil moisture impacts the depth of the soil’s penetration (L-band microwave, EMI, Cosmic Ray, GPR), and the labor and effort required to perform such surveys (EMI and GPR) [12].



1.1.1. Ground-Penetrating Radar


Ground-Penetrating Radar (GPR) is a non-invasive technique capable of mapping SM and is commonly used to detect buried objects (pipes, roots), voids, and cracks [10].



GPR estimates the dielectric permittivity of the soil by transmitting electromagnetic waves and recording the travel time between a RADAR transmitter and receiver. The velocity of the EM wave in a specific medium is directly related to the dielectric permittivity, and therefore, one can estimate the SWC based on the electromagnetic waves’ travel time because of the large contrast between the dielectric permittivity of soil’s components: water, air and minerals [13].



GPR devices can be operated on the soil surface or from off-ground (proximal) or airborne platforms (remote) [14].



GPR can accurately measure soil moisture, reporting frequently a correlation above 0.93 with conventional soil sensors [15,16]. GPR is one of the few technologies that can map the SM variation in space [12]. The term “map” relates to being feasible and practical to achieve a birds-eye 2D representation where each cell (in this case) has SM information. If a GPR-like system is used, each map cell will have a vector of soil moisture readings over depth. Some disadvantages are the time it takes to map the large areas and being prone to errors in saline soils [9,17].




1.1.2. Interferometric Reflectometry Systems


In general terms, Geographical Positioning System-Interferometric Reflectometry (GPS-IR) and Global Navigation Satellite System-Interferometric Reflectometry (GNSS-IR) use energy emitted elsewhere and capture the reflected signals from the ground, containing data about the surrounding environment [18]. The SWC changes the reflected signal from altered soil’s permittivity and reflectivity [19]. This way, the information about the soil moisture can be indirectly measured by analyzing the reflected signal [18,20].



Generically, GPS signals are situated in the so-called microwave part of the Radio Frequency (RF) spectrum [11]. The particular frequency strongly influences the measurement depth of GPS-IR and GNSS-IR sensors; L-band microwaves reduce the penetration depth from 5 cm to a few millimeters (for high values of SWC) [14,21,22]. The radius of the measuring area varies with the antenna height, achieving around 300 m, with the antenna at 20 m height [21,22].



The benefits of GPS-IR and GNSS-IR approaches in agriculture are the ability to use a commercial receiver with a modified antenna, the measurements range, and the high correlation with soil moisture sensors, with values above 0.90 [23,24]. Remote sensing GPR, such as GPS-IR and GNSS-IR, sensors have disadvantages such as the short depth measurements range, errors due to soil roughness, crop stubble, and vegetation biomass [9,19,25].




1.1.3. ElectroMagnetic Induction


ElectroMagnetic Induction (EMI) devices were commonly used in agriculture to map significant soil variability or changes in soil type. EMI can also estimate soil salinity, texture, and clay content [16,26]. In any case, the demand for this technology is increasing in recent years due to interest in mapping SM in large areas [12]. The increasing interest in this technology relates to the use of multifrequency and multi-coil EMI sensors and recent calibration algorithms [26,27,28,29].



EMI devices rely on the strong correlation between soil electrical conductivity and soil water content, unlike other approaches [30]. These approaches apply an electric current to the soil using electromagnetic induction and then read the EM field that the ground generates [14]. The amplitude and phase shift of the EM field created by the soil depends mainly on the moisture content and the concentration of ions in the soil. The space between the transmitter and the receiver coil and the distance to the ground also greatly influences the EM field created by the soil [14].



EMI devices cannot directly measure SWC, and several soil parameters such as soil composition, temperature, salinity, and density influence the readings [12]. Because electrical conductivity is correlated with several parameters, the relation between electrical conductivity and SWC is very complex and non-linear. Based on these points, solutions using only EMI in agriculture are not very likely to succeed [12]. That is why many solutions tend to use EMI with GPR to measure soil moisture better [30,31].





