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Abstract. A prototype wireless sensor network for measuring soil and envi-
ronmental characteristics was developed and evaluated for purposes of schedul-
ing irrigation on field vegetable farms. The system consists of a central base
station connected to multiple sensor nodes installed in the field and distributed
over several crops. The sensor nodes consist of specially designed hardware
which transmits data to a base station inside the farm offices. The relatively low
cost of the system (USD 6000 for a 20-sensor node system) allows for installa-
tion of a dense sensor population that can adequately represent inherent soil
characteristics such us temperature, volumetric moisture content, salinity and so
on. Additional sensors can be used to measure environmental variables and the
quality of the water used to irrigate the crops. This paper describes our experi-
ence during the design and implementation of the wireless sensor network and
its components in a field crop of Broccoli (Brassica oleracea L. var Marathon)
in the semiarid region of Campo de Cartagena in Southern Spain. It presents
the topology of the network, which was deployed using three types of sensor
nodes (Soil-Mote, Environmental-Mote and Water-Mote).

Keywords: Wireless Sensor Networks, Motes, TinyOS, Precision Horticulture,
Precision Agriculture.

1 Introduction

Precision agriculture (PA) and precision horticulture (PH) [1] are production systems
which make it possible to more accurately predict crop development on the basis of
site conditions. To that end it is important to gather as much information as possible
on the soil, plants and environment. This is achieved with new technologies such as
global positioning systems (GPS), geographic information systems (GIS), wireless
communications and instrument systems.

In this context, Wireless Sensor Networks (WSN) [2] is a technology with a prom-
ising future. In fact a number of studies have been published in the last few years on
applications of this kind using WSN in Precision Agriculture. For example, Camilli et
al. [3] used a simulation to demonstrate the utility of a WSN in Precision Agriculture;
Pierce et al. [4] described a platform that they had developed for local and regional
networks and implementations of them in two Precision Agriculture applications in
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Washington State; and Morais et al. [5] described a prototype that they had developed
for deployment on vineyards to monitor crops of this type.

This article describes how a WSN was set up on a horticultural holding. The farm
is located in the Campo de Cartagena in the Region of Murcia, South-East Spain, in
one of Europe’s most important horticultural areas. In climatic terms, this is a semi-
arid zone with annual rainfall of approximately 400 mm. But despite that, 190,000 ha,
31% of the cultivated area, is under irrigation.

The farm on which the experiment was conducted (Langmead Espaiia S.L.) prac-
tises ecological agriculture, also known as biological or organic farming. This is a
way of growing crops and caring for the land that is respectful of nature and normally
excludes the use of chemicals and genetically modified seeds. The principal aim of
this kind of farming is to preserve the environment, maintain or enhance the fertility
of the soil and produce foods with their own natural properties.

The holding on which the experiment was conducted is of average size for the re-
gion. It covers 1000 ha, with 250 crop fields scattered over the Campo de Cartagena
and several kilometres apart (between 5 and 10 km approximately). The ultimate aim
of this work was to provide the farm with an infrastructure consisting of a large num-
ber of sensors with which to ascertain crop water conditions in real time and make the
appropriate decisions. For these reasons, and in view of the scattered nature of the
crop-fields, wireless sensor networks are the ideal solution.

This article describes our experience in laying out a sensor network on a real farm
holding; section 2 describes the experimental scenario where the sensor networks
were deployed. Section 3 presents one of the system’s main devices, the GAIA Soil-
Mote, from the standpoint of hardware and software. In combination with the Hydra
Probe II sensor, this mote is capable of recording the salient characteristics of the soil
(temperature, humidity and salinity). This same section describes the power manage-
ment and the autonomy of the sensor node, and also the characteristics of the associ-
ated Hydra Probe II sensor. This section closes with a brief presentation of the other
sensor nodes that have been developed to implement the network (GAIA Environ-
mental-Mote and GAIA-Water Mote), and the Data-Sink/Gateway. Section 4 then
gives a brief description of the possibilities offered by the monitoring software as
developed, which is run on a computer at the farm’s central office. Section 5 reports
the results achieved in a real installation, and finally section 6 summarizes the main
conclusions and proposed future research.

2 General Characteristics of the Network Deployed

Figure 1 shows the characteristics of the experimental crop on which the system as
developed was tested. This consisted of two fields lying about 8.7 and 5.2 km respec-
tively from the farm offices. In each plot, ten GAIA Soil-Motes were deployed to
monitor the condition of the soil, and an Environmental-Mote was installed to monitor
the ambient temperature and humidity in the plots. A Water-Mote was also installed
in one of the supply ponds to check the quality of the irrigation water by monitoring
its electrical conductivity.
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Fig. 1. Deployment of the wireless sensor network in two fields on a horticultural holding. The
network also includes a sensor node to record the quality of the water supplied from a pond.

The device infrastructure required to interconnect the two sensor networks and the
wireless sensor with the offices is as follows: (1) one Gateway for each of the sensor
networks; (2) a Repeater located on the office building roof; and (3) a Base Station
Mote inside the offices, physically connected to the monitoring computer. To assure
wireless coverage of the system, Gateways were developed incorporating long-range
radio modules in the design of the GAIA Soil-Mote. More information about hard-
ware architecture of the overall system can be found in [6].

The nodes in each of these sensor networks were interconnected via IEEE 802.15.4
[7]. The reasons for the decision to use this standard will be explained in the part of
the following section specifying the software architecture. When a message reaches
the central computer through the Gateway, it is processed and its source and the in-
formation it contains are checked. On the basis of this information the message is
stored in a relational data base, where a historical record is kept of the data gathered
by the sensors and the times of the readings.

3 The GAIA Soil-Mote

One important aspect of the motes is their capacity for connection with external in-
struments. There is a large group of sensors used in the field of Precision Agriculture
which provide output by means of the SDI-12 protocol [8]. Commercial solutions
based on this protocol include sensors marketed by Stevens, such as Hydra Probe II
and EC 1200. Another major distributor, Campbell Scientific, markets sensors like
CS245-L, CS408-L and WINDSONIC4-L. For that reason one of our objectives was
to develop a mote capable of connecting to SDI-12-type external sensors. The chief
requirements of this mote are as follows:
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1. The mote must be a robust product in order to monitor soil parameters (tempera-
ture, humidity, salinity and conductivity).

2. The mote must have a SDI-12 interface so that any sensor with this protocol can
be connected. However, it must be designed in such a way as to allow other SDI-
12 sensors to be connected with minor variations in the software. In the present
case, the mote must permit the running of two HP2 sensors to monitor the volu-
metric percentage. temperature, salinity and electrical conductivity of the soil at
different depths.

3. The mechanical design of the device must be optimized for use on horticultural
crops. This means that it must be suitable for installation at ground level and be
small enough not to have to be removed when the crop is fumigated using farm
machinery. The mote’s casing must therefore provide IP67 standard protection
and must be no more than 20 cm high (including the antenna). Also, to help avoid
the motes being stolen, they should be painted a discreet colour. Note that al-
though the design has to be optimized for horticultural crops, the motes must also
be able to be used in other kinds of crops such as fruit crops, vineyards, etc.

4. To assure the greatest possible autonomy, the device must be able to communicate
with a Sink-Mote or a Gateway via a highly reliable radio module compatible with
standard IEEE 802.15.4. The motes are programmed with TinyOS [9], which uses
the BMAC medium access algorithm, in order to optimize consumption. The
working frequency is the 2.4GHz free band (ISM).

5. There is a limitation in that the gateway antenna must be at a height of not less
than 5 m above the deployed nodes, and the maximum coverage between the sen-
sor node and the gateway must be at least 100 m.

6. The Soil-Mote must be battery-operated with an autonomy of at least 10 weeks,
which is the normal duration of a horticultural crop cycle.

7. On the software side, sensor readings are sent periodically to the sink node by way
of the gateway. The reading frequency must be configurable from the sink-mote,
over a range from 30 minutes to 10 days. The sink node must also receive hourly
information on the battery status. In addition, for the deployment phase it was de-
cided that the GAIA Soil-Mote should receive test messages from the sink node,
which the latter would send back to the soil mote to assure proper communication
between the two.

