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Abstract—The use of precision agriculture and the Internet 
of Things has improved the efficiency of many cultures. 
Nevertheless, there are a few low-cost options to monitor soil 
moisture. Moreover, those options depend on the specific 
characteristics of the soil. In this paper, we attempt to find a 
sensor, based on mutual inductance, that could be used for 
more than one sort of soil. We study three prototypes, one of 
them with casing. The sensors are powered with a voltage of 10 
peak to peak volts. One of the soils has a high content of 
organic matter and sand while the other is rich in sand and silt. 
The best prototype for the soil with high levels of organic 
matter has 10 turns on the powered coil and 5 on the induced 
coil. The best frequency for this sensor is 1340 kHz. For the soil 
with a significant quantity of silt, the best prototype has 80 
turns on the powered coil and 40 on the induced coil. The 
frequency at which this sensor works best is 229 kHz, which 
happens to be its peak frequency. With those characteristics 
regressions lines with R2 values higher than 0.75 can be 
modeled. 

Keywords—precision agriculture, IoT, mutual inductance, 
solenoid, conductivity sensor, water management 

I. INTRODUCTION

Agriculture is the principal economic activity in most of 
the rural areas of the world. In most parts of the word it is the 
economic activity with the highest water requirements. 
Regarding the water scarcity and the exacerbation with 
climate change, the regulation of water usage is a crucial 
issue. The precision agriculture proposes to use sensors and 
remote sensing (both with satellite and drones) to monitor the 
performance of agriculture with the aim of adjusting the 
inputs (water, fertilizers, nutrients, etc). Several papers have 
presented different systems for precision agriculture. 

Internet of things (IoT) has become a hot topic in the last 
years. The interconnection of different devices to share 
information and send data have multiple applications. It has 
been applied in many different fields, since industry [1], or 
surveillance [2] to e-health [3] or smart cities [4].  

IoT can be also applied in conjunction with precision 
agriculture to reach the sustainability of the activity. The 
main drawbacks that are deterring the adoption of precision 
agriculture are: (i) the cost of sensors; (ii) the lack of 
specialized systems for different farming systems; and (iii) 
the little trust of the farmers on these systems.  

If we pretend to boost the adoption of these systems, we 
need to offer low-cost systems, which have been tested in 
different farming systems and are robust and reliable. This 
will enhance the approval by the farmers. Currently, many 
systems have been proposed for monitoring agriculture. 

Generally, the proposed systems are composed of sensors 
which measure different physical variables, a smart 
algorithm that according to the measures triggers different 
actuators [5]. Most of the proposals are presented for a 
specific farming system as greenhouses and grain fields. 
Most of the systems for greenhouses include the 
aforementioned sensors and actuators. On the other hand, in 
grain fields is more common to find systems based on remote 
sensing to monitor the performance of crops and the 
actuators are located in the machinery. When sensors are to 
be used in the field, they must be properly designed and 
tested under different scenarios. One of the most used 
sensors in precision agriculture is the soil moisture sensors. 
However, the current low-cost soil moisture sensors are 
based on electric conductivity. Those sensors have two 
downsides (i) the sensing element (electrodes) must be in 
contact with the soil; and (ii) some sorts of soil might have 
salts and given the same water content the measure of 
conductivity can be different. The use of inductive soil 
moisture sensors was reported in [6], nonetheless the authors 
only test their prototypes with one sort of soil. Therefore, 
more tests are needed to ensure the suitability of this soil 
moisture sensor for precision agriculture.  

In this paper, we present the comparison of two low-cost 
soil moisture sensor based on electromagnetic fields tested 
with different sort of soils. The first soil is a substrate 
commonly used in gardening, with a high content of organic 
matter and nutrients and a high percentage of sand. The 
second soil is a fallow land with a low percentage of organic 
matter, low nutrients, a significant quantity of silt (about 
30%) and a high percentage (about a 60%) of sand. Three 
prototypes of the moisture sensor were tested. The different 
prototypes were previously tested to ensure that they are able 
to measure the soil moisture. The used prototypes are the 
ones that offered better results in previous tests. In this 
experiment, we use a different method to generate soil 
moistures, two sorts of soil, and a wider range of moistures.  

The remainder of the paper is structured as follows, 
Section 2 presents the related work. Section 3 presents the 
material and methods used in the experiments. The results 
are presented in Section 4. Finally, Section 5 sets out the 
conclusions of this contribution.  

