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Abstract

It is undeniable that wireless communication technology has become a very
important component of modern society. One aspect of modern society in
which application of wireless communication technologies has tremendous
potential is in agricultural production. This is especially true in the area of
sensing and transmission of relevant farming information such as weather,
crop development, water quantity and quality, among others, which would
allow farmers to make more accurate and timely farming decisions. A good
example would be the application of wireless communication technology to
transmit soil moisture data in real time to help farmers make irrigation sche-
duling decisions. Although many systems are commercially available for soil
moisture monitoring, there are still many important factors, such as cost, li-
miting widespread adoption of this technology among growers. Our objective
in this study was, therefore, to develop and test an affordable wireless com-
munication system for monitoring soil moisture using Decagon EC-5 sensors.
The new system uses Arduino-compatible microcontrollers and communica-
tion systems to sample and transmit values from four Decagon EC-5 soil
moisture sensors. Developing the system required conducting lab calibrations
for the EC-5 sensors for the microcontroller operating in either 10-bit or
12-bit analog-to-digital converter (ADC) resolution. The system was success-
fully tested in the field and reliably collected and transmitted data from a
wheat field for more than two months.

Keywords

Wireless Communication, Soil Moisture Sensors, Arduino, Decagon EC-5,
Calibration, Irrigation Scheduling, Internet-Of-Things

DOI: 10.4236/0jss.2017.710021  Oct. 30, 2017 288

Open Journal of Soil Science


http://www.scirp.org/journal/ojss
https://doi.org/10.4236/ojss.2017.710021
http://www.scirp.org
https://doi.org/10.4236/ojss.2017.710021
http://creativecommons.org/licenses/by/4.0/

J. O. Payero et al.

1. Introduction

According to a recent report by the United Nations [1], the world’s population
continues to increase, reaching nearly 7.6 billion in mid-2017, adding one billion
people since 2005 and two billion since 1993. The global population is growing
by around 83 million per year and is expected to reach 8.6 billion in 2030, 9.8
billion in 2050 and 11.2 billion in 2100 [1]. Ensuring that agricultural production
can satisfy the needs of a growing population, not only globally but also locally,
presents a tremendous challenge for farmers, scientists, and governments in the
21 century. It is estimated that agricultural production will have to increase by
60% by 2050 to satisfy the expected demands for food and feed [2]. During the
Green Revolution of the 1960’s, the world was able to meet the demand of the
growing population for food and fiber by predominantly developing new
high-yielding crop hybrids, increasing the application of farm inputs (such as
water, fertilizers, pesticides, herbicides), and improving mechanization of farm-
ing operations. At that time, however, the potential environmental impacts of
considerably increasing application of farm inputs was not a major concern as it
is today.

Nowadays, the impact of agricultural inputs on the environment, especially in
surface and groundwater resources is a critical aspect of current and future
agricultural practices. At the same time, the economic sustainability of modern
farming demands an ever more efficient use of agricultural inputs. In addition,
the potential challenges imposed by climate change on agricultural production
are also a major concern. As a consequence, in recent years, many organizations
such as The United Nations are promoting the concept of Climate-Smart Agri-
culture as agriculture that sustainably increases productivity, enhances adapta-
tion through increasing resilience, enhances mitigation through reducing or re-
moving greenhouse gases (mitigation) where and when possible, and enhances
achievement of national food security and development goals [2].

In order to achieve agricultural systems that are socially, environmentally, and
economically sustainable, it is imperative that water resources and other agri-
cultural inputs are used efficiently. This will require the development and adop-
tion among growers of affordable and effective precision agricultural and irriga-
tion technologies to enable farmers to apply water and other inputs when,
where, and in the amount needed to increase profits and protect the environ-
ment. Soil moisture sensing is one of the technologies farmers can adopt to
properly schedule irrigation, which has been shown to potentially increase prof-
its while protecting the environment [3]. Although many systems are commer-
cially available for soil moisture monitoring, a number of factors still limit their
adoption for irrigation scheduling among commercial growers [4]. Consequent-
ly, irrigation scheduling decisions in most commercial farming operations are
still based on “the condition of the crop”. For example, [5] found that around
95% of growers in South Carolina used “the condition of the crop” to decide

when to irrigate, which exceeded the national average of around 80%. The fact
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that most farmers are basing irrigation scheduling decisions mainly on “the con-
dition of the crop” could potentially create considerable production, profitabili-
ty, and environmental problems.

