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A prototype real-time, smart sensor array for measuring soil moisture and soil temperature

that uses off-the-shelf components was developed and evaluated for scheduling irrigation

in cotton. The array consists of a centrally located receiver connected to a laptop computer

and multiple sensor nodes installed in the field. The sensor nodes consist of sensors (up to

three Watermark® soil moisture sensors and up to four thermocouples), a specially designed

circuit board, and a Radio Frequency IDentification (RFID) tag which transmits data to the

receiver. The smart sensor array described here offers real potential for reliably monitoring

spatially variable soil water status in crop fields. The relatively low cost of the system (∼USD

2400 for a 20-sensor node system) allows for installation of a dense population of soil mois-
Cotton

Variable rate irrigation

ture sensors that can adequately represent the inherent soil variability present in fields.

This paper describes the smart sensor array and testing in a cotton crop. Integration of the

sensors with precision irrigation technologies will provide a closed loop irrigation system

where inputs from the smart sensor array will determine timing and amounts for real-time

site-specific irrigation applications.

provide a wireless solution. Shock et al. (1999) used a simi-
1. Introduction

Irrigation is an essential component of crop production in
many areas of the world. In cotton for example, recent studies
have shown that proper timing of irrigation is an impor-
tant production factor and that delaying irrigation can result
in losses of between USD 62/ha and USD 300/ha (Vories et
al., 2003). Yet there are few practical and cost-effective tech-
nologies that can assist producers with irrigation scheduling.
Existing technologies vary from the water balance or check
book method to sophisticated sensor-based systems like those
provided by Adcon Telemetry® (Adcon, 2004) and Automata®

(Automata, 2004). Current sensor-based technologies mar-

keted as wireless are quite expensive because they require
conventional radio transmitters, usually require a govern-
ment license for use of the radio frequency, and still require
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extensive cabling if multiple sensors are used. These products
generally have high-energy requirements and need regular
maintenance during the growing season.

Allen (2000a) evaluated an irrigation management system
that can provide continuous real-time or near real-time soil
water content information to the irrigation system operator.
This system used two different data loggers to collect and
store data from Watermark® soil moisture sensors (Irrome-
ter Co., Riverside, CA, USA). The data loggers were installed
in the field in close proximity to the sensor and wired to
the sensors. However, this system required the operator to
visit the data loggers for data downloading and thus did not
lar approach but transmitted data from the data loggers to
a central data logging site via radio. This system allowed up
to 16 Watermark® soil moisture sensors to be wired into a
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Fig. 1 – A smart sensor node which includes three soil
®
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roprietary data logger/transmitting box. But, unless all the
ensors were placed in close proximity to the data logger, this
ystem still required extensive cabling. The expense of the
ata loggers prevents a dense population of sensors in the
eld. King et al. (2000) and Wall and King (2004) proposed the
rchitecture for a distributed sensor network which included
ontrols for a variable rate irrigation system. Although this
pproach may accommodate a large number of sensors, at this
oint, it is still a theoretical system. Hamrita and Hoffacker

2005) explored Radio Frequency IDentification (RFID) tech-
ology as a solution to wireless real-time monitoring of soil
roperties. In a laboratory setting they demonstrated that RFID
echnology was feasible for wireless real-time communication
ith a soil temperature sensor.

Inexpensive, real-time soil moisture sensing is needed to
mprove irrigation automation and performance. This paper
escribes a prototype real-time, wireless smart sensor array
or measuring soil moisture and soil temperature using off-
he-shelf components. The system allows for a large number
f sensors to be installed in a field and provide data wirelessly
o a centrally located receiver.

. Methods

.1. Smart sensor array description

he smart sensor array consisted of a centrally located
eceiver connected to a laptop computer and multiple sen-
or nodes installed in the field. The sensor nodes consisted of
ensors (soil moisture sensors and thermocouples), a sensor
ircuit board, and an active RFID transmitter, referred to as a
ag, which transmitted data to the receiver. The smart sen-
or circuit board is shown in Fig. 1. At user-defined intervals,
he smart sensor board acquired sensor values and wirelessly
ransmitted those values to a centrally located radio frequency
RF) receiver. The board can read up to three Watermark®

ranular resistive-type soil moisture sensors and up to four
hermocouple temperature sensors. We chose Watermark®

ensors for this system because of their low cost, depend-
bility, ease-of-use, and because they are commonly used
y the agricultural community for scheduling irrigation. Past
esearch has evaluated the Watermark® sensors and found
hem to respond well to the wetting and drying cycles for most
oil types (Thomson and Armstrong, 1987; Spaans and Baker,
992; Eldredge et al., 1993; Shock et al., 1998, 2003; Allen, 2000b;
homson et al., 2002).