These were the basic requirements for the design of the GAIA Soil-Mote, which is
described in the following sections.

3.1 Hardware Overview

Figure 2 shows two photographs of the GAIA Soil-Mote. The first one gives an idea
of the size of the PCB, which was developed using SMD technology. As we can see,
the mote card has been developed with a minimal number of components. This is due
in part to the low power-consumption requirement and in part to the need to keep the
mote size and manufacturing costs to a minimum. The following figures show the
block diagram, the external appearance of the mote and its location in a horticultural
crop. The sensor node is connected to two Stevens Hydra Probe II (HP2) sensors,
which are described further below. The HP2 sensors are buried at different depths to
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monitor the main soil parameters. The core of the platform is a Msp430f1611 ultra-
low power microcontroller from Texas Instruments. Wireless communication is pro-
vided by the Chipcon CC2420 radio module. The mote is powered with the help of a
3.7 V, 2000 mAh LiPo lithium polymer battery. Both the watertight casing and the
sensor connectors have IP67 protection. Further information about the elements in-

cluded in this device is presented in [9].
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Fig. 2. Different views of the GAIA Soil-Mote. (a) PCB. (b) Block diagram. (c) External view
of casing. (d) Image of device in field with detail of the sensor used.

When the battery is fully charged it delivers more than 4V. For that reason, as the
block diagram shows, a low-consumption, low-dropout DC/DC converter (#1) is
included to keep the battery voltage at 2.5 V. This voltage powers the microcontroller
and the radio module. Then there is a second converter (#2) which transforms the 2.5 V
to provide the 12 V output required by the HP2 external sensors. For efficient energy
management, this converter is enabled only during the sensor reading process.
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An “SDI-12 Interface” module has been included to enable the external sensors to be
connected to the microcontroller’s UART. This interface is necessary for two reasons:
the microcontroller and the external sensors work with different voltages, and moreover
the two pins of the UART (Rx and Tx) have to be interconnected with the single two-
way data line from the external sensors. All this is achieved by means of a tri-state
buffer, a transistor and some discrete components so as to incorporate the SDI-12 inter-
face in the mote. A single connector serves to connect up to 10 external sensors. Note
that using only one external connector simplifies the PCB design of the board.

Finally, the block diagram shows the battery connected to the microcontroller by a
voltage divider to allow periodic sampling of the battery level.

3.2 Software Organization

The device software was developed with TinyOS [10] version 2.0 as an operating
system environment with the nesC [9] component-oriented programming language
associated. TinyOS is an event-driven open-code operating system that provides the
functionality needed for the proposed application, and it benefits from a large and
active user community. We ported TinyOS to our platform and used a set of drivers
that make the various I/O components available to the application programmer. Inter-
ested readers can find more information on this kind of programming in [11].

Figure 3 shows the nesC component diagram for the mote as developed. HP2C is a
new component that is grafted on to TinyOS and is optimized for the use of two HP2
sensors. All the other components are operating system primitives which have been
instantiated. Further details about the software architecture of the devices involved in
the network can be found in [6].

The program entry point is supplied by the MainC component using the Boot inter-
face. For the program to function, it is necessary to instantiate four TimerMilliC com-
ponents, which are required to manage the program timer so as to know when to take
a reading (Timer0), send the command to start up the reading process (Timer2) and
start the data reading process (Timer3), and to be able to handle a time lag from when
the process starts until the data are available (Timerl).

For communications, three AMSenderC components are required, one of the type
CC2420ActiveMessageC and another of the type AMReceiver. The SendData instance
of the AMSenderC component is used to send the data gathered from the sensors to the
sink node or base station. The SendBattery instance sends the battery level data every
hour. And finally, to facilitate the process of node deployment with the SendTest in-
stance, a test message received from the Base Station is echoed. With the AMReceiver
component it is possible to receive two types of messages: test messages and messages
to alter the sensor reading timing. The last component, CC2420ActiveMessageC, is
used to initiate the radio module and manage its operating time. In this way energy
expenditure by the radio transceiver can be optimized. The nodes are specifically con-
figured with a low-power-listening (LPL) period of 10 s. On this point it is important to
remember that the frames sent and received with the selected TinyOS components are
compatible with standard IEEE 802.15.4. We say that “the frames are compatible with
the standard” because in order to optimize consumption TinyOS uses the BMAC me-
dium access protocol instead of the MAC protocol, which is the one actually defined in
the standard.
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Fig. 3. GAIA Soil-Mote: nesC component diagram.