In recent years, however, there has been considerable development in
open-source electronics [6], wireless data communication [7] [8] and Inter-
net-Of-Things technologies [4] [9] [10] that provide opportunities for making
soil moisture sensing technologies more accessible and more affordable for
commercial growers. Our objective in this study was, therefore, to develop and
test an affordable wireless communication system for monitoring soil moisture

using Decagon EC-5 sensors.

2. Methods
2.1. The Decagon EC-5 Sensor

The new system was developed to measure soil volumetric water content (VWC)
from four depths using Decagon EC-5 sensors (Decagon Devices, Pulman, WA)
(Figure 1(a)). The EC-5 sensors were selected for this study because of their af-
fordability and because they had been tested in previous lab and field studies and
have been shown to have a fast response that linearly relates to VWC [11]. The
EC-5 sensors measure VWC by measuring the dielectric constant of the media
using capacitance/frequency domain technology [12]. They need 2.5 - 3.6 VDC
(10 mA) as input and their output voltage is proportional to the VWC and to the
input voltage [12]. The sensors were designed to work in the temperature range
of —40°C to +50°C, requiring a measurement time of 10 ms [12]. Several com-
mercial data loggers are capable of sampling and recording data from the Deca-
gon EC-5 sensors. A portable manual readout (ProCheck) is also available from

the manufacturer to manually read the EC-5 sensors (Figure 1(b)).

ProCheck

Figure 1. (a) Decagon EC-5 sensor, and (b) ProCheck manual readout device.
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2.2. Data Sampling and Communication System

The data sampling and communication system includes a Coordinator and sev-
eral £nd Nodes following a Star Topology (Figure 2), similar to that described
by [4], except that the End Node does not require a voltage divider to read the
EC-5 sensors. Each End Node is identified by a unique address and is hardwired
to the EC-5 moisture sensors. The End Nodes periodically sample the four EC-5
sensors and the data from the sensors is transmitted wirelessly to the Coordina-
tor via radio communication [4]. The Coordinator then sends the received data
to a website to be permanently stored in a Cloud server and visually displayed
[4].

Each End Node was built using a Feather 32u4 RFM95 LoRa Radio (RFM9x)
(Adafruit Industries, New York, NY), which integrates an ATmega 32u4 micro-
controller (Arduino-compatible), which uses 3.3 V logic at 8 MHz, and a Long
Range (LoRa) packet radio transceiver [4]. The transceiver transmits or receives
radio signals at 868 or 915 MHz frequencies, which can be specified in software.
The 915 MHz frequency was used in this study. The line-of-sight distance range
of the radio is over 2 km, using a wire quarter-wave antenna [4]. Wires from the
moisture sensors and from the battery were connected to the microcontroller of
the End Node via pitch terminal blocks (Feather 0.1", Adafruit Industries, New
York, NY). Since the Decagon EC-5 sensor produces a voltage output, it can be
directly read by the microcontroller without any additional electronic interface.

A sample End Node for the Decagon EC-5 sensors is shown in Figure 3(a).

Coordinator

Figure 2. Star Topology arrangement.
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Figure 3. (a) End Node, and (b) coordinator with WiFi(left) and radio
(right) devices.

Similar to the system described by [4], the Coordinator (Figure 3(b)) had two
Feather devices. Both of the devices had a microcontroller, but one of the devices
had a radio transceiver to receive data from the End Nodes [Feather 32u4
RFM95 LoRa Radio (RFM9x)] while the other device had a WiFi chip [Feather
MO WiFi w/ATWINC1500] to send data to the Internet (Adafruit Industries,
New York, NY). The WiFi device had an ATSAMD21G18 ARM Cortex M0
processor, which uses 3.3 V logic at 48 MHz. This device has an Atmel WiFi
module, which supports 802.11 bgn networks using WEP, WPA and WPA2 en-
cryption [4]. The microcontrollers of the two Feather devices communicate with
each other using ZC [4], in which the device with the radio transceiver is the
Server, which gets data from the £nd Nodes (Clients) and then transfers the data
received to the device with the WiFi chip, which is the Master. The Master then
uses the Internet connection to post the data to a Cloud server.

