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The gravimetric method is one of the most accurate for determining soil water
content (SWC). Several low-cost sensors have been developed to simplify
measuring water content in soil by measuring soil moisture. However, the
sensor must be calibrated to determine soil moisture parameters accurately. In
this research, comparative analysis, and calibration of resistive and capacitive
low-cost sensors were carried out. The calibration method for each sensor uses
the gravimetric water content (GWC) and volumetric water content (VWC)
methods. Measuring changes in SWC using sensors is performed in real time
based on internet of things (IoT). Based on the measurements of the
capacitive, resistive type 1, and resistive type 2 sensors with three repetitions,
the linear regression R? values were obtained at 0.980, 0.827, and 0.942,
respectively. Furthermore, a stability test is carried out to see how stable the

Resistive sensor sensor is when making measurements over a long period. The result is that the

Soil moisture capacitive, resistive type 1, and resistive type 2 sensors have errors 1.971x10°
4, 7.001x10*, and 6.270x10*. Based on the results obtained, capacitive
sensors have the highest level of accuracy and stability. Furthermore,
capacitive sensors are applied to loT-based agriculture with long range (LoRa)
as communication data.
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1. INTRODUCTION

Soil moisture is crucial in assessing several environmental and agricultural processes, including
climate change, drought prediction, and irrigation scheduling. It is essential for evaluating water stress on
agricultural land. For optimal plant growth in agriculture, providing water in the appropriate quantity, at the
correct timing, and with high quality is crucial [1]-[9]. Controlling the water supply in agriculture is crucial
for promoting optimal plant growth and conserving water resources for other purposes.

The main factor governing the interchange of water and heat energy between the soil surface and the
atmosphere through evaporation and plant transpiration is soil moisture, which establishes the amount of water
in the soil. Soil moisture can affect plant health, growth, and production. Generally, soil moisture requirements
are met through irrigation or rainfall processes. Controlled irrigation functions manage good water to maintain
soil moisture in the plant root zone [10]-[16]. Soil moisture information on agricultural land must be obtained
accurately and precisely to make appropriate predictions and estimates as one of the variables influencing
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agricultural crop yields. Hence, the surveillance of soil moisture levels is a crucial factor in agriculture since it
directly impacts crop yield outcomes.

Plants necessitate varying quantities of water throughout their growth cycle, which fluctuates in
response to shifting climatic circumstances [17], [18]. Precise irrigation scheduling can be achieved by
monitoring the soil moisture content in real-time [19]-[21]. Soil moisture can be measured in two ways:
directly and indirectly. The gravimetric method is very accurate and straightforward for quantifying soil
moisture. Nevertheless, this approach requires a significant amount of manual labor and consumes considerable
time despite its ability to yield precise measurements of the current soil moisture levels. The method of
indirectly assessing soil moisture using sensors involves monitoring alterations in the internal characteristics
of the sensor system as a proxy for soil water content (SWC). Soil contact-type sensors can directly measure
soil moisture content in addition to the gravimetric approach. Several precise sensor-based measurements
include the team-domain reflectometry method, time-domain transmission, frequency domain reflectometry,
neutron probes, electrical resistance, electromagnetic sensors, and widely utilized tensiometers. Nevertheless,
the higher installation costs and the substantial dimensions make these approaches less favored for soil moisture
monitoring [22]-[24].

This research was conducted to compare the capabilities of cheap commercial soil moisture sensors
for applying soil moisture monitoring in smart agriculture. The measurement results of each sensor will be
compared with the calculation results using the gravimetric water content (GWC) and volumetric water content
(VWC) methods as has been done by [25]-[28]. The sensors used in this research are three different sensors
with resistive and capacitive-based measurements. Capacitive-based soil moisture measurements are carried
out by measuring changes in the media’s dielectric constant due to changes in water content, while resistive-
based measurements work by measuring the resistance between sensor electrodes [29].

In this research, measurements are carried out in real-time using internet of things (1oT) technology
to monitor soil moisture anytime and anywhere. Determining the best sensor results can be seen from the level
of sensor precision in several repeated measurements; then, linear regression is carried out, as well as
determining the error of each sensor in several measurements using samples with the same water content in the
soil. Detectors with the best accuracy and precision will be used for direct monitoring of agricultural land and
as essential parameters for carrying out irrigation processes based on the water needs of each plant.

2. THE COMPREHENSIVE THEORETICAL BASIS
2.1. Soil moisture measurements

Both direct and indirect measurement techniques typically assess soil moisture. The direct method is
a conventional measurement approach that determines the water content in soil by either the gravimetric
method (also known as the oven drying method) or the volumetric method, which involves primary
measurements of the mass or volume of water and soil, respectively. The gravimetric oven drying method
involves drying the soil in an oven at a specific temperature range of 105 °C to 110 °C for 24 hours. The
resulting dry soil mass is then measured and recorded. Subsequently, the soil is saturated with water, and the mass
of the saturated soil is measured to ascertain the mass of water present in the soil, allowing for the calculation of
the GWC, expressed as a percentage, which serves as an indicator of soil moisture. The GWC is determined by
dividing the mass of water in a particular amount of dry soil by the mass of the dry soil itself. This ratio is
expressed in units such as grams of water per gram of soil. The calculation for GWC is represented by (1):

_ My _ Myet—Mg
O == g .

M,,, Mg, M,,,.., and M, are the mass of water, soil mass, wet soil mass, and dry soil mass in the soil.

Volumetric techniques directly measure soil moisture by quantifying the proportion of VWC. VWC
is determined by dividing the water volume by the dry soil volume. The link between ground (GND) water
content (GWC) and vadose zone water content (VWC) is described as:
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P 1S the density of water, assumed to be 1 g/cmd. Therefore, (4) shows the relationship between GWC and
VWC, where ps is the combined density of the soil. The integrated density of soil is determined by dividing
the weight of dry soil by the soil volume, as expressed in the (5).

Weight of dry soil

()

Ps = Ppbulk = Volume of soil

The indirect approach involves utilizing a soil moisture sensor to detect changes in electrical
parameters that are influenced by the moisture content of the soil, hence generating an output. The sensor
output is analyzed and adjusted to measure soil moisture accurately. These measurement methods are
distinguished by many physical concepts, such as the soil’s dielectric characteristics or the soil matrix’s
potential, which vary depending on the amount of water in the soil [30]. The indirect method uses several soil
parameters, such as soil resistance and capacitance, to gauge water content. Standard soil moisture sensors that
utilize indirect techniques include tensiometers, electrical resistance blocks, capacitive sensors, and time-
frequency domain reflectometer sensors [26], [31].

2.2. Low-cost soil moisture sensor

This study examines the performance of two widely used soil moisture sensors, specifically the
resistive soil moisture sensor (groove resistive soil moisture sensor type) and the capacitive soil moisture sensor
(capacitive soil moisture sensor V2.0). The sensors were tested, calibrated, and modeled to improve the
precision of GWC measurements. Moreover, a comparison is conducted between the two types of sensors to
assess their accuracy and precision performance. This analysis establishes criteria for selecting sensors for use
in agricultural land applications [24], [31]. These sensors have generally been widely used in projects related
to irrigation management in 10T because they are cheap, relatively small in size, and easy to use [31]-[34].
These sensors offer a readily available processed, amplified, and scaled voltage output in response to changes
in soil moisture. Furthermore, these sensors operate with minimal direct current (DC) excitation (EXC), have
low power consumption, and may be directly connected to low-power microcontrollers, data-gathering devices,
and loT platforms using three-pin connectors [35].

The resistive soil moisture sensor, depicted in Figure 1(a), is specifically intended to measure the
moisture content in soil for plants. Resistive soil moisture sensors measure soil moisture levels by monitoring
soil resistance. The basic principle of this sensor is that the resistance value of a material, in this case soil, can
change based on the surrounding humidity level. Resistive soil moisture sensors consist of two electrodes
plugged into the soil. When the soil is dry, the resistance between the two electrodes is high because dry soil
has low electrical conductivity. Conversely, electrical conductivity increases, and resistance decreases when
the soil is moist or wet.

Figure 1(b) displays the circuit interfacing with the resistive sensor. When the signal is on the circuit
board, the resistance change is transformed into a higher voltage adjusted to a range between 0 and 3.3 volts.
This sensor necessitates a 5V DC excitation and utilizes 75 milliwatts (mW) of electricity. The interface of this
sensor is uncomplicated, consisting of three pins for EXC, GND, and output (V).
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Figure 1. Resistive soil moisture sensor type 1: (a) electrode sensor and (b) circuit sensor

The resistive soil moisture sensor type 2 has the same measurement procedure and interface as the resistive
sensor type 1 used in this study. The primary difference between the two sensors is the shape of the electrodes. The
general characteristics of resistive soil moisture sensors involve the measurement of resistance and its conversion
into moisture values. Figure 2 shows the electrodes of the resistive sensor type 2 [14], [36], [37].
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Figure 2. Resistive soil moisture sensor type 2

The capacitive soil moisture sensor, seen in Figure 3(a), operates by detecting variations in
capacitance resulting from alterations in dielectric properties produced by fluctuations in soil moisture levels.
This sensor does not directly quantify humidity; it quantifies water-soluble ions (moisture). Various variables
can affect ion concentrations, with soil moisture being a prominent factor. Figure 3(b) is used to measure
changes in sensor capacitance. It is conducted by employing a 555-timer circuit that generates a voltage directly
proportional to the capacitance created by the capacitive sensor when placed in the GND. The sensor is
inherently embedded into this circuit. The soil moisture sensor provides a voltage output ranging from 0 V to
3V, corresponding to a soil moisture level between 0% and 100% [38], [39].
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Figure 3. Capacitive soil moisture: (a) electrode sensor and (b) circuit sensor

3. METHOD

Figure 4 illustrates the sequence of steps in the calibration experiment. The experimental results
provide the GWC value, which is then used to determine the VWC by using the GWC value obtained and the
bulk density of each soil volume. The primary prerequisite for the experiment is that the soil must be entirely
moisture-free. Multiple measurements of the soil are optimal to ascertain this, supposing it has remained devoid
of moisture for a considerable duration. If there is a substantial change in mass, water will remain trapped in
the soil and continue to evaporate. Once the mass remains constant throughout multiple measurements, it can
be regarded as the mass of dry soil (MD).

The density is commonly recognized and approximated to be approximately 1000 kg/m3. Soil bulk
density can be determined by measuring the volume of a specific soil sample, drying the material, weighing it,
and then dividing the weight of the soil by the initial volume. Figure 5 illustrates the standard process for
calibrating a soil moisture sensor using the gravimetric approach.
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Figure 4. Experiment flow

Tale soil samples

|

Dry the soil sample, for example by using an oven at a
low temperature or leaving it open in the open air to dry
naturally. Make sure that the soil sample is completely
dry and that no water remains.

!

Measure the mass of the soil sample container using an
accurate scale and record the value. This will be the
mass of the empty container (mb).

|

‘Wet the soil sample by adding 10 ml of water to it. Make
sure the water is evenly distributed in the soil.

|

Measure the mass of wet soil using an accurate scale and
record the value. This will be the wet soil mass (mw)
after adding water.

Repeat steps 3, 6, 7 until the soil is saturated and starts
to release water.

Figure 5. General procedure for calibrating a soil moisture sensor via the gravimetric method

Research has been conducted on resistive and capacitive soil moisture sensors to analyze how changes
in the quantity of water added to a fixed amount of soil affect their performance. The experiment was designed
to ensure that the sensor response is unaffected by other environmental factors, such as fluctuations in ambient
temperature and humidity. This experiment is conducted in a laboratory, and the experimental data is sent to a
cloud server. Then, the data is collected and processed to get the best sensor for soil moisture. After laboratory
measurements, the sensor was applied directly to the Cilembu sweet potato farm.

10T system measurements and schematics are shown in Figure 6. The data delivery system uses long
range (LoRa) to the gateway connected to the local server, and then the data is sent to the cloud server using a
Wi-Fi connection. The gateway system has a Raspberry Pi consisting of Node-RED, InfluxDB, and user
interface. Node-RED is used as the basis of the entire system where analytical data can be carried out, InfluxDB
is used as a database, and the user interface is used as a data display medium.
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Figure 6. IoT system measurements and schematics

RESULTS AND DISCUSSION
This study compares three types of inexpensive commercial soil moisture sensors to determine the
advantages and disadvantages of each type of sensor. The calibration process in this study was carried out by
looking at the relationship of SWC to changes in the voltage value read from each sensor. The water content
in the soil is calculated using the GWC and VWC methods based on (1) and (4). The calibration results of each
sensor are shown in Figures 7(a), 7(b), and 7(c).
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Figure 7. Calibrate three types of sensors against GWC values: (a) capacitive sensor, (b) resistive sensor type 1,
and (c) resistive sensor type 2

Figure 7 shows measurements of three types of soil moisture sensors repeated three times. The
measurement results show that the inverse sensor voltage is proportional to the increase in water content in the
SWC soil. The relationship between SWC and the inverse output voltage of each sensor can be determined by
linear regression between the points obtained. The results of linear regression (R?) for capacitive sensors for
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each measurement are 0.97082, 0.95436, and 0.9800, for resistive sensor type 1, the results obtained are
0.82689, 0.81406, and 0.80592, while on the resistive sensor type 2, it is 0.92472, 0.93615, and 0.92281. Next,
a comparison of the sensor response against time is carried out to see the stability of the sensor during the
measurement. The measurement results are shown in Figures 8(a), 8(b), and 8(c).
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Figure 8. Stable level measurement of three types of sensors to time: (a) capacitive sensor, (b) resistive
sensor type 1, and (c) resistive sensor type 2

The stability level of the sensor is calculated by finding the average value and the standard deviation
resulting from each type of sensor for one hour of measurement. The results of calculating each sensor’s
average value and standard deviation with two repetitions are shown in Table 1. Capacitive sensors have a
better level of stability than resistive sensors type 1 and type 2. They are validated by the standard deviation
range obtained from each measurement. Table 1 shows that the largest standard deviation is the resistive sensor
type 1, and the smallest is the capacitive sensor. The higher the standard deviation value, the greater the
measurement deviation, indicating that the sensor is increasingly unstable.

Table 1. Comparison of standard deviation and error calculations for each sensor

. Experiment 1 Experiment 2
Sensor type Sonl+v|vater Average  Deviation E Average  Deviation E
(mi) V) standard rror V) standard rror
Capacitive 25 14022  5382x10°%  8.742x10° 14285  9.676x10°  1.571x10*
50 0.8448 0,0275 4.463x10*  0.8388 0.0169 2.745%10*
75 0.6924  8513x10°  1.382x10“%  0.7014  4.883x10°  7.933x10°
Resistive 1 25 1.5347 0.0520 8.442x10* 15273  9.812x10°  1.496x10*
50 1.0422 0.0883 1.434x10° 1.1841 0.0533 8.651x10*
75 0.8260 0.0165 2.679x10*  0.7987 0.039%4 6.399x10*
Resistive 2 25 20726  7.421x10°%  1.205x10* 2.1486  9.778x10°%  1.588x10*
50 1.3935 0.0516 8.387x10* 1.2155 0.1385 2.249x10°3
75 0.7878 0.0131 2.126x10*  0.7333 0.0110 1.788x10*

Table 1 also shows that the highest error in the first experiment occurred in measurements using a
resistive sensor type 1, and the lowest was on a capacitive sensor. In the second experiment, the highest error
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was the resistive sensor type 2, and the lowest was the capacitive sensor. The average error of each sensor is
capacitive 1.971x10, resistive type 1 is 7.001x10, and resistive type 2 is 6.270x10*. Based on the results
above, capacitive sensors have the highest level of stability with the lowest error results and standard deviation.
Furthermore, the measurement field test examined the sensor’s response when the soil experienced
increased water. The faster the sensor response, the faster and more accurate the information sent for water
control. Therefore, testing the sensor response speed displayed in real-time based on loT is necessary.
Monitoring changes in measured values from the soil moisture sensor are shown in Figures 9(a) and 9(b).