The Msp430Uart1C component is the one used to manage all communications with
the HP2 sensor. With the LedsC component it is possible to access the 3 LEDs in-
cluded in the mote, which are used to indicate states such as sending data from the
mote, receiving a message and others. Msp430ADCOC allows sampling of the micro-
controller ADCO that is connected to the battery by way of a resistive voltage divider.
And finally, a HPL (Hardware Presentation Layer)-level TinyOS component is
needed to manage a series of microcontroller pins required for management of the
SDI-12 interface (communications and DC/DC converter on/off).

3.3 Hydra Probe II Sensor

The Hydra Probe II sensor (HP2) (see figure 2.d) is a commercial product from Ste-
vens Water Monitoring Systems, Inc. which is available with two different output
interfaces: SDI-12 and RS485. Of these two versions, the most suitable for applica-
tions with low-consumption requirements is the SDI-12, since consumption in
standby mode is 10 times less than with the RS485. Moreover, it only requires 3 wires
(power, earth and data) as opposed to 4 required by the RS485 (power, earth, com+
and com-).

This sensor can provide various parameters for the ground, the most important be-
ing the temperature, volumetric percentage, conductivity and salinity of the soil. Cali-
bration is carried out in the sensor itself, so that the data are received in digital-format
physical units and ASCII code. Nevertheless, users may wish to perform their own
calibration, and there is therefore the possibility of receiving uncalibrated data on the
variables directly from the ADCs, in raw format.

As in any SDI-12 device, communication is achieved by sending ASCII commands
and interpreting the response from previous ones. These commands can be used to
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take readings of the above-mentioned values and to configure parameters such as soil
type, water constant, setting-up time and definition of the variables to be measured.

3.4 Power Management and Autonomy

In this section the objective is to estimate the autonomy of the device. As battery
specifications are provided using AH terms, this can be determined with the battery
parameters and the intensity required by the device.

The GAIA Soil-Mote has four functional states: standby for messages, communi-
cation module wake-up, sensor data acquisition and data transmission. Figure 4.a
shows the mote’s power consumption in each of these states. The worst-case scenario
was taken for average consumption that is acquisition and transmission of data from
the two sensors every thirty minutes. The ultimate aim of this study was to determine
how much power the mote consumed on average, so as to relate the resulting figure
directly to the capacity of the batteries and hence determine the device’s autonomy.
The mote’s average power consumption may be determined thus:

Isoilfmote = Istandby + Ireceiv + Iacq + Itrans (1)
where
istandby =0.25mA (2)
- 15.1073
T = 20MAS 107 030 3)
10
- . . -3
Lig =2+ M =0.22mA 4)
1800
- . . -3
Tians = 2.5 (W] = 0.00434mA )
1800

Equation (2) represents the stand-by consumption and (3) expresses the average con-
sumption in receiving mode for a 15 ms pulse every 10 s, with the radio switched on
in the Low-Power-Listening period. Equation (4) presents a similar calculation, in this
case multiplied by two, which is the number of sensors that are connected, and di-
vided by 1800 s (30 minutes), which is the worst-case scenario for estimating auton-
omy. Equation (5) expresses the average consumption for the transmission of the
sensor data and battery voltage. The equation is multiplied by 2.5 because the battery
voltage messages are sent every hour. Equation (1) gives us an average current of
0.5034 mA, which, considering that the batteries are 2000 mAH, gives an estimated
autonomy of 165 days. Note that the intensities of each state have been measured at
the device input for a voltage of 3 V.
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Fig. 4. (a) Consumption states of the GAIA Soil-Mote: “standby”= 0.25 mA, “transceiver
wake-up”= 20 mA, “acquisition”= 110 mA, “communication module transmitting (Sensor Data
and Battery Voltage)”= 25 mA. (b) Evolution of battery rundown during laboratory tests.