2.3. Reading the EC-5 Sensors with the Microcontroller

The Decagon EC-5 sensors were read by the £nd Node microcontroller by first
powering the sensor with 3.2 V excitation, using a separate digital pin for each
sensor, and waiting for 15 ms before reading the sensor output in the corres-
ponding analog pin. The anolog output of the sensor (voltage) was converted to
a digital output (ADC output) ranging from 0 to 1023 (for the 10-bit ADC) by
the internal analog-to-digital converter. After taking the reading, the digital pin
powering the sensor was set low. Ten readings were taken each time to calculate
an average ADC output, which was converted to VWC using the calibration eq-

uation developed in this study (see below).

2.4. EC-5 Sensor Calibration

A laboratory calibration experiment was conducted to be able to convert the
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output of the Decagon EC-5 sensors to VWC (m’>m). Calibrations equations
were derived by correlating the outputs of the sensors measured using the mi-
crocontroller against the readings measured with the ProCheck readout (Figure
1(b)). Measurements were taken with four Decagon EC-5 sensors covering a
wide range of VWC, from air-dried to saturated soil.

The sensors were read using both the microcontroller and ProCheck, with the
sensors exposed to six different media. These media included air, water, and four
soil samples with different water contents. The soil samples included an
air-dried soil, a saturated soil, and two moist soils with different water contents.
Each of the four soil samples was first placed in a large container, water was
added as needed, the sample was vigorously mixed to obtain a uniform water
content, and placed in a 400 mL beaker (Figure 4). In this process, knowing the
amount of water added to the soil was not critical, since the target was just to
create a range of water contents among the four soil samples, and it was already
known from previous work that the sensor’s output was linearly related to
changes in VWC [11]. The four sensors were first connected to the microcon-
troller and readings were taken by alternatively immersing each sensor into the
appropriate media. The sensors were then disconnected from the microcontrol-
ler and readings were taken using the ProCheck manual readout. This calibra-
tion process was possible since the Decagon EC-5 sensors respond almost in-
stantaneously to changes in soil water status in contact with the sensor, and

there is no need to allow for the readings to stabilize for a long time.

2.5. Data Storage and Visualization

There are many Internet-Of-Things (IoT) platforms available for data storage
and visualization in The Cloud [4]. The ThingSpeak
(http://www.thingspeak.com/) platform was used in this study, which is free of

charge under certain conditions, and can receive data from a variety of Inter-
net-connected devices (such as Arduino, Raspberry Pi, Beagle Bone Black, Par-
ticle Electron, Particle Photon, etc.). The ThingSpeak platform was setup to re-
ceive the soil water content data collected, as described by [4], and allows the

user to remotely visualize the data in real time via a web page interface.

Figure 4. Soil and water containers used to calibrate the Decagon EC-5 sensors.
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2.6. Testing the System in the Field

On February 13, 2017, the system, which included one EC-5 End Node, was in-
stalled in a rainfed wheat field at the Clemson University, Edisto Research and
Education Center, in South Carolina (33.3642°N, 81.3294°W) (Figure 5). Four
EC-5 sensors were installed at depths of 15, 30, 45, and 60 cm. The End Node
was inside a waterproof enclosure and power was taken from a car battery (12
VDC). A 10-Watt solar panel was used to recharge the battery using a model
CMP12 Solar Charge Controller (Y-Solar, Shenzhen, China) to make sure that
the battery was not over-charged (Figure 5(a)). A linear voltage regulator was
used to bring the voltage down from the 12 VDC provided by the battery to the
5 VDC required by the microcontroller.

The Coordinator was housed in a waterproof enclosure and was attached to
the outside wall of a field shed located 200 m from the End Node (Figure 5(b))
[4]. It was powered from a USB port connected to a 120 VAC power outlet and
connected to the Internet via WiFi from a Verizon Wireless Jetpack 6620L (4G
LTE) mobile hotspot that was installed in the shed [4].

2.7. Cost of the System

The list and purchase price ($US) of components needed to build the Coordina-
tor and End Node (excluding shipping, taxes, and labor) are shown in Table 1.