The smart sensor circuit board was designed to excite the
atermark® sensors separately with a dc voltage, rather than

he ac voltage as recommended by the manufacturer (Allen,
000a). Analog multiplexers, an instrumentation amplifier,
nd various other active and passive electronic components
onditioned the sensors’ output signals before they were
nput to a microcontroller. The node’s microcontroller pro-
ram (programmed in C language) corrected and formatted
ensor values then output results to the onboard RF transmit-

er.

WhereNet® active RFID tags (WhereNet®, Santa Clara, CA,
SA) were used to provide a wireless interface between the
ircuit board and the receiving station. These tags were devel-
Watermark sensors and two thermocouples installed in
the NESPAL field a few weeks after planting of cotton.

oped for tracking inventories and transmit in the 2.4 GHz radio
frequency range. At each transmission, the tags send a unique
identifier code (node ID) and 12 bytes of user data. In our appli-
cation, the 12 bytes of user data were the sensor values which
consisted of three soil moisture values and two temperature
values. The tags have a line-of-site transmission range of up to
0.8 km (0.5 miles). Hereafter, the combination of the electron-
ics board, RFID tag, and sensors will be referred to as a “smart
sensor node”.

During preliminary field testing, plant biomass, terrain,
and man-made objects caused some wireless transmission
problems. Plant biomass greatly attenuates radio frequency
signals, particularly in the 2.4 GHz range. To overcome this
issue, transmitters (tags) were removed from the smart sensor
electronics boards and mounted on hollow, flexible fiberglass
rods approximately 1.2 m above ground level and covered with
water proof material (Fig. 2). The flexible rods allowed field
equipment, such as sprayers, to pass over the sensors without
damaging them throughout the growing season.

The smart sensor boards used in the project were pow-
ered with single 9 V lithium batteries. To optimize battery
life, the microcontroller was programmed to place itself in
a low-current sleep mode between sensor readings and data
transmissions. It was also programmed to cycle the sub-
circuits on and off as needed when acquiring sensor values.
The current drawn by each node during sleep mode was
150 �A. Nodes acquired soil moisture sensor values and trans-
mitted the data to the receiver once per hour. The duration of
the reading and transmission interval was 250 ms per sensor

and drew 22 mA or a total of 1.25 s per node per hour. The smart
sensor operating voltage was 3.3 V dc. The microcontroller
program monitored battery voltage and transmitted an alarm
code when the voltage dropped below an acceptable thresh-
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Fig. 2 – Modified smart sensor node with raised transmitter
in a peanut field.

Fig. 3 – Irrigation management zones created for the NESPAL fiel
properties.
g r i c u l t u r e 6 1 ( 2 0 0 8 ) 44–50

old, thus eliminating the need for regular inspection. Battery
life easily exceeded the duration of the growing season.

2.2. Field testing of the smart sensor array

A 2.3 ha National Environmentally Sound Production Agricul-
ture Laboratory (NESPAL) field, located on the University of
Georgia’s Tifton Campus, was used for testing and demon-
stration of the smart sensor system. The field is equipped
with a center-pivot variable-rate irrigation (VRI) system. The
WhereNet® RF receiver was installed at the irrigation pivot
point and used two omnidirectional antennae to receive
incoming sensor node signals. A notebook computer, housed
in a metal enclosure, was used to run the WhereNet® acqui-
sition software and to log, timestamp, and store the smart
sensor data (node identifiers and the sensor values) in a
comma delimited file. The data were transferred from the
receiver to the laptop via a wireless Ethernet connection.

To evaluate the performance of the smart sensor array, we
established two different irrigation scheduling strategies for
the field. A north-south berm which traverses the field (top
to bottom in Fig. 3) was used to delineate the two scheduling
strategies. In the western (left) half of the field, irrigation was
scheduled using a traditional assessment of the crop (plant
wilting, days since last irrigation, rainfall, and weather fore-
cast) by a staff member with many years of experience growing
cotton. Three sensor nodes were installed here strictly for
monitoring purposes.