To check the above result, a real study was conducted in the laboratory (see figure
4.b) between September and December 2008, with the device taking sensor readings
every 30 minutes. At the end of the study, the final value for the battery was approxi-
mately 3.8 V, well above the value of 2.7 V required at the main DC/DC converter
input for the system to work properly.

3.5 Environmental-Mote, Water-Mote and Data-Sink/Gateway

The Environmental-Mote is a version of the GAIA Soil-Mote which has been
equipped with suitable interface to enable it to connect the appropriate sensor. The
Environmental Motes (see Figures 5.a and 5.b) record the ambient temperature and
humidity parameters for a crop. The mote’s architecture is similar to what we saw for
the GAIA Soil-Mote except for the interface with the external sensors. Each mote is
connected via the 12C interface to a Sensirion SHT71 sensor, which is placed inside a
solar protection shield a metre and a half off the ground. These kinds of motes take
readings of the cited parameters with a maximum parameterizable frequency of 2
readings/hour. The Environmental Motes must be located within a radius of roughly
one hundred metres around the Data Sink/Gateway. In the experimental deployment,
only one mote per field was used since the ambient conditions do not vary signifi-
cantly from one field to the next.

The Water Mote (see Figures 5.c and 5.d) measures the temperature and salinity of
the water supplied to the crop from an irrigation pond. In this case the mote is con-
nected directly with the offices by way of a long-range radio module (XStream X24-
019PKI-RA radio modem) with an 8dBi omni-directional antenna for outdoor use.
The rest of the architecture is very similar to that of the motes described above. In this
case a Stevens EC 250 sensor is submerged in the pond.

The two sensor outputs (temperature and salinity) are supplied in the form of a
4-20 mA signal; they are read by the microcontroller’s ADCO and ADCI converters
after the current loop is passed through a resistor. These parameters are read with a
maximum parameterizable frequency of 2 readings/hour. The mote is powered by a
solar panel and is enclosed in a watertight box placed on the edge of the pond. Its
antenna is located on a mast at a height of approximately four metres.
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Fig. 5. Views of the different prototypes developed with similar architecture to the GAIA Soil-
Mote. (a) Environmental-Mote. (b) Environmental-Mote installed in the field. (c) Water-Mote.
(d) Water-Mote installed in the field. (e) Data-Sink/Gateway. (f) Data-Sink/Gateway installed
in the field.

As we saw in Figure 1, the device infrastructure required to interconnect the two
sensor networks plus the wireless sensor to the offices consists of: (1) one Data-
Sink/Gateway for each sensor network; (2) one Repeater located on the office build-
ing roof; and (3) one Base-Station inside the offices, physically connected to the
monitoring computer.
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Figures 5.e and 5.f show a detailed image of the Data-Sink/Gateway along with its
placement in the field. The microcontroller communicates with the crop motes via a
short-range radio module and with the Repeater in the offices via a long-range radio
module. The lifetime of the power supply is unlimited thanks to the use of recharge-
able solar batteries.

In order to have a connection with the Base-Station in the offices, the main antenna
has been placed on the office roof, at a height of nine metres. The main antenna and
the Base-Station are also connected wirelessly. The Base Station gathers all the in-
formation generated by the sensor networks and transmits it to the monitoring appli-
cation which was developed to handle that network. Similarly, it broadcasts any order
from the software application over the sensor network. This device is composed of a
long-range radio module (2.4 GHz) connected to a 3dBi omni-directional antenna,
and a RS-232 interface for connection to the central computer. The Repeater is a
commercial radio modem configured in repeater mode, which is connected to an 8dBi
omni-directional antenna. This provides up to 16 km line-of-sight coverage in the
open. No additional repeaters are required since the relief of the Campo de Cartagena
is flat. Table 1 summarizes the characteristics of the different devices that have been
developed and deployed on the farm.