1.2. Radio Detection AND Ranging (RADAR) Theory


Radio Detection And Ranging (RADAR) is a type of sensor that emits electromagnetic waves and then analyzes the reflected waves. Based on the type of signal the system emits, there are two categories: pulse RADAR and continuous wave RADAR [32,33].



1.2.1. Pulse RADAR


The pulse RADAR periodically emits short pulses of EM waves. The period between two consecutive pulses is related to the RADAR range. The period needs to be bigger than the time it takes for the waves to be emitted, reflected and received [32,33].



Ultra-WideBand (UWB) RADAR is a type of pulse RADAR that uses pulses of EME for a very brief period. To achieve that with good quality, expensive equipment is needed to send the pulses with high accuracy; high fidelity receiver electronics are also required to measure the reflection.




1.2.2. Continuous-Wave RADAR


Continuous-Wave (CW) RADAR is a type of RADAR where an EM wave with known frequency is emitted within a given medium (example: air) and reflected by any object (example: car). This method allows the removal of unrelated signals that, in turn, allows the reflected weak signals to be detected [33,34].



Without modulating the frequency, the sensor can not measure the distance of the objects due to the Doppler effect. Modulating the frequency allows having a better assessment of the object’s velocity and allows estimating the object’s position [35].



Frequency-modulated continuous wave radar FMCW technology uses UWB RADARs’ components, i.e., the antennas, the voltage-controlled oscillators, and the low noise amplifiers, to make cost-effective RADARs with frequency bandwidths up to 4 GHz [36].





1.3. Doppler Effect and Filter


When a fixed frequency wave hits a moving object, it will reflect the wave with a different frequency based on the relative velocity of the object to the wave’s transmitter. Suppose both object and RADAR have a velocity far inferior to the electromagnetic wave’s speed. In that case, the frequency’s shift is directly proportional to the relative velocity of the object relative to the emitter, and it is called the Doppler effect [37].



PondView


The PondView diagram [38] is a method to visualize and interpret GPR maps; this article will use this type of diagram for RADAR data. It allows the user to better identify buried objects and assess how deep the feature is.



PondView diagrams use thin horizontal slices taken from a map. They are usually only a few centimeters thick, containing the information of just one measurement from the GPR-like sensor. A thick slice is also possible by combining successive thin slices that can be vertically averaged or substituted by the vertical maximum.



PondView takes advantage of thick slices using the maximum method. It colorizes the thick slice with a two or three-color matrix based on the depth of each maximum. For the two-color pondView, the green is for shallower objects and blue is for deeper objects. The intensity of the color on each cell is based on the values of the measurements that need to be displayed; it is common that the actual data to be shown are based on differences to clarify the relevant data.



Summarizing, the PondView diagram deals with data that are 4D; that is, for each 2D cell (seen from above), the signal intensity over depth is at stake (a uni-dimensional vector of scalars). The shown color in each cell is related to the maximum difference of measurements just above and just below the depth at stake; saturated colors (far from black) relate to larger differences and, in turn, imply a medium change at that depth [38].






2. Materials and Methods


This section characterizes the RADAR sensor for use in Soil Moisture measurement: the overall strategy of the experiments is to compare the RADAR readings in experiences with controlled soil moisture content. The controlled soil moisture content comes from contact sensors measurements and the experimental sequence itself.



2.1. Hardware Setup


The inexpensive FMCW RADAR used is a Texas Instruments AWR1843-BOOST [39] RADAR. This board includes antennas and a serial connection to a device that will connect the data: in this research, a common low end PC. The AWR1843-BOOST is a FMCW RADAR with a frequency band of 77–81 GHz, three antennas, four receptors, and a range spatial resolution of 4 cm.



The RADAR is very versatile, allowing the configuration of several parameters such as the number of transmitters, receivers, and the field of view. The RADAR main characteristics are shown in Table 1.



The used contact sensors are multiple DFRobot SEN0193 sensors [40] and a AM2302 [41] temperature–humidity sensor. The SEN0193 is a gravity analog capacitive soil moisture sensor that reads the moisture by capacitive sensing. We chose this well-known, widely used sensor [42,43,44] because capacitive sensors are immune to effects such as soil’s evapotranspiration [45], and this one has acceptable accuracy, with a correlation coefficient (R2) minimum of 0.91 [43]. The measurements from the SEN0193 were collected using an Arduino Uno and sent to a computer.




2.2. Data Representation and Analysis


The Spearman coefficient was used to analyze the correlation between the measurements from the capacitive soil moisture sensors and data from the RADAR sensor. This method evaluates the monotonic relationship between two series. A monotonic relationship is a relationship that does one of the following:




	
When one series increases, the other increases as well;



	
When one series increases, the other decreases.








Since the ground-truth signal is far from having a linear correlation with the SWC [42], the non-parametric Spearman coefficient is well suited because the rates of increasing/decreasing of the series do not need to be constant. In contrast, in a linear relationship, the rate of increase/decrease is constant.



Since the signals from the RADAR and from the control signal (SEN0193 sensor) can be out of sync, a Cross-Correlation Function (CCF) allows to better assess the correlation between the two sensors, taking into consideration potential delays [46]. The delays are most likely related to water spread time in the soil. This CCF measures the similarity between possibily related signals that might include an unknown delay. This way, the same correlation algorithm gives the highest value of correlation as well as it allows to estimate the delay that maximizes the correlation [46].




2.3. Preparation of Experiences—Soil Tests And Sensing


Four experiments were carried out to ascertain the performance and quality of the RADAR sensor. Different types of containers were used according to the measurements made with the sensors. Each reading from the RADAR is an average of three consecutive measurements.



2.3.1. Experiment 1—One-Layer Soil


Experiment one was performed in a clay vase measuring 23 cm diameter and 21 cm height. One soil moisture sensor was inserted at 2 cm depth, and a temperature–humidity sensor was placed above the experiment. The soil is composed of just one layer of 18 cm thickness, and it represents fertile agricultural soil (rich nutrients and organic matter) without fertilizers.



We intended to test a correlation between the RADAR’s signal and the soil water content derived from the capacitive soil moisture sensor. The RADAR was positioned at 9 cm from the soil. We used a sample period of 30 s for the soil moisture sensor one minute for the RADAR.




2.3.2. Experiments 2—Three-Layer Soil


Experiment two was conducted in a plastic container measuring approximately 40 × 60 × 35 cm3. This experiment aims to assess if the size or type of the container influences the readings and if the RADAR can measure the soil moisture at a deeper level.



The soil is composed of three layers. The first layer (the top) is 21 cm high, with the same soil composition as the previous experiment. The second layer is 5 cm in height with fewer nutrients, a higher concentration of sand, and a much higher apparent or bulk density. The third layer (bottom) is 4 cm high and is equal to the first layer. The position of the sensors is shown in Figure 2. The ground-truth sensor is 2.3 × 9.8 cm2 in size, which makes it small compared to the volume of soil in the experiment. Thus, it is assumed that its presence is negligible in terms of general SWC; experiments demonstrate that the sensor is outside of the cone of RADAR detection.



Two soil moisture sensors were inserted at different depths for experiments one and two, one at 2 cm and the other at 21 cm underground, as shown in Figure 2. The RADAR was 9 cm away from the soil. We used a sample period of 100 s for the soil moisture sensor and five minutes for the RADAR during 36 h in the same position. This way, there are two intermediate readings from the control signal between two sequential readings from the RADAR.




2.3.3. Experiment 3—Oven-Dried Soil with One Layer


Experiment three was in a plastic container measuring 15 cm diameter, 25 cm height and the top was sealed. The container had the RADAR and the temperature–humidity sensor inside. One soil moisture sensor was inserted at 2 cm depth. The objective of this experiment is to assess in what interval of SWC the RADAR has the best performance.



The soil is composed of just one layer 13 cm high and with the composition of experiment 1 (fertile soil taken from the same bag from a well-known commercial brand). The soil was dried in an oven with a temperature between 105 and 110 ºC to get practically 0% SWC.



As mentioned earlier, the air’s moisture inside the covered container is measured by a specific sensor. The container is always fully sealed (no air nor moisture exchange), and all the sensors are inside the enclosed volume. The periodic addition of water is made with a syringe that crosses the top seal made of plastic wrap. In addition, the tiny hole is sealed to prevent any exchange to the interior.




2.3.4. Experiment 4—Three-Layer Soil Mapping


The fourth experiment is the collection of the readings in a squared grid with 4 ± 0.1 cm of pace. For that, a CNC-like manipulator was used. This manipulator was based on a commercial product called AxiDraw [47], and its design can be found in Thingiverse [48].



Each reading from the RADAR is an average of three consecutive measurements at 16 cm of distance from the soil and with constant room temperature. The manipulator takes less than half a second to move between positions.



Table 2 summarizes the main characteristics of each experiment.






3. Results and Discussion


We conducted four experiments to analyze the useability of the RADAR as a method to assess SWC. We evaluated the RADAR’s signal versus the ground-truth value in a small container, experiment 1, and in a big container, experiment 2. Then, we decided to assess the conditions where the RADAR had the best outcomes, resulting in experience 3. We tried to map the SWC in the big container to finalize it, as shown in experience 4.



3.1. First Experiment


In the first experiment, we intended to test a correlation between the RADAR’s signal and the soil water content derived from the capacitive soil moisture sensor. To achieve the goals of this experiment, we recorded the data from the sensors for more than an hour, without changing the soil and the sensor’s conditions, to acquire the values for the soil’s state. After that, we added to the soil 300 mL of water directly below the RADAR.



We arranged the readings to make a graphic of the RADAR’s signal, soil humidity sensor signal, temperature, and humidity of the air by the time to see the evolution of the RADAR’s signal over time and compare it to the rest of the data. Figure 3 presents the results from two runs of this experiment.



Both derived soil moisture sensing techniques strongly respond to the water-added event, showing sharp readings fall. The sensors’ signal reached a minimum, which was followed by a consistent signal increase in a short period, likely related to water drainage. After this period, the soil moisture sensors behave differently. While the RADAR sensor shows a time profile toward signal stability or even descent, the capacitive sensor, in both experiments, shows a clear tendency toward a signal increase. In this period, the temporal pattern of the RADAR sensor signal is similar to the humidity sensor signal and quite different from the capacitive sensor time profile. After adding water, the temperature and soil moisture show a distinct evolution in both experiments. In one of the situations, the temperature has a tendency to rise and the humidity has a tendency to decrease. Whilst in another experiment, these variables show a contrary trend after adding water. Soil moisture sensor capacitance-based seems to be affected by the soil temperature, as reported previously by Oates et al. [13].



The calculated Spearman’s correlation between the signals of both sensors yields 0.78. Meanwhile, the cross-correlation function (CCF) between the signals of both sensors yields 0.94 with a 5 min delay.




3.2. Second Experiment


The main objective of this experiment is to analyze if the RADAR could be used for soil moisture monitoring.



To achieve the goals of this experiment, we recorded the data from the sensors for three and a half hours, without changing the soil and the sensor’s conditions, to acquire the values for dry soil. After that, we added to the soil 500 mL of water, directly below the RADAR, without saturating the soil.



We mapped the measurements from the RADAR into colors based on the signal’s intensity. Then, we arranged the readings to make a graphic of depth by the time to see the evolution of the RADAR’s signal over time. Figure 4 presents the results from this experiment.



To compare the soil moisture sensor’s and the RADAR’s readings, we extracted the values from the RADAR at the same depth as the other sensors, producing Figure 5 and Figure 6. These figures show that the more water the soil has, the lower the RADAR’s signal intensity. This relation is due to the water having a much bigger dielectric constant than the soil.



We calculated Spearman’s correlation between the signals of both sensors, giving 0.75 and 0.64 at a depth of 2 cm and 21 cm, correspondingly. Near the surface, the correlation is lower due to the water, making the soil and the sediments more compact, even after it dries, increasing both RADAR readings. This can be seen in Figure 6, where the soil moisture sensor near-surface ends with a higher value than moments before adding water.



