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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 R” 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].

[oT 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.
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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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According to the review of Susha Lekshmi et al. in 2014
[7], there are 13 different methods to measure the soil
moisture (including optical, dielectric and thermal techniques
among others). However, not all these techniques can be
implemented in sensors. The dielectric techniques are
reported as quite reliable. Nonetheless, the given commercial
sensors are expensive and regarding the capacitance probes,
their deployment might be tricky. Kizito et al. in 2008 [8]
compare different low-cost soil moisture sensors based on
capacitive effect and concludes that the temperature affects
to the measures. They found that the best measurement
frequency is 70MHz, at this frequency a single calibration
curve can be used for all the tested sorts of soil. Though, the
measuring frequency is too high. However, in [6] other
sensors are presented with lower measuring frequencies. The
measuring frequency is directly related to energy
consumption. If we pretend to have sensors deployed for
long-term we need to reduce their energy consumption, and
decrease the measuring frequency is one option.

Many authors have claimed the importance of using soil
moisture sensors in precision agriculture systems in many
different crops. Gendrona et al. in 2018 [9] showed the
benefits in water use and productivity of monitoring real-
time irrigation in strawberries. They measure the soil matric
potential as an indicator of soil moisture. They presented a
decision-making tool for growers with regard to the adoption
of irrigation techniques. The use of soil moisture sensor for
monitoring drip irrigation in dwarf cherry trees was proposed
by Dursun and Ozden in 2011 [10]. They suggest the use of a
commercial soil moisture sensor (from Decagon) and a series
of valves and pumps for irrigation. They showed the data
gathered by the commercial sensor during 2:30 hours and the
volumetric soil moisture changed from 16 to 19 (m*/m?*). The
utilized sensors were low-cost sensors based on two
electrodes. The sensors were not calibrated according to the
characteristics of the soil. The utilized sensor must be in
contact with the soil and the authors do not report the
performance of this sensor in the long term.

Mittelbach et al. in 2012 [11] set out the comparison of
four low-cost commercial soil moisture sensors during 1
year. They compare the 10HS, CS616, TRIME and
SISOMOP sensors. They establish that none of the tested
sensors accomplishes the level of performance specified by
the manufacturers. They point out that a specific coil
calibration will need to improve the accuracy of the sensors.
Furthermore, they affirm that some of them have a serious
lack of sensitivity and a suspicious dependence on soil
temperature. Therefore, low-cost commercial sensors must
be improved before boosting the adoption of those sensors in
precision agriculture.

Soulis and Elmaloglou in 2018 [12] stated the importance
of sensors location for soil moisture monitoring in the case of
layered soils. They proposed the combination of different
sorts of sensors, with different sensibilities, in one probe.
Each sensor was located at a certain depth. Thus, in one
probe they can measure the soil moisture at different depth.
Up to 6 probes were deployed jointly to obtain a map of soil
moisture in the vicinity of the roots.

We can conclude that to have an optimal soil moisture
sensor for an IoT precision agriculture system it must
accomplish the following requirements: Low-cost, low-
energy consumption, long-term measurement capacity,
calibrated with different sorts of soils. Nowadays, none of

the available sensors can accomplish these requirements. In
this paper, we present a sensor that accomplishes all these
requirements.

III. MATERIAL AND METHODS

In this section we will explain the procedure through
which the experiment was conducted. Moreover, we will list
all the materials needed for the process. In order to better
understand this, we will divide this section into two sub-
sections. The first one will explain how the samples will be
prepared. The second one will deal with the measures with
the sensors.

A. Coils description

The sensor uses the phenomenon of mutual inductance
[6]. It has two coils, one of which is powered (PC) and
another one which is induced (IC). When the PC is powered
with an electric current (EC) it generates a magnetic field. If
the IC is in the proximity of the magnetic field it is affected
by it and generates a magnetic flux. The voltage output
(Vout) of the PC depends on the magnetic field generated by
the PC and the medium through which it moves. The
magnetic field and the induced voltage also depend on the
number of spires (NS), the diameter of wire (W) and the
diameter of the coil on each coil (OPC and GIC).

For this experiment, we used three prototypes.. The three
of them present the same @W, which is 0.4 mm.. The
characteristics of P1 to P3 can be seen in Table I. Moreover
P1 presents casing, neither P2 nor P3 are endowed with one,
see Fig. 1 and 2.

B.  Soil collection and preparation

In order to test these prototypes on different soils, we will
collect two samples. The first sample (S1) is composed of
substrate for plants, rich in organic matter. The second
sample (S2) will come from a field previously used to
harvest citrus, it will be rich in silt and clay. The two samples
will be prepared using the same protocol. First, the soil will
be collected from its source. S1 will be bought at a gardening
store. Meanwhile, S2 will be dug from a culture. For this step
we will need a shovel and a recipient to put the soil in, like a
bucket. It will be subtracted with care to do not grab rocks
and plants. Second, the soil will be laid on a tray and with the
aid of a rolling pin, we will break the possible clods.

TABLEL PROTOTYPES CHARACTERISTICS
P1 P2 P3
Diameter of Inner PVC tube (mm) 25 25 25
Layers 8 1 1
Casing Yes No No
Separation between coils (mm) 10 5 5
Diameter of Casing PVC tube (mm) 43
Number of Windings of PC 80 5 10
Number of Windings of IC 40 10 5
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Fig. 1. P1 over milimitrated paper Fig. 2. P2 and P3 over

milimitrated paper

In this step, we will also remove any possible rock, plant
or invertebrate that could be present. Then, we will use a 2
mm aperture sieve to filter the soil. We will do it in order to
make sure that we are only testing the soil. We will repeat
this procedure until we have at least kilo and a half of soil.

After this, we will prepare the pots. Before starting the
procedure, we will take the necessary measures. The pots
which will be used in this experiment are conical trunks.
Therefore, the measures needed to calculate the volume
using the conic trunk formula (Eq. 1) are the minor radius,
the major radius and the height. The major radius and the
height can only be measured once the soil is on the pot, but
the minor radius has to be measured now.

V=§-7r-l-(R2+r2+R-r )
(1

C. Moisturizing soils

First of all, the bottom of the pot will be sealed with filter
paper. This way, water can get in and out, but the soil will
remain inside. The pot, along with the filter paper, will be
weighed. Following, pots will be filled with 500 g of soil.
The pot will then be put inside a plastic box or any other sort
of container. The box will be filled with water up to one
centimeter under the soil level inside the pot. We will wait
until the upper layer of soil looks wet. Then, we will add
another 500 g of soil and raise the level of water on the
outside to one centimeter below the soil level. This process
will be repeated a third time until the soil is completely wet.
This process makes sure that the entirety of the soil is wet. In
order to get rid of the excess of water, the pot will be left at
25 Celsius degrees for 24 hours.

Meanwhile, we will weight a small portion of the filtered
soil. This portion will be heated to 100 Celsius degrees in
order to evaporate all the water. After the evaporation it will
be weighed again and the percentage of dry soil will be
determined with the adequate formula (Eq. 2).

Weight of dry soil (g)
Initial weight of soil (g)

100

Dry soil % =
2

After the aforementioned 24 hours, the pot will be
weighed. First we will subtract the weight of the pot and
filter paper. Secondly, we will multiply by the percentage of
dry soil. The result should be the weight of the dry soil. We
will use this weight to calculate the soil moisture each day.
This will be done with both soil samples. The soil samples
can be seen in Fig. 3, the different characteristics of soil
(colour, content of organic matter, and texture).

Fig. 3. The pots willed with the soil samples

Moreover, we will measure the major radius and the height
for each sample. With this data we will be able to calculate
the soil volume using the aforementioned formula for a
conic trunk (1).
D. Measuring procedure

We will measure for six weeks, a total of six times, over
the course of one month. The PC of the sensor will be
powered with a current generator AFG1022 from Tektronix
[13] that generates a 10 peak to peak voltage sinus-wave.
The Vout will be measured with the oscilloscope TBS1104
from Tektronix [14]. Moreover, the PC will require a
resistance of 47 Q connected to the positive wire.
Furthermore, the IC will need a capacitor of 10 nF connected
to both wires. The complete set up should have the pot, the
sensor, the current generator, the oscilloscope, the resistance
and the capacitor, see Fig. 4 and 5.

Function generator

Osciloscope

47 Q

10 nF —_—

—
Sample —

Fig. 4. Scheme of the circuit

Fig. 5. Photography of the circuit

We will gather the data over the course of six weeks,
measuring once per week. The: three prototypes will be used
with S1 and S2. To gather the data we will weigh the pots
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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).

. . Volume water (L)
Soil moisture (%vol) = otume soll (L) 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 ‘Water ‘Water Water
weight weight volume percentage
(2) 2 (cm3) %
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 ‘Water Water ‘Water
weight weight volume percentage
() (2 (cm3) %
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
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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.

15 m7516 m71,38 m67,19 m62,83 m5806 w5161

=

4

755 760 765 770 775 777 780 785 790 795

Frequency (kHz)

Vout (V)
= = = =
o - N w

©

0

Fig. 8. Vout of P2 using S1

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 R?, see Fig. 12. The
R’ 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.

1 m7516 m7133 W67,19 m62,83 m5806 m5161
13,5

12,5
11,5
1
10,5
1
9,5

9

1310 1315 1320 1325 1330 1331 1335 1340 1345 1350
Frequency (kHz)

Vout (V)
= =
N w

[

o

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 80
characteristics, the result for P3 with S1 is different. The data
used for this calibration comes from the 1345 kHz frequency [C
and the calibration equation (Eq. 5) along with a . s Y =-8.4075x+159.66
representation of this data and the R* can be seen in Fig. 13. g° T o R=0.7905
Conclusion and Future work Precision agriculture has %65 ..............
become one of the most important tools in order to better 2
manage resources. Nevertheless, solutions that come from g T ..
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. 50
In this paper, we presented three prototypes of sensors, 15
one of which was not in direct contact with the soil. We 10.2 104 106 108 11 112 114 11.6 118 12 122 12.4
determined that while none of the sensors could work for Vout (V)
both soils, there was a good one for each of the tested soils.
. . . Fig. 13. Vout of P2 with S1 and its mathematical model
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.
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