3. Results and Discussion

3.1. Results of Calibration of the Decagon EC-5 Sensors

The VWC measured with ProCheck with each Decagon EC-5 sensor (EC-5/1 to
EC-5/4) in air, water, saturated soil, dry soil, and unsaturated soil with different
water contents are shown in Figure 6. All four EC-5 sensors had similar re-
sponse when exposed to each the different media. For example, readings taken
with the sensors exposed to air or with the sensors installed in very dry soil re-

sulted in negative VWC readings for all the four Decagon EC-5 sensors. The

Figure 5. (a) End Node installed in a wheat field, and (b) Coordinator.
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Table 1. List and price ($US) of components needed to build the coordinator and end

node.
Item Units Unit Cost Subtotal  Total
Coordinator.
Feather 32u4 RFM95 LoRa Radio (RFM9x) 1 $34.95 $34.95
Feather MO WiFi w/ATWINC1500 1 $34.95 $34.95
2.4 GHz Mini Flexible WiFi antenna with uFL connector 1 $2.50 $2.50
Plastic enclosure (7 x 12 x 6") 1 $18.50 $18.50
5V USB port power supply 1 $5.95 $5.95
USB to Micro-USB cable 1 $4.00 $4.00
Feather female header kit (12-pin and 16-pin) 2 $0.95 $1.90
Circuit board (7 x 9 cm) 1 $1.05 $1.05
Total Coordinator $103.80
Decagon EC-5 End Node:
Feather 32u4 RFM95 LoRa Radio (RFM9x) 1 $34.95 $34.95
Feather 0.1" pitch terminal block 1 $5.95 $5.95
Battery (12V, 7 Amp Sealed Lead Acid Battery) 1 $18.49 $18.49
Solar panel 1 $19.00 $19.00
Solar charge controller/regulator 1 $10.99 $10.99
Plastic Enclosure (7 x 12 x 6") 1 $18.50 $18.50
Total End Node $107.88
Decagon EC-5 sensors 4 $100.00 $400.00  $400.00
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Figure 6. Volumetric water content (VWC) measured with each Decagon EC5 sensor
(EC-5/1 to EC-5/4) in different media, taken with the ProCheck manual readout.

sensors exposed to air resulted in an average reading of —0.14 m>m, and in-
stalled in air-dried soil averaged -0.02 m’>m™. As expected, when installed in
soil, increasing soil water content increased the measured VWC. The highest
VWC readings were obtained when the sensors were submerged in water, which

averaged 0.61 m®>m™’, followed by saturated soil, which averaged a VWC = 0.39
m’m™.
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The relationship between the readings (ADC output) taken with the Feather
32u4 microcontroller and the VWC measured with ProCheck for the four De-
cagon EC-5 sensors (EC-5/1 to EC-5/4) and the relationship for all four sensors
combined are shown in Figure 7. Data from all the sensors resulted in a good
linear relationship (r* > 0.99), which still persisted when data for all four sensors
were combined (r* > 0.99). Therefore, the following equation was programmed
into the Feather 32u4 microcontroller (10-bit resolution) firmware to convert
the the microcontroller ADC output to VWC (m*m™):

VWC = 0.0041*(ADC output)—0.4895 (1)

3.2. Field Test Results

Data collected using the Feather 32u4 microcontroller during the period of Feb
13 to March 8 using the four EC-5 sensors were downloaded from the
Thingspeak.com website and are plotted in Figure 8. It shows that during this
period, the wheat crop was using water from only the first two depths (15 and 30
cm). It also shows that the EC-5 data collected with the Feather 32u4 microcon-
troller had a poor resolution, which was due to the narrow output range of the
EC-5 sensors combined with the limited 10-bit resolution of the Feather 32u4

EC5-1 EC5-2 EC5-3
077 y= %2094(;‘5905;839 07 | y=0.0041x - 0.4748 0.7 | y=0.0044x - 05146
0.6 e , 06 R?=0.99618 , 06 R2 = 0.99846 ’
P <0.001 p < 0.001 / ' p < 0.001
05 / 05 | 05 - ' /
~ 04 4 o 04 =04
£ 03 /‘ L3 / £ /.
(EE, : Y, EE, . / zE, 0.3
S 02 / S 0.2 / G021
E 0.1 50_1 1 § 01 1 ‘
0 B 0 1 1 0+ T Og T .
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Figure 7. Relationships between the Feather 32u4 reading and the volumetric water content (measured with ProCheck).
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Figure 8. Volumetric water content measured every 30 minutes with Deca-
gon EC-5 sensors using a Feather 32u4 microcontroller in a wheat field at
15, 30, 45, and 60-cm depths during Feb. 13 to March 8, 2017.