Solar Panel

Battery

Charger

Microcontroller
&LoRa

Capacitive
Sensor Clear Chart SM
@ (b)

Figure 9. LoRa and loT-based monitoring system: (a) system configuration and (b) user interface display of
the soil moisture monitoring system

The sensor response is displayed via the user interface from data stored on the cloud and local servers.
Based on this, comparing three types of commercial sensors (resistive type 1, resistive type 2, and capacitive)
shows that capacitive sensors have advantages in accuracy, precision, linearity, and high response time. In
addition, resistive sensor type 1 is more susceptible to corrosion, whereas capacitive and resistive sensor type 2
are more resistant to decay. When used in the GND and open spaces, capacitive sensors must be protected
because the circuit is integrated with the sensor electrode, so the sensor will be damaged if it comes into contact
with water. In contrast, resistive type 1 and type 2 sensors have a separate interface with the electrode, making
them safer. Applying sensors into the soil is more straightforward using resistive sensors type 1 and type 2. In
contrast, using capacitive sensors is more difficult to insert in soil with a high density.

5. CONCLUSION

Each sensor type used in smart agricultural applications was compared by calibrating measurements
of capacitive, resistive type 1, and resistive type 2 sensors. According to the investigation, capacitive sensors
present better accuracy and stability than two resistive sensors when measuring soil moisture. In addition, the
capacitive sensor has corrosion resistance so that the sensor electrode is safe from external influences.
However, capacitive sensors have an interface circuit integrated with the electrode. Hence, they are vulnerable
to damage if exposed to water, while resistive type sensors have a separate circuit from the electrode to be
placed in a safe place and out of reach of water. Based on the results of calibration and comparison, the soil
moisture sensor chosen for monitoring soil moisture on agricultural land is a capacitive sensor. Measurements
are carried out in real-time based on IoT to store data on local and cloud servers. Sending data from several
sensor nodes to the local server uses radio frequency-based LoRa communication while sending data from the
gateway to the cloud server uses Wi-Fi.

ACKNOWLEDGEMENTS

The authors gratefully thank The Ministry of Education, Culture, Research, and Technology for fully
funding this research (award no.110/E5/PG.02.00.PL/2023) and Sumedang Regency Development Planning,
Research and Regional Development Agency for providing this research opportunity. Beny Agustirandi was
supported by funding from Indonesia Endowment Fund for Education Agency (LPDP) under ID
202206110209538. Inayatul Inayah was supported by funding from Hinger Education Funding Center (BPPT)
Kemendikbudristek and Indonesia Endowment Fund for Education Agency (LPDP) under 1D 202231103745.

TELKOMNIKA Telecommun Comput El Control, Vol. 22, No. 5, October 2024: 1221-1230



TELKOMNIKA Telecommun Comput EI Control O 1229

REFERENCES

[1] L. Chen et al., “Data-driven calibration of soil moisture sensor considering impacts of temperature: a case study on FDR sensors,”
Sensors (Switzerland), vol. 19, no. 20, p. 4381, Oct. 2019, doi: 10.3390/s19204381.

[2] W.M. Bandaranayake, D. M. Kadyampakeni, and L. R. Parsons, “Temporal changes of soil water in sandy soils amended with pine
bark and efficient blueberry irrigation,” Soil Science Society of America Journal, vol. 82, no. 2, pp. 413-422, Mar. 2018, doi:
10.2136/s55aj2017.05.0141.

[3] S. Ghazi et al., “Estimation of irrigation water using satellite soil moisture data in a semi- arid area estimation of irrigation water
using satellite soil moisture data in a semi-arid area,” EGU General Assembly Conference Abstracts, no. April, 2018.

[4] S. Koontanakulvong and M. T. P. Van, “Improved irrigation demand estimation via soil moisture data from satellite images,
in Poster at UNESCO International Water Conference at UNESCO Headquarters in Paris, May 2019.

[5] G. Kargas and K. X. Soulis, “Performance analysis and calibration of a new low-cost capacitance soil moisture sensor,” Journal of
Irrigation and Drainage Engineering, vol. 138, no. 7, pp. 632—-641, Jul. 2012, doi: 10.1061/(asce)ir.1943-4774.0000449.

[6] A.Robock, “Hydrology, Floods, and droughts: soil moisture,” in Encyclopedia of Atmospheric Sciences: Second Edition, Elsevier,
2015, pp. 232-239, doi: 10.1016/B978-0-12-382225-3.00169-9.

[71 F. Lei, W. T. Crow, T. R. H. Holmes, C. Hain, and M. C. Anderson, “Global Investigation of soil moisture and latent heat flux
coupling strength,” Water Resources Research, vol. 54, no. 10, pp. 8196-8215, Oct. 2018, doi: 10.1029/2018WR023469.