In the eastern half of the field, irrigation was scheduled
using the smart sensor array. Four different irrigation man-
agement zones were delineated based on soil type, apparent
soil electrical conductivity, and historic yield maps (Fig. 3).

Two or three sensor nodes per zone were installed to char-
acterize soil moisture conditions within the zone. Each smart
sensor node consisted of three Watermark® soil moisture sen-
sors installed within the row at depths of 0.2, 0.4, and 0.6 m.

d based on scheduling strategies and inherent field
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wo thermocouples were also installed, one for soil tempera-
ure at 0.2 m and the other loosely wrapped around the stem of
he nearest cotton plant to monitor ambient air temperature
ithin the canopy. Irrigation was scheduled in the zones on

his side of the field when soil water tension approached pre-
etermined trigger points—when average soil water tension
xceeded 40 kPa at 0.2 m depth, or when soil water tension
xceeded 50 kPa at either the 0.4 or 0.6 m depth. These trig-
er points were selected based on published data (Flynn and
arnes, 1998; Thomson et al., 2002) and the experience of the
uthors. Average soil water tension was determined by aver-
ging the results from all sensors at a given depth within a
one. The VRI pivot allowed each zone to be irrigated individ-
ally if necessary. The depth of water applied was determined
y the amount of water required to reduce soil water tension
o below 10 kPa. This amount varied from 13 mm of water to
5 mm of water.

The field was planted to Round-Up Ready 555 DPL cotton on
7 April 2004. Between planting and May 31, regular uniform
rrigation applications were applied to ensure germination
nd a uniform stand. The smart sensor nodes were installed
n May and began recording data in June at which time the
redetermined irrigation scheduling protocols were initiated.
mple rainfall in June and September obviated the need for

rrigation during those months.

. Results and discussion

.1. Soil water tension

ig. 4 (sensor-based scheduling strategy) and Fig. 5 (traditional
cheduling strategy) contrast soil water tension over the grow-
ng season at the three monitored depths. Each tension line

n the graphs represents the average soil water tension at
hat depth in the given zone. The length of the vertical bars
escending from the upper x-axis of the graphs represents
he amount of rainfall or irrigation events. The location of

ig. 4 – Soil water tension recorded in Zone C (see Fig. 3) represe
verage of soil water tensions recorded at nodes 6 and 32. The tw
oints. The lower broken line indicates the target soil water tens
r i c u l t u r e 6 1 ( 2 0 0 8 ) 44–50 47

the bar along the upper x-axis represents the time the event
began.

The graphs illustrate that the smart sensor array was able
to successfully monitor soil water tension as measured by the
Watermark® sensors. Because performance of Watermark®

sensors has been thoroughly evaluated previously (Thomson
and Armstrong, 1987; Eldredge et al., 1993; Shock et al., 1998;
Irmak and Haman, 2001; Allen, 2000b; Thomson et al., 2002),
no alternative method was used to verify soil moisture during
this study. To ensure that the smart sensor array system was
properly reading the Watermark® sensors, all sensors were
read with the manufacturer’s handheld digital meter on a
weekly basis. Without fail, the data collected by the wireless
sensor system matched the data collected with the handheld
meter.

With a few exceptions, soil water tension did not sur-
pass established trigger points in the east side of the field.
Because it takes many hours for a center pivot irrigation sys-
tem to apply water to even a small field, we found that once
soil water tension begins to increase sharply and approach
the trigger point, irrigation must begin almost immediately
or else soil water tension will climb well above the trigger
point. It is also clear that the amount of water added dur-
ing each irrigation event did not, in all cases, return the
entire soil profile to below 10 kPa soil water tension. This
may have been a function of not adding enough water but
also a function of the low permeability of the lower soil
profile.

On the west side of the cotton field (Fig. 4), irrigation was
triggered based on traditional assessment of the crop (no sen-
sors). This irrigation scheduling strategy resulted in much
higher soil water tensions at 0.4 and 0.6 m depth than any
observed in the eastern half of the field. In some instances,
measured tension was more than double the trigger points

established for the smart sensor scheