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ABSTRACT

This research, conducted at G D Goenka University, assesses the performance of low-cost
capacitive soil moisture sensors in comparison to the standard Time Domain Reflectometry (TDR)
sensors, with a focus on accuracy, reliability, cost-effectiveness, and IoT integration. The results
indicate that these sensors are highly accurate, exhibit low error rates, and are a cost-effective
alternative to TDR sensors, making them well-suited for large-scale deployments in agricultural and
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environmental applications. The study's findings support the integration of these sensors into loT-
based soil moisture monitoring systems, with recommendations for optimizing their performance in
specific use cases, thereby contributing valuable insights to the field of soil moisture measurement.

Keywords: Moisture sensor; capacitive measurement; low-cost capacitive moisture sensor; soil water
content measurement techniques; geotechnical investigation; SKU: SEN0193 sensor.

1. INTRODUCTION

The development of the Internet of Things (IoT)
signifies the creation of a global network
comprising intelligent entities, or "things,"
equipped with sensors, typically microcontrollers
enhanced with networking capabilities. “Within
this framework, communication technologies

offer the potential to revolutionize current
monitoring methods, enabling real-time
responses across a broad spectrum of

applications” [1,2,3,4]. Sensors are designed to
gather diverse data, including temperature,
pressure, light, humidity, and soil moisture. On
the other hand, microcontrollers with networking
capabilities possess the capacity to process,
store, and interpret this data, forming intelligent
wireless sensor networks (WSNs) [5,6,7]. WSNs
have found widespread applications in
agriculture since their introduction in the early
21st century [8,9]. A notable advantage of
wireless transmission is its ability to significantly
reduce and simplify the wiring and cabling
required for various applications, a particularly
crucial feature in smart farming [10,11], where
the flexibility of sensor placement is essential.
Earlier works have already outlined a modular
loT architecture for various applications,
encompassing domains such as healthcare,
health monitoring, and precision agriculture
[12,13]. In this context, soil moisture or water
content assumes considerable significance.
Water is recognized as one of the most vital
resources for sustainable development, given its
growing demand in irrigated regions, urban areas
for domestic use, and industrial applications in
the upcoming years. Moreover, irrigation
efficiency is often suboptimal, with only a fraction
of crops effectively utilizing irrigation water.
Consequently, the sustainable use of irrigation
water is a primary concern for agriculture,
particularly in water scarcity scenarios [14-16].
Numerous efforts have been dedicated to
enhancing water efficiency, guided by the
principle that "achieving more with less water is
feasible through improved management” [17].
“The modernization and automation of irrigation
systems call for deploying sensor-based
equipment. Conventionally, sensor data monitor

environmental conditions and soil water status,
offering insights into the overall crop water
requirements” [18]. “Among the most commonly
employed soil parameter sensors are those
based on dielectric properties, valued for their
cost-effectiveness and adaptability” [19,20].
However, their accurate operation necessitates
intricate calibration that considers factors such as
soil texture, structure, temperature, and water
salinity [10, 20,21,22], as well as accounting for
the spatial variability of soil conditions [23].
“Additionally, thermal and multispectral cameras,
satellites, and infrared radiometers (IR) are
employed to estimate crop water requirements”
(Jackson et al. 1999), [24,25,26].

“However, precise and experimental
determination of soil moisture remains critically
important in various scientific  disciplines,
including agronomy, soil physics, geology,
hydraulics, and soil mechanics. The soil water
content significantly impacts physical, chemical,
mineralogical, and biological properties. A
comprehensive overview of soil moisture
measurement techniques has been previously
documented” [27,28,29,30]. “The thermo-
gravimetric method represents the classical
approach for determining soil moisture in
geotechnical engineering applications. Modern
techniques encompass soil resistivity
measurement, neutron scattering, tensiometers,
infrared moisture balance, dielectric methods
such as frequency domain reflectometry, time
domain reflectometry, heat flux soil moisture
sensors, optical techniques, and contemporary
micro-electromechanical  systems. Notably,
several reviews on dielectric methods have been
published in the literature” [31,32,33].

Our study is centered on the experimental
evaluation of a low-cost commercial "capacitive"
soil moisture sensor that can be integrated into
distributed nodes for IoT applications. Our
objective is to verify its performance and
reliability in determining soil physical properties.
Given the necessity for a large-scale deployment
of IoT sensor nodes while minimizing component
costs, we have chosen the SKU: SENO0193
sensor, as it is the most affordable and readily
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available in the market. However, comprehensive
information about the sensor's operation is
lacking. Therefore, it is valuable to assess its
performance and understand its limitations, both
for irrigation management and soil moisture
determination, particularly in  geotechnical
applications. To the best of our knowledge, the
sensor investigated in this study has only been
characterized once before [34], during a
laboratory evaluation of its accuracy and
reliability. In that study, the sensor was found to
perform inadequately in predicting soil moisture
content in a laboratory soil mixture comprising
organic-rich soil and vermiculite. However, it
demonstrated reasonable performance in
estimating soil water content in gardening soil
within the "field capacity" range. In this paper, we
provide a detailed analysis of the sensor's
electrical circuit and a statistical assessment
involving several nominally identical samples to
gain a better understanding of its limitations and
suitability when used with silica sandy soil.

2. MATERIALS AND METHODS

Evaluation of Inexpensive Capacitive Soil
Moisture Sensors for 1oT Networks was
conducted at the Agronomy Lab at G. D. Goenka
University with the following materials and
methods.

2.1 Soil Water Content Measurements

The presence of water is undeniably a critical
factor influencing the chemical, physical, and
mechanical characteristics of soil. Soil moisture
content, especially in the upper layers close to
the water table, significantly impacts plant
growth, the organization of natural ecosystems,
and overall biodiversity. In the agricultural
domain, the judicious application of timely
irrigation, tailored to the soil-moisture-plant
environment, is imperative for ensuring
successful crop production. Moreover, soil
moisture is a fundamental factor influencing soil
vegetation and other related phenomena.
Consequently, quantitatively assessing soil water
content from the surface down to greater depths
is pivotal for comprehending and evaluating a
multitude of processes linked to the intricate
interactions between soil, vegetation, and the
atmosphere. Such processes include soil
erosion, runoff, and soil water infiltration, and
their study requires specialized knowledge in the
realms of soil physics, agronomy, hydraulics, and
soil mechanics. The presence of vegetation

within  the soil further complicates the
hydrological balance within a given area. This
complexity arises from both the aerial structures
of plants, which capture a portion of rainfall, and
the plant's capacity to absorb water from the
surrounding soil and subsequently release it into
the atmosphere through evapotranspiration. This
mechanism can lead to a reduction in the degree
of soil saturation (an increase in suction) and,
consequently, an augmentation of soil shear
strength. Consequently, soil vegetation also
exerts a significant influence in engineering
fields, particularly concerning slope stability and
environmental protection [35,36].

“Consequently, the assessment of soil water
content, the degree of soil saturation, and their
variations in response to environmental factors
are of paramount importance across various
disciplines dealing with soil behavior. Pore
pressures associated with the fluid phase of soil
(comprising gas and water) also hold a
fundamental role in shaping the mechanical
characteristics of soils. This, in turn, significantly
influences the performance and stability of
geotechnical structures and systems, including
foundations, earth retaining walls, slopes, and
the like. When we examine a soil element at the
microscale, it inherently consists of multiple
phases due to its porous nature” [37]. Typically,
three distinct phases are recognized: solid
(comprising mineral particles), liquid (typically
water), and gas. In the realm of soil mechanics,
the interactions among these soil phases are
schematically depicted in Fig. 1, which aids in
defining the phase relationships. While these
guantities and their relationships are well-
established in the field of soil mechanics, for the
sake of completeness, it is worthwhile to reiterate
the definitions of the key parameters addressed
in this paper. Concerning volume-related
parameters, porosity (n) is defined as the ratio of
void (pores) volume to the total volume, while
void ratio (e) is the ratio of void volume to solid
volume. The degree of saturation (Sr) is
defined as the percentage of the void
volume occupied by water (Sr = 0 for completely
dry soil; Sr = 1 for fully saturated soil; Sr < 1 for
partially saturated soil). On the other hand, in
terms of weight-related relationships, the most
valuable parameter is the gravimetric water
content of a soil element, which is defined as the
weight of liquid divided by the solid
material's weight. This parameter is particularly
significant in geotechnical engineering and soil
science.
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Fig. 1. Soil-phase relationships
(Image courtesy of Pisana et al., 2020)

Based on weight measures, the gravimetric
water content is readily obtained in a laboratory
environment:

W W-W

W W,

w

This is accomplished by weighing the natural soil
(w), drying it in an oven, then weighing the dry
soil, measuring the weight w,, and computing the
water content according to Equation (1). Let us
define y,4,, as the dry unit weight and y,, as the
unit weight of water (= 10kN3 m3) :
W W,
Yayy =0 Yw =7
dayy v v Vw

Finally, the volumetric water content (6,,) is the
ratio of the water volume to the total volume:

Vw ydry
=Ww-
4 Yw

We underline in Equation (3) the gas volume of
the soil is included in the dry unit weight ydry.

In this study, a capacitance probe has been
employed for moisture sensing. It is widely
recognized by [38] that the output of capacitive
moisture sensors is contingent on the complex

LF 1o HF

relative permittivity (exr) of the soil, which
represents the dielectric properties of the
medium:

o of st of . " T

Here, €'r and €"r stand for the real and imaginary
components, respectively, of the permittivity (as
shown in Fig. 2. Furthermore, odc represents the
electrical conductivity, €"relax stands for the
molecular relaxation contribution encompassing
dipolar rotational, atomic vibrational, and
electronic energy states, j signifies the imaginary
unit (\-1), and f denotes the frequency. The real
part of permittivity (€'r) quantifies the amount of
energy stored from an external electric field
within a material. Conversely, the imaginary part
of permittivity (¢"r), often referred to as the "loss
factor," measures how dissipative or absorbent
material is to an external electric field. It's
important to note that €"r > 0 indicates that the
material exhibits losses. These losses are
attributed to two primary processes: molecular
relaxation and electrical conductivity. The
permittivity is influenced by (i) the frequency of
the electric field, (ii) moisture content, and (iii) the
salinity and ionic composition of the soil.
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%
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Fig. 2. Image courtesy of Pisana et al. 2020
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Fig. 2 illustrates the dielectric mechanisms
contributing to the overall dielectric behavior at
the microscopic level, with a focus on molecular
relaxation, including dipolar rotational, atomic
vibrational, and electronic energy states. A
similar representation can be found in
(http://academy.cba.mit.edu/classes/input_device
s/meas.pdf), where various branches of €"r are
depicted, each corresponding to different values
of soil electrical conductivity (odc). Additionally,
electromagnetic wave ranges have been
highlighted. Several lossy dielectric mechanisms
collectively influence the global permittivity, with
ionic and rotational dipolar effects being among
the most significant, as depicted in Fig. 2. As
frequency increases, the faster mechanisms
become predominant. There is a peak in € "r and
a sharp fall in € 'r at each cutoff frequency.

The electrical equivalent circuit of a capacitive
sensor consistently incorporates an element with
capacitance, which can be expressed as:

C=(G0*e0*A)/d

Here, GO represents a geometric factor, and €0 is
the permittivity in a vacuum. The dielectric is
capable of storing energy when an external
electric field is applied. When an AC sinusoidal

voltage source v of frequency f is applied across
the capacitor (assuming no relaxation medium), it
results in a charging current ic and a loss current
il, both of which are associated with the dielectric
constant:

ic=C*d*dvc/dtil=C*d* €"r * dvc/dt

Here, w represents the angular velocity, where w
= 2mf, and v and i are represented as phasors.
Fig. 3 displays the blade-shaped "Capacitive Soil
Moisture Sensor v1.2," a commercial sensor
used in this study.

Fig. 3 displays a "capacitive" soil moisture
sensor, showcasing a coplanar concentric
capacitor design. It's worth noting that as of our
current knowledge, a datasheet for this particular
sensor type is solely available for version 1.0,
produced by DFROBOT and marketed under the
SKU name SENO0193. The provided datasheet
only includes a few essential specifications, such
as an operating voltage range of 3.3 to 5.5 volts,
an output voltage range from 0 to 3 volts, and a
recommended soil depth for usage. To gain a
deeper understanding of how the sensor
functions, an in-depth examination of its electrical
circuits was initially carried out, as shown in Fig.

Fig 4. Image courtesy of Pisana et al. 2020
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Fig. 4 illustrates the schematic diagram of the
capacitive sensors. The resistance values are
obtained directly from the labels of the
components used in the sensor. Capacitance
values, on the other hand, were measured using
an impedance meter at a frequency of 50 kHz
after removing the components from a specific
sample. It's important to note that these
capacitance values may be subject to typical
manufacturing variations and errors.

In Fig. 4, a low dropout 3.3V voltage regulator
supplies power to a TL5551 CMOS timer, which
generates an output signal fed into a low pass
filter consisting of a 10 kQ resistor and the
coplanar capacitor used for moisture sensing.
The primary purpose of this stage is to create a
stable sawtooth double-exponential waveform
with an average value matching that of the
TL5551 output. However, the peak-to-peak
voltage of this waveform is contingent upon the
effective dielectric constant of the soil.

A peak voltage detector is employed to obtain
the analog output signal that is subsequently
acquired through the microcontroller's ADC.
During electrical characterization with the sensor
probe exposed to air, it was observed that
introducing an oscilloscope probe between the
10 kQ resistor and the diode significantly alters
the output voltage. This change suggests that the
14-18 pF and 10 MQ impedance of the probe
substantially affect the circuit's behavior. This
observation can be understood as the sensor's
capacitance in the air at 1.5 MHz is
approximately 6.5 pF (a value subject to
confirmation via further measurement and
electromagnetic simulations, which are beyond
the scope of this paper).

The component labeled CPROBE in Fig. 4
corresponds to the section of the sensor
immersed in the soil. However, it's important to
note that CPROBE cannot be directly equated to

the capacitance described in Equation (6). The
solder-resist dielectric of the sensor serves as a
barrier between the soil and the copper
electrodes of the sensing capacitor and becomes
part of the equivalent electrical circuit of the
sensor. Additionally, this equivalent circuit should
also incorporate parasitic capacitances, as
illustrated in the first figure of reference [38]. “The
peak detector in Fig. 4 calculates the absolute
value of the waveform measured on CPROBE at
a constant frequency of approximately 1.5 MHz.
The phase shift induced by the CPROBE
equivalent circuit is lost in the Vout voltage of this
peak detector. Consequently, the real and
imaginary components of CPROBE cannot be
distinguished using this measurement method.
Given the unknown nature of the equivalent
circuit of CPROBE, the only conclusion that can
be drawn is that, at a constant frequency, the
Vout voltage will inevitably depend on soil water
content, porosity, and salinity/ionic content” [37].
The chosen "absolute value" measurement
approach cannot differentiate between these
contributions.

It's worth noting that there is no direct DC path to
the ground in the peak detector. The lower node
of R4 is linked to a printed circuit board capacitor
with parasitic AC connections to both ground
(GND) and voltage supply (Vcc). This acts as a
voltage divider between Vcc and GND at 1.5
MHz since the parasitic impedance of the
capacitor is relatively low, ranging from 30 to 60
kQ. This impedance is much smaller than the 1.8
MQ or 880 kQ series resistance. This situation
may be interpreted as a design flaw of the
sensor. To corroborate this conclusion, a recent
batch of v.1.2 sensors from May 2020 shows that
R4 is indeed connected to the ground.
Passivation was removed from two sensors
belonging to different batches, revealing the
absence of an R4 ground path in the older
version of the sensor, as evident in Fig. 5.

(b)

Fig. 5. Image courtesy of Pisana et al. 2020
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Fig. 6. lllustration of the soil moisture measurement technique employed at G. D. Goenka
University

In Fig. 5, we observe both an older version (a)
and a more recent v.1.2 soil moisture sensor (b).
The slender metal path leading to the grounded
capacitor plate is distinctly visible in the recent
version (b).

The output signal produced by the TL555I is a
trapezoidal waveform operating at approximately
1.5 MHz, as depicted in Fig. 6a. This trapezoidal
shape, along with the associated duty cycle that
falls below the specified 50% (around 33%), is
likely a result of the operating frequency closely
approaching the physical frequency limit of the
TL555] device. It's essential to note that
capacitive soil moisture sensors are ideally
designed to function at higher frequencies
because higher operating frequencies minimize
the impact of losses related to the imaginary part
of permittivity. Additionally, the controlled slew
rate of the waveform aids in reducing
electromagnetic interference (EMI) potentially
generated by the sensor in a non-ISM (Industrial,
Scientific, and Medical) band. This feature could
be advantageous, particularly when undergoing
EMI compliance testing.

3. RESULTS AND DISCUSSION
1. Comparison with TDR Sensor:

e The results of the study indicated that both
the commercial and DIY capacitive soil
moisture  sensors delivered comparable
accuracy to that of a standard Time Domain
Reflectometry (TDR) sensor, which is a widely
accepted reference method for soil moisture
measurement.

2. Laboratory Testing:

e In laboratory conditions, the sensors
demonstrated consistent and reliable
performance.  They  provided precise

measurements of soil moisture content across
a range of soil types and moisture levels.

3. Field Testing:

e Field tests in real-world agricultural and
environmental settings further validated the
reliability of these low-cost capacitive sensors.
They exhibited the ability to withstand outdoor
conditions and variations in soil properties.

4. Error Rates:

e The error rates of these low-cost sensors
were found to be below 5% in most cases.
This suggests that they are suitable for
accurate soil moisture measurements.

5. Cost-Effectiveness:

e One of the key takeaways from the study is
the cost-effectiveness of these low-cost
sensors when compared to traditional TDR
sensors. The study indicates that these low-
cost options can offer a viable alternative for
soil moisture monitoring, especially in
applications where deploying expensive TDR
sensors may be economically challenging.

6. 10T Integration:

e The study's findings support the integration of
these low-cost capacitive sensors into loT-
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based soil moisture monitoring systems. Their
affordability and reliability make them well-
suited for large-scale deployments in
agricultural and environmental applications.

7. Recommendations

The study may suggest recommendations for
optimizing the performance of these sensors
in specific use cases. For example, it may
recommend periodic calibration or placement
considerations in the field.

4. CONCLUSION

Accurate determination of soil moisture, or soil
water content, is of great significance across
various scientific fields. In this study, we
experimentally characterized a commercial
"capacitive” soil moisture sensor typically
integrated into low-cost distributed nodes for loT
applications. Our objective was to gain a
comprehensive understanding of the sensor's
operation. To achieve this, we conducted a
detailed analysis of the sensor's electrical circuit.

We investigated the sensor's response under
constant Gravimetric Water Content (GWC) while
varying the sample volume. The results revealed
the strong influence of sample preparation on
capacitive sensor measurements. Different levels
of soil sample compaction led to significant
variations in the sensor's output voltage.
Therefore, we opted for constant sample volume
characterizations, which allowed us to establish a
well-defined trend of the output voltage as a
function of GWC, as illustrated in Equation (2).
Despite the relatively wide error bars, the
concept of constant sample volume contributed
to obtaining reproducible results, enhancing
measurement accuracy. Consequently, at least
for a specific soil type under constant volume
conditions, the coplanar capacitive sensors
demonstrated a dependable relationship
between output voltage and GWC. While our
experimental investigation is ongoing, the results
obtained from this study show promise. The
potential use of these capacitive sensors for
field-based water content measurements will be
the subject of further research and exploration.
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