[8] I. A. Saeed et al., “Performance analysis of dielectric soil moisture sensor,” Soil and Water Research, vol. 14, no. 4, pp. 195-199,
Dec. 2019, doi: 10.17221/74/2018-SWR.

[9] D. Penna, L. Brocca, M. Borga, and G. D. Fontana, “Soil moisture temporal stability at different depths on two alpine hillslopes
during wet and dry periods,” Journal of Hydrology, vol. 477, pp. 55-71, Jan. 2013, doi: 10.1016/j.jhydrol.2012.10.052.

[10] M. Stacheder, F. Koeniger, and R. Schuhmann, “New dielectric sensors and sensing techniques for soil and snow moisture
measurements,” Sensors, vol. 9, no. 4, pp. 2951-2967, Apr. 2009, doi: 10.3390/s90402951.

[11] T.Mu, G. Liu, X. Yang, and Y. Yu, “Soil-moisture estimation based on multiple-source remote-sensing images,” Remote Sensing,
vol. 15, no. 1, p. 139, Dec. 2023, doi: 10.3390/rs15010139.

[12] V. Dopper et al., “Estimating soil moisture content under grassland with hyperspectral data using radiative transfer modelling and
machine learning,” International Journal of Applied Earth Observation and Geoinformation, vol. 110, p. 102817, Jun. 2022, doi:
10.1016/j.jag.2022.102817.

[13] M. S. Thousiff, S. L. Chandru, D. A. Dani, D. Bhuvaneswari, and N. John, “Efficiency evalution and comparison of soil moisture
sensor and time-based sensor for radish,” Journal of Survey in Fisheries Sciences, vol. 10, no. 4S, p. 2023.

[14] M. Saleh, L. H. Elhajj, D. Asmar, L. Bashour, and S. Kidess, “Experimental evaluation of low-cost resistive soil moisture sensors,”
in 2016 IEEE International Multidisciplinary Conference on Engineering Technology, Nov. 2016, pp. 179-184, doi:
10.1109/IMCET.2016.7777448.

[15] V. Ogwo, K. N. Ogbu, C. C. Anyadike, O. A. Nwoke, and C. C. Mbajiorgu, “Development and testing of a capacitive digital soil
moisture sensor with printed circuit board as a probe,” Nigerian Journal of Technology, vol. 39, no. 3, pp. 911-917, Sep. 2020, doi:
10.4314/njt.v39i3.33.

[16] 1. Publishing, X. Zhen, S. Changjun, Y. Hua, and Z. Shirui, “Research and design of soil water content sensor based on high-
frequency capacitive,” Sensors and Transducers vol. 26, pp. 56-60, Mar. 2014.

[17] A. K. R. Segundo, J. H. Martins, P. M. de B. Monteiro, R. A. de Oliveira, and G. M. Freitas, “A novel low-cost instrumentation
system for measuring the water content and apparent electrical conductivity of soils,” Sensors (Switzerland), vol. 15, no. 10, pp.
25546-25563, Oct. 2015, doi: 10.3390/5151025546.

[18] R. M. Pereira, D. Sandri, G. F. A. Rios, and D. A. de O. Sousa, “Automation of irrigation by electronic tensiometry based on the
arduino hardware platform,” Revista Ambiente and Agua, vol. 15, no. 4, pp. 1-12, Jul. 2020, doi: 10.4136/ambi-agua.2567.

[19] N. K. Nawandar and V. R. Satpute, “IoT based low cost and intelligent module for smart irrigation system,” Computers and
Electronics in Agriculture, vol. 162, pp. 979-990, Jul. 2019, doi: 10.1016/j.compag.2019.05.027.

[20] Md. M. Islam, Md. Al-Momin, A. B. M. Tauhid, Md. K. Hossain, and S. Sarker, “IoT based smart irrigation monitoring &
controlling system in agriculture,” International Journal of Recent Technology and Engineering, vol. 8, no. 6, pp. 2436-2439, Mar.
2020, doi: 10.35940/ijrte.e6851.038620.

[21] N. K. Nawandar and V. Satpute, “IoT based intelligent irrigation support system for smart farming applications,” Adcaij: Advances
in Distributed Computing and Artificial Intelligence Journal, vol. 8, no. 2, p. 75, Mar. 2019, doi: 10.14201/adcaij2019827385.

[22] D. Schwamback, M. Persson, R. Berndtsson, L. E. Bertotto, A. N. A. Kobayashi, and E. C. Wendland, “Automated low-cost soil
moisture sensors: trade-off between cost and accuracy,” Sensors, vol. 23, no. 5, p. 2451, Feb. 2023, doi: 10.3390/s23052451.

[23] S. Verma and R. Pahuja, “Recalibration and performance comparison of soil moisture sensors using regression and neural network
characteristic models,” Materials Today: Proceedings, vol. 45, pp. 4852-4861, 2021, doi: 10.1016/j.matpr.2021.01.306.

[24] S. Chowdhury, S. Sen, and S. Janardhanan, “Comparative Analysis and Calibration of Low Cost Resistive and Capacitive Soil
Moisture Sensor,” Oct. 2022, doi: 10.48550/arXiv.2210.03019.

[25] I. 1. Louki and A. M. Al-Omran, “Calibration of soil moisture sensors (ECH20-5TE) in hot and saline soils with new empirical
equation,” Agronomy, vol. 13, no. 1, p. 51, Dec. 2023, doi: 10.3390/agronomy13010051.

[26] 1. M. Kulmény et al., “Calibration of an Arduino-based low-cost capacitive soil moisture sensor for smart agriculture,” Journal of
Hydrology and Hydromechanics, vol. 70, no. 3, pp. 330-340, Sep. 2022, doi: 10.2478/johh-2022-0014.

[27] S.Bircher et al., “Soil moisture sensor calibration for organic soil surface layers,” Geoscientific Instrumentation, Methods and Data
Systems, vol. 5, no. 1, pp. 109-125, Apr. 2016, doi: 10.5194/gi-5-109-2016.

[28] R. Negrén-Juarez et al., “Calibration, measurement, and characterization of soil moisture dynamics in a central Amazonian tropical
forest,” Vadose Zone Journal, vol. 19, no. 1, Jan. 2020, doi: 10.1002/vzj2.20070.

[29] L.Yuetal., “Review of research progress on soil moisture sensor technology,” International Journal of Agricultural and Biological
Engineering, vol. 14, no. 4, pp. 3242, 2021, doi: 10.25165/j.ijabe.20211404.6404.

[30] Z. Huan, H. Wang, C. Li, and C. Wan, “The soil moisture sensor based on soil dielectric property,” Personal and Ubiquitous
Computing, vol. 21, no. 1, pp. 67-74, Feb. 2017, doi: 10.1007/s00779-016-0975-z.

[31] K. Xu, Q. Sheng, X. Zhang, P. Li, and S. Chen, “Design and calibration of the unilateral sensitive soil moisture sensor,” IEEE
Sensors Journal, vol. 15, no. 8, pp. 4587-4594, Aug. 2015, doi: 10.1109/JSEN.2015.2423697.

[32] J. Hrisko, “Capacitive Soil Moisture Sensor Theory, Calibration, and Testing,” no. 2, pp. 1-12, Jul. 2020, doi:
10.13140/RG.2.2.36214.83522.

[33] M. Brahma and B. Goswami, “Electrical methods of soil moisture measurement: a review,” ADBU Journal of Electrical and
Electronics Engineering, vol. 1, no. 2, pp. 14-17, 2017.

[34] C.S.Campbell, G. S. Campbell, D. R. Cobos, and L. L. Bissey, “Calibration and evaluation of an improved low-cost soil moisture

Analysis comparison, calibration, and application of low-cost soil moisture in ... (Beny Agustirandi)


https://doi.org/10.48550/arXiv.2210.03019

1230 O ISSN: 1693-6930

sensor,” pp. 1-13, 2009.

[35] J. O. Payero, A. Mirzakhani-Nafchi, A. Khalilian, X. Qiao, and R. Davis, “Development of a Low-Cost Internet-of-Things (loT)
system for monitoring soil water potential using watermark 200ss sensors,” Advances in Internet of Things, vol. 07, no. 03, pp. 71—
86, 2017, doi: 10.4236/ait.2017.73005.

[36] M. Pramanik et al., “Automation of soil moisture sensor-based basin irrigation system,” Smart Agricultural Technology, vol. 2, p.
100032, Dec. 2022, doi: 10.1016/j.atech.2021.100032.

[37] S. Borah, R. Kumar, and S. Mukherjee, “Low-cost loT framework for irrigation monitoring and control,” International Journal of
Intelligent Unmanned Systems, vol. 9, no. 1, pp. 6379, Jun. 2021, doi: 10.1108/1J1US-12-2019-0075.

[38] X.Dengetal., “A calibration-free capacitive moisture detection method for multiple soil environments,” Measurement: Journal of
the International Measurement Confederation, vol. 173, p. 108599, Mar. 2021, doi: 10.1016/j.measurement.2020.108599.

[39] E. A. A. D. Nagahage, 1. S. P. Nagahage, and T. Fujino, “Calibration and validation of a low-cost capacitive moisture sensor to
integrate the automated soil moisture monitoring system,” Agriculture (Switzerland), vol. 9, no. 7, p. 141, Jul. 2019, doi:
10.3390/agriculture9070141.

BIOGRAPHIES OF AUTHORS

Beny Agustirandi £ B 2 was born in 1999 in West Kalimantan, Indonesia. In 2021,
he obtained his Bachelor’s degree in Electronics and Instrumentation Systems from the
Faculty of Mathematics and Sciences, Department of Physics, University of Riau, Indonesia.

( =~ ) He is currently pursuing his master studies at the Laboratory of Internet of Things,
v.a ‘ Department of Physics, Faculty of Mathematics and Sciences, Bandung Institute of
—~— Technology, Indonesia, working on the development of smart agriculture system based on
i the internet of things and machine learning. He can be contacted at email:

‘\ 4 benyagustirandi@gmail.com.

Inayatul Inayah 4 B3 © earned her Master’s degree in Electronics and Instrumentation
from the Faculty of Mathematics and Sciences, Department of Physics, Bandung Institute of
/\ Technology, Indonesia in 2020. Currently, she is pursuing her doctoral studies at the
ﬁR o Laboratory of Internet of Things, Department of Physics, Faculty of Mathematics and
v > Sciences at the same university. Her research is centered around internet of things and
) \\«:v/ /. machine learning, with a specific focus on the development of smart agriculture system. Since
\ 2021, she has worked as a lecturer in Department of Physics, Faculty of Science and
Technology, Nahdlatul Ulama Pekalongan Institute of Technology and Science, Indonesia.

She can be contacted at email: inayatul.inayah94@gmail.com.

Nina Siti Aminah © £:{Ed ©© completed her Bachelor’s, Master’s, and Doctoral’s degree
in Department of Physics, Faculty of Mathematics and Sciences, Bandung Institute of
Technology, Indonesia in 2008, 2012, and 2017. Currently, she is working as a lecturer at the
same university. Her research is centered around instrumentation and computational physics.
She can be contacted at email: nina@itb.ac.id.

Maman Budiman © £ 12 received his Bachelor degree from Bandung Institute of
Technology, Indonesia in 1990. He completed his Master’s degree in 1995 and pursued his
Ph.D in 1998 at Tokyo Institute of Technology, Jepang. Now, he is working as a lecturer in
the Department of Physics, Bandung Institute of Technology, with research interests in
electronics and instrumentations, also internet of things. He can be contacted at email:
maman@itb.ac.id.

TELKOMNIKA Telecommun Comput El Control, Vol. 22, No. 5, October 2024: 1221-1230


https://orcid.org/0009-0007-1691-0761
https://scholar.google.com/citations?view_op=list_works&hl=id&user=cowEc5IAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=57344199300
https://www.webofscience.com/wos/author/record/KIJ-6550-2024
https://orcid.org/0009-0008-4572-3540
https://scholar.google.com/citations?user=rmdMKo0AAAAJ&hl=id
https://www.webofscience.com/wos/author/record/KIJ-6565-2024
https://orcid.org/0000-0003-4725-0130
https://scholar.google.com/citations?user=h1byG-YAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=57202624111
https://www.webofscience.com/wos/author/record/AAD-5490-2021
https://orcid.org/0009-0000-7307-210X
https://scholar.google.co.id/citations?user=zsNWcfoAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=6603802081
https://www.webofscience.com/wos/author/record/KRO-7136-2024