We also calculated the cross-correlation function (CCF) between the signals of both sensors. At a depth of 2 cm, the maximum value of correlation was 0.73 with a delay of 21 min and at depth of 21 cm, the maximum value of correlation was 0.82 without any delay.



The RADAR sensor could not detect the three different sediment layers used in our experiments. Nevertheless, the effect on water absorption and evaporation is relevant. The layers have different compositions, densities, and water absorption capabilities. That discontinuity in soil characteristics is likely to create additional small water pockets between soil layers when water is added. Small condensation zones between soil layers appear when the water evaporates. These phenomena are the most likely explanation why the RADAR’s readings at 21 cm depth show some peaks and valleys throughout the experiment 2. The soil moisture sensor does not show this change because the capacitive sensing principle makes them not sensitive to condensation.




3.3. Third Experiment


To assess the conditions that gave the best results, we recorded the data from the sensors sealed inside the plastic container for half an hour, without changing the soil and the sensor’s conditions, to acquire the values for dry soil. This record was shorter than in the other experiments because we know the previous state of the soil. After the waiting period, we added 5% water in mass to the soil four times per hour, directly below the RADAR.



We arranged the readings to make a graphic of the RADAR’s signal, control signal, temperature, and humidity of the air by the time to see the evolution of the RADAR’s signal over time and compare it to the rest of the data. Figure 7 presents two results from this experiment.



Figure 7 shows that the effect of SWC in the RADAR’s readings is not constant. When the SWC is high enough, the RADAR’s signal, instead of decreasing, increases with SWC. With elevated SWC, the soil gets to the point that it cannot absorb water anymore, making the water reflect the RADAR’s signal.




3.4. Fourth Experiment


The fourth experiment intends further to test the correlation between the RADAR’s signal and the SWC in an experiment that maps the soil that would be viewed in bird’s eye view as 2D. For visualization, the pondView strategy is used.



We recorded the data from the RADAR with a top view horizontal square grid of 4 cm spacing before adding 1 L of water to the soil and one hour after it. This way, we have a map with the dry soil and another for the wet soil.



We created three pondViews based on the RADAR’s readings. One pondView shows the difference between dry and wet soil near the surface, and the other shows the same difference but deeper. Figure 8 shows the three pondView diagrams, showing different numbers of layers.



Because the presence of water in the soil lowers the intensity of the signal read by the RADAR, it is only interesting to analyze the positive values of the difference between dry and wet soil. Figure 8 shows several pondViews with different parameters. In the near-surface pondViews, we can see that the most significant difference is between 12 and 20 cm deep because the pondView with just three layers shows not so many changes and the pondView with five layers is predominantly blue. The reason is that since we add water to the ground, gravity tends to push the water into lower levels. In the deeper pondView, we can see that the significant differences are around 24 cm depth due to two factors. The three-layer pondView has a lot of greens (24 cm depth layer’s color). The five-layer pondView has a significant concentration of cyan (24 cm depth layer’s color) and light green and light blue. Analyzing the entire box pondView, we can see that it is predominantly light blues (24 and 28 cm depth layer’s colors), corroborating what was previously said in the experience before and what the other pondViews indicate.





4. Conclusions and Future Work


The results of this research show that the inexpensive automotive FMCW RADAR (AWR1843-BOOST) is a cost-effective alternative for GPR to assess near-surface water content in the soil (under certain constraints). Such results show that the tested sensor (and its cost-effective working principle) are able to determine soil water content (within certain limitations) in a non-intrusive, proximal sensing manner. “Direct” readings are usable for Soil Moisture below 15%. This limitation is severe, but nonetheless, the sensor is very useful for agricultural purposes, for instance to control precision irrigation schedules, leading to cost-efficient management of scarce water resources. Once perfected, this on-the-go sensor will be highly suitable for mapping crop water management in line with precision agriculture. As with many other sensors, it must be recognized that specific readings are likely to be dependent on the soil properties, but simple calibration procedures will avoid that shortcoming.