Table 1. Type of devices developed for the farm

Common
Device Function ucC/o.S. Energy Source Module Sensors
(Range)
Water Mote l&s;?eﬁtgarl?n?g/s;;? MSP430F1611 Rechargeable XStream EC 250
(Prototype) temperature TinyOS 2 Battery (16 km) (Stevens)
GAIA Instantly measures soil Hvdra Probe
Soil Mote moisture, conductivity, MSP430F1611 Rechargeable CC2420 y I
(final salinity and TinyOS 2 Battery (230 m)
product) temperature (Stevens)
Environ. Mote r'e’;::ﬁl/’;“gu”%elgﬁ;;eﬁ | MSP43oFitt | Rechargeanle | CC2420 SHT71
(Prototype) temperature TinyOS 2 Battery (230 m) (Sensirion)
Data- Links soil and Solar Cell CC2420
. . MSP430F1611 + (230 m)
Sink/Gateway. | environmental motes TinvosS 2 Rech bi XSt N/A
(Prototype) with repeater ny echargeable ream
Battery (16 km)
Base Station Links WSNs with . XStream
(Prototype) software application N/A Grid (16 km) N/A

4 Monitoring Application

The monitoring application consists of: (1) a graphical user interface (GUI) where the
data read by the sensors are shown, and (2) a program that receives and stores data from
the nodes. Both programs were developed using the Java programming language, with
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the Eclipse environment and the MySQL relational data base management system. The
essential features of these applications as developed may be summarized as follows:

1. The GUI includes the placement of devices using the utility supplied by Google
Maps. In this way we can identify the exact geographic position of each node
and the crop in which it is located (see Figure 6).

2. 2. The data read by the sensors are sent periodically to the base station and
stored in the data base (the program waits for an event indicating data available
at the serial port). The GUI will read these data and visualize them graphically
in real time. In addition, the sampling period can be modified from the user ap-
plication.

3. The data base includes details of the nodes deployed, their regional aggrega-
tions, the sensors integrated in every node, the historical record of readings, the
types of sensors, and the history of alarms received from the sensors and regions
(for example battery failure, values below a threshold, etc.).
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Fig. 6. Main view of monitoring application

A menu bar at the top provides the options noted above (see Figure 6). On the right
of the screen a Google Map has been used to depict the geographic position of the
deployed nodes. On the left there are three tables displaying the latest data readings
from the sensors for the three networks shown on the right. Below the tables is a
graphic display of the data for a user-selected time interval, or the latest data gathered.

The soil and environmental motes provide the following services: change the sen-
sor sampling period and configure the device to send data from the battery every hour.
They also trigger an alert signal if the battery charge is critically low. Moreover, the
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soil mote also provides other services, such as: set soil type, configure data measure-
ment sets, set water constant and establish warm-up time. Note that all these services
use a special combination of the data sent to set the sampling period.

5 Experimental Results

Two sensor networks were deployed in two plots of approximately 4 ha each. The
plots are about 5.2 and 8.7 km respectively from the farm offices. Ten GAIA Soil-
Motes, one Environmental-Mote and one Data-Sink/Gateway were deployed on each
of the plots. The Data-Sink/Gateway was connected to an exterior 3 dBi omni-
directional antenna placed on a post 5 m tall. This was to assure direct line-of-sight
between the antennas of the ground-level Motes and the Data-Sink/Gateway. And
again to assure line-of-sight between the Data-Sink/Gateway and the offices, one 15
dBi omni-directional antenna was placed on the office roof (9 m high), and another
identical antenna on the Data-Sink/Gateway. Wireless communication between the
rooftop antenna and the Base Station was achieved with a repeater. At the same time,
a technology similar to that of the Data-Sink/Gateway was used to develop a wireless
node (Water-Mote) to monitor the quality of the water supplied to the crop using the
EC250 sensor.

A monitoring application, running on the Base Station, was developed to control
all the devices and keep a record of the information received. It consists of: (1) a
graphical user interface (GUI) where the data read by the sensors are shown using the
utility supplied by Google Maps, and (2) a program that receives and stores data from
the nodes. Both programs were developed using the Java programming language, with
the Eclipse environment and the MySQL relational data base management system.