II. RELATED WORK

In this section, we summarize the related work and 
identify the gap in the current solutions for soil moisture 
monitoring. 
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before measuring. We will subtract the weight of the dry soil 
along the weight of the pot and the filter paper. With this, we 
will obtain the weight of the water. Since the density of 
water is 1 ml/g we will be able to know the water volume. 
This value will be divided by the soil volume in order to 
obtain the soil moisture (Eq. 3). 

𝑆𝑜𝑖𝑙 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 %𝑣𝑜𝑙  
  

  
                  (3) 

The PC will be powered with different EC around the 
peak frequency of each prototype, as well as the peak 
frequency. The different EC will derive 5 kHz from one 
another and be multiples of five, the peak frequency being 
the only outlier. The process through which the soil moisture 
was estimated is shown. The substrate used for S1 is very 
rich in organic matter, therefore a high-water content is to be 
expected. We weigh 20 g of soil on a 3 g capsule, obtaining a 
total weight of 23 g. After drying it, the total weight of the 
capsule Is 10 g. Consequently, the dry soil weight is 7 g. For 
S2, 25 g of soil are weighed on the capsule, the same used 
for S1. After being completely dried, the weight of the soil 
and the capsule is 24 g. Therefore, the dry soil weighs 21 g. 
The results for both soils, after applying the proper equation 
(2) and performing the needed subtractions and additions are 
shown in Table II. 

TABLE II.   SOIL WEIGHT CHARACTERISTICS 

Characteristics S1 S2 

Initial soil weight (g) 20 25 

Capsule weight (g) 3 3 

Dry soil weight (g) 7 21 

Dry soil percentage 35 84 

Total soil weight (g) 1500 1500 

Total dry soil weight (g) 525 1260 

Pot and filter paper weight (g) 149 149 

Dry soil, pot and filter paper weight (g) 674 1409 

 

The volume is calculated after taking the appropriate 
measures (height and major radius) for each pot. The minor 
radius is measured before adding the soil. It is to be noted 
that even though both pots are conical trunks they are 
slightly different. The pot for S2 is wider at the top than the 
pot for S1. The volumes for each are shown in Table III.  

TABLE III.  SOIL VOLUME 

Characteristics S1 S2 

Minor radius (cm) 8 8 

Major radius (cm) 8.5 8.75 

Height (cm) 10.5 5 

Volume (cm3) 2246 1103 

 

The initial water weight of S1 is 2363 g. In the case of 
S2, the initial weight was 1888 g. Using the pertinent 
formula (3) we can obtain their water volume. Said water 
volume is 75.21% for S1 and 43.45% for S2. 

IV. RESULTS 

In this section, the results from the experiments 
previously explained are shown. In order to better explain 

them, this section is divided into three subsections. The first 
one presents the estimation of the water content on the pots. 
The graphs with the Vout for each sensor and pot 
combination are shown in the second subsection. In the third 
subsection, whether the same sensor can be used for both 
soils with the same equation or not is studied. 

A. Water content estimation 
In this subsection, the results for the soil moisture 

measures are presented. Not only in percentage but also in 
volume and weigh. These measures are key for the 
calibration of the prototypes. The initial water weight of S1 
is 2363 g and after two weeks it weighs 2181 g. Considering 
the volume of soil, the percentages of water (soil moisture) 
are shown in Table V. In the case of S2, the initial weight 
was 1888 g. The results for the soil moisture are shown in 
Table VI. These results are used to compare the Vout of the 
sensors. 

B. Study of the Vout 
In this subsection, the results from the tests performed 

with the prototypes are shown. The Vout from the IC was 
measured every 5 kHz around the peak frequency and on the 
peak frequency itself. 

 

TABLE IV.  S1 SOIL MOISTURE PERCENTAGE 

Total 
weight 

(g) 

Water 
weight 

(g) 

Water 
volume 
(cm3) 

Water 
percentage 

% 

2363  1689  1689  75.21 

2277  1603  1603  71.38 

2181  1507  1507  67.10 

2086  1412  1412  62.87 

1982  1308  1308  58.24 

1833  1159  1159  51.61 

TABLE V.  S2 SOIL MOISTURE PERCENTAGE 

Total 
weight 

(g) 

Water 
weight 

(g) 

Water 
volume 
(cm3) 

Water 
percentage 

% 

1888  479  479  43.45 
1840  431  431  39.09 
1762  353  353  32.02 
1743  334  334  30.29 
1598  189  189  17.14 
1573  164  164  14.88 

 

The results from the P1 on S1 show a peak Vout of 31.2 
V on several levels of soil moisture. This was obtained on 
the peak frequency, 229 kHz. It is possible that this value is a 
threshold, thus explaining its behavior. The measures do not 
seem to show a pattern, as seen in Fig. 6. Therefore, this 
prototype is not useful for S1. 