These results were obtained without the real-time data capture adapter DCA1000EVM of the AWR1843-BOOST. The use of this adapter is likely to improve results (at the cost of slightly more expensive hardware), and this can be done in the future, when the device become available. In addition, additional experiments are needed to ascertain the real precision of the measurements with different soils at higher depths and over increasing depths.



Non-intrusive SWC assessment is especially interesting in applications such as SWC mapping (where the sensor is transported by any kind of mobile device) or in situations where implementing intrusive sensors is not possible, such as rocky soil or vertical surfaces. The use of non-intrusive sensors in mobile machines or robots is likely to enable the acquisition of ground observations to investigate soil moisture–climate interactions.
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Abbreviations


The following abbreviations are used in this manuscript:



	USGS
	United States Geological Survey



	WUE
	Water Use Efficiency



	SWC
	Surface Water Content



	RADAR
	Radio Detecting And Ranging



	EME
	Eletromagnetic Energy



	FMCW
	Frequency Modulated Continuous Wave



	SM
	Soil Moisture



	EM
	Electromagnetic



	EMI
	Eletromagnetic Induction



	GPS-IR
	Geographical Positioning System Interferometric Reflectometry



	GNSS-IR
	Global Navigation Satellite System Interferometric Reflectometry



	RF
	Radio Frequency



	UWB
	Ultra-Wideband



	PC
	Personal Computer



	CNC
	Computerized Numerical Control
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Figure 1. Classification of soil moisture measurement methods: Ground sensing (left), mobile or static proximal sensing (middle), and airborne or spaceborne remote sensing techniques (right). 
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Figure 2. Disposition of the soil moisture sensors and soil layers in the big container. 
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Figure 3. Experiment 1 results in a small container in two rounds. The blue line corresponds to the RADAR’s signal, and the red line corresponds to the control signal. The room temperature is the purple line and the brown line corresponds to the room humidity. The vertical yellow dotted line represents the moment when the water was added. (a) First round. (b) Second round. 
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Figure 4. Spatiotemporal pattern of the RADAR’s readings. Warmer colors represent a higher intensity of the signal that relates to drier soil. The vertical red line represents the moment when the water was added. The blue and black dotted lines represent the depths where the two ground-truth sensors were positioned. 
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Figure 5. RADAR’s readings vs. control signal at 2 cm depth. The vertical red solid line represents the moment when the water was added. 
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Figure 6. RADAR’s readings vs. control signal at 21 cm depth. The vertical red solid line represents the moment when the water was added. 
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Figure 7. Experiment 3 results in the sealed container. The vertical yellow dotted lines represent the moments when the water was added, and the brown color represents the container air humidity. The blue line corresponds to the RADAR’s signal, and the red line corresponds to the control signal. 






Figure 7. Experiment 3 results in the sealed container. The vertical yellow dotted lines represent the moments when the water was added, and the brown color represents the container air humidity. The blue line corresponds to the RADAR’s signal, and the red line corresponds to the control signal.



[image: Applsci 12 05471 g007]







[image: Applsci 12 05471 g008 550] 





Figure 8. RADAR’s readings representation on PondView with nine layers. 
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Table 1. Main configuration of Texas instruments AWR1843-BOOST RADAR.
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	Range Resolution
	4.4 cm



	Frequency
	77 GHZ



	Field of View
	15°



	Frame Duration
	50 ms



	Doppler Detection Threshold
	15 dB



	No. of transmitters
	3



	No. of receivers
	4
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Table 2. Summary of the four experiments implemented.
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	No.
	RADAR Sampling Period
	Ground-Truth Sampling Period
	Distance from RADAR to Soil
	Description





	1
	60 s
	30 s
	9 cm
	Use the RADAR in a vase with soil



	2
	300 s
	100 s
	9 cm
	Use the RADAR in a big container made of plastic filled with soil



	3
	30 s
	5 s
	9 cm
	Use the RADAR in a plastic container



	4
	-
	-
	16 cm
	Use the RADAR to map the soil moisture in a big container
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