The trials were conducted on crops of Broccoli (Brassica oleracea L. var Marathon)
covering an area of 4 ha each, located in Campo de Cartagena (37°44°26°N,
1°13°38°’W) in south-east Spain. The seedlings were transplanted (with a population
density of 5 plants/m2) on 10 November 2008 and the crop was harvested 12 weeks
later, in the first week of February 2009. The soil characteristics of the crop at a depth
of 40 cm were: clay loam texture, total carbonates 35.4 p.100, P(Olsen) 78.6 ppm,
K(Ac-NH4) 487.0 ppm. A drip irrigation system was laid between the two rows of
crops and 1 1/h emitters were installed every 0.20 m. Fertilizer was applied to the crop
using fertirrigation. The nodes were deployed in the second week of November, at
which time the owners of the farm began to gather data from the WSNs. The Soil-
Mote sensors were placed at depths of 20 cm and 40 cm. During this time there was
198 mm cumulative rainfall, moderately strong winds of up to 69 km/h and mild tem-
peratures (average 11.5 °C). Figure 7 shows the data (soil moisture) collected over a
twelve-week period. The Hydra Probe sensors provide accurate soil moisture meas-
urements in units of water fraction by volume (wfv or m3m-3 )—that is, a percentage
of water in the soil displayed in decimal form. For example, a water content of 0.20
wfv means that a one-litre soil sample contains 200 ml of water. Full saturation (all
the soil pore spaces filled with water) typically occurs between 0.5-0.6 wfv and is
quite soil dependent. The nodes were found to function properly. This provides some
assurance of the robustness of the arrangement for similar weather conditions.
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Fig. 7. Humidity data from one of the motes

Before this technology was introduced, the company monitored its crops in the
traditional way—that is, a person visited the crop and the pond to measure the rele-
vant agronomic parameters with appropriate portable equipment. Now, with the tech-
nology that has been developed, crop variables can be ascertained in real-time, and as
a result the water requirements of the crops can be estimated without anyone having
to visit them. The farm team were able to check, in real-time, that the optimum
conditions for Broccoli growing were being maintained (salinity in the range
2-4 mmhos/cm, temperature between 10 °C and 24 °C, and relative humidity in the
range 60%-90%).

6 Final Remarks and Conclusions

A sensor network was installed on a real farm in the Campo de Cartagena. To that
end a set of specialized motes (GAIA Soil-Mote, Environmental-Mote and Water-
Mote) were developed for different types of sensors. In turn, a set of auxiliary devices
needed to implement the network (Data-Sink/Gateway, Repeater and Base-Station)
were also developed. All the devices are available in prototype form, except for the
GAIA Soil-Mote, which has been designed and manufactured as a commercial prod-
uct that is robust enough for use in agricultural applications. The mote comes with a
SDI-12 interface and its software is designed to handle two HP2 sensors connected to
this interface. The software is readily adaptable to any other type of SDI-12 sensor.
To check that they function properly, they were used for 10 weeks on a farm owned
by the firm Langmead Espafia S.L. in Campo de Cartagena in south-east Spain. The
results were entirely satisfactory.



Design and Implementation of a Wireless Sensor Network for Precision Horticulture 41

A new hardware device has been developed with the following advantages:

Low cost if compared with similar solution products.

It offers an SDI-12 communication interface, which is not provided in other

commercial solutions.

3. New sensors can be easily connected by adding other general interfaces (SDI-12,
4-20 mA, 0-2.5 V), as in the case of the Environmental-Mote and the Water-
Mote.

4. Wireless devices avoid the problems related to wired sensor networks deployed

in crops.

The size of the network can be increased easily in comparison to wired solutions.

6. By using a Base-Station to gather sensor data it is possible to access, via the
Internet, all stored data. This improves maintenance tasks because an in-situ data
collecton is avoided.

7. The battery replacement is managed remotely. The system sends a signal to the

user when the battery is low.

DN =

e

We are now working on an improved version of the GAIA Soil-Mote. In this version
the idea is that the mote should be easy to configure in the factory for use as a mote or
as a gateway. Similarly, the number and type of output interfaces has been increased
(SDI-12, 4-20 mA, 0-2.5 V) so that they can also be factory-configured depending on
the sensors that are to be connected to the mote. The purpose of factory-configuration
is to keep manufacturing costs down by minimizing the number of components re-
quired for each configuration. And finally, we would note that a single-output connec-
tor has been designed for connection with external instruments, updating of firmware
and battery recharging so that the mote does not have to be opened.
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