The data from P1 on S2 show an increasing trend for 
most tested frequencies. The peak Vout observed with this 
prototype is of 30.8 V, on the peak frequency as well. This 
prototype shows big differences between two contiguous 
frequencies, which makes the changes between different 
water percentages look small. The frequency 225 kHz seems 
to show an uninterrupted increasing trend, as seen in Fig. 7. 
This frequency should be further studied. 
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  Fig. 6. Vout of P1 using S1 

 
Fig. 7. Vout of P1 using S2 

The second prototype, P2, shows an increasing trend up 
to the peak frequency when tested on S1. Beyond that 
frequency, they seem to have no correlation at all. The peak 
Vout is 14.6 V, observed at 775 kHz with almost 60% of 
water content. This prototype shows bigger differences than 
P1. Moreover, it seems to follow a step behavior, as seen in 
Fig. 8. The differences in 760 kHz should be studied. 

The same prototype when tested on S2 showed 
significantly worse results. The Vout seems to increase and 
decrease arbitrarily. The peak Vout, 14.7 V, is reached at 777 
kHz, the peak frequency, for 33% of water content. The 
inconsistency on the trend of this data makes it unsuitable for 
the purpose of this experiment, as seen in Fig. 9. 

The data obtained from P3 when testing S1 shows a 
trend, although the said trend is not suitable for the purpose 
of this test. At first the Vout increases and suddenly it 
decreases, see Fig. 10. Since the peak frequency for this 
prototype is very high, only the lower side was studied. The 
peak Vout shown in this experiment is 13.9 V. It was 
observed for the highest frequency tested, 1350 kHz, for 
water content of 67%.  

The results from P3 on S2 are completely random. The 
Vout increases and decreases every other frequency. The 
peak Vout is 13.7 V, obtained on the frequency 1350 kHz for 
a 33% water content. The absence of a trend presented by 
this prototype makes it unfit for the purpose of this 
experiment. 

C. Calibration of the equation 
In this subsection, we try to determine whether one 

sensor can be used for the determination of the soil moisture 
and in that case, the equation. We present the graphs with the 
calibrated data. The mathematical model chosen to fit the 
data is linear regression. This choice was made due to the 
simplicity of the model. 

As proven by the previous graphs, P1 shows good results 
for S2. Nonetheless, it is useless for S1. The contrary is true 
for P2. Unfortunately, P3 seems to perform poorly for both 
soils. 

The data for the calibration of P1 with S2 is the Vout 
from the tested frequency previous to the peak frequency, 
225 kHz. We can see a representation of this data along with 
the calibration equation (Eq. 4) and the R2, see Fig. 12. The 
R2 is a statistic parameter to estimate the correlation degree 
between the formula and the data, the higher it is to 1 the 
more accurate correlation is. 

 
Fig. 8. Vout of P2 using S1 

 
Fig. 10. Vout of P3 using S1 
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Fig. 9. Vout of P2 using S2  

Fig. 11. Vout of P3 using S2 

 

As expected, due to the use of a prototype with diverse 
characteristics, the result for P3 with S1 is different. The data 
used for this calibration comes from the 1345 kHz frequency 
and the calibration equation (Eq. 5) along with a 
representation of this data and the R2 can be seen in Fig. 13. 

Conclusion and Future work Precision agriculture has 
become one of the most important tools in order to better 
manage resources. Nevertheless, solutions that come from 
precision agriculture and the use of IoT are often too 
expensive. Moreover, the low-cost sensors used nowadays 
must be in direct contact with the soil. 

In this paper, we presented three prototypes of sensors, 
one of which was not in direct contact with the soil. We 
determined that while none of the sensors could work for 
both soils, there was a good one for each of the tested soils. 

Further tests are needed in order to obtain wider results. The 
prototypes will be tested in more soils, in order to search for 
a pattern. Moreover, the prototypes will also be tested under 
different temperatures to test their sensibility to the changes 
in the environment.        

      𝑦  26.494𝑥  796.48                   (4) 

 
Fig. 12. Vout of P1 with S2 and its mathematical model 

             𝑦  8.4075𝑥  159.66                   (5)  

 
Fig. 13. Vout of P2  with S1 and its mathematical model 
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