microcontroller. Although this poor data resolution significantly impacts the
quality of data display, it could be expected to have little impact on practical ir-
rigation scheduling decisions. However, a better resolution would certainly be
desirable.

Therefore, the low-resolution issue was easily addressed in this study by re-
placing the Feather 32u4 RFM95 LoRa Radio (RFM9x) device with a Feather
MO RFM95 LoRa Radio (RFM9x), which was obtained from the same supplier
(Adafruit.com) at similar cost. The MO microcontroller included in the Feather
MO RFM95 LoRa Radio (RFM9x) can be configured in software for 12-bit reso-
lution instead of the default 10-bit resolution. The 12-bit resolution would pro-
duce a wider output in the range of 0 to 4095 instead of the 0 to 1023 obtained
with the 10-bit resolution.

Switching to a MO microcontroller configured for 12-bit resolution, however,
required developing a new calibration equation. Therefore, a calibration for the
Feather MO microcontroller configured for 12-bit resolution was conducted
following the same procedure described above, resulting in the following cali-

bration equation (Figure 9).

VWC = 0.0014*(ADC 0utput)—0.4697 (2)

The MO microcontroller was used to replace the 32u4 microcontroller and
field data collection from the wheat field was continued from 10 March until 16
May, 2017. Data for the four depths as displayed in ThingSpeak.com are shown
in Figure 10. The top two sensors showed good sensitivity to normal changes in
VWC caused by rain and soil drying. There was little change in VWC for the
two deeper soil depths during this period, which seems to indicate a shallow root

system of the wheat crop. Figure 10 also shows no missing data, which indicates
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Figure 9. Calibration of decagon EC-5 sensor using a feather MO de-
vice configured for 12-bit resolution.
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Figure 10. Data from four Decagon EC-5 sensors as displayed in ThingSpeak.

that the wireless data communication system was very robust and reliable.

4. Conclusions

In this study, an Arduino-based wireless sensor network system was developed

and tested to monitor volumetric soil water content using Decagon EC-5 sen-

sors. The system uses a start topology in which a variable number of sensor field
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nodes, each with a unique address, can send data to a central receiver. The soil
moisture data from the EC-5 sensors installed in the field are wirelessly trans-
mitted from each sensor End Node to the receiver using a long-range package
radio (LoRa) transceiver. The receiver is able to connect to the Internet using
WiFi and can transmit the received data to an open-source Cloud server in real
time, where the information is hosted and can be easily accessible to the user.
The development of the system required conducting a lab calibration for the
EC-5 sensors.

From the lab calibration experiment, a good linear calibration equation was
obtained to convert the EC-5 sensor reading to VWC. From a field test of the
system conducted in a wheat field we found that for the End Nodes, the micro-
controller with 10-bit resolution (Feather 32u4) was not accurate enough to
properly capture the small changes in VWC that are normally observed in a
production field. Therefore, a Feather MO, which can be programmed for 12-bit
resolution was used instead and proved to be adequate to accurately read the
EC-5 sensors. Since we used open-source hardware and software platforms, the
cost of the system is minimal compared to commercially available systems. The
cost was $108 for each £nd Node (excluding the cost of the sensors) and $104 for
the Coordinator. We are now looking at options for lowering power usage to
eliminate the need for a big battery and solar panel to facilitate field installation
and further lower cost of each £nd Node. For non-commercial users, a free ac-
count can be obtained at thingspeak.com, so there is no cost associated with
hosting the data in the Cloud server. The field test conducted in the wheat field
showed that the soil moisture sensors properly responded to changes in soil wa-
ter contents due to rain and soil drying. The field test also showed that the wire-
less communication system was very reliable and worked without any problems
for more than 2 months. We are now working on integrating this wireless sys-

tem into an irrigation automation and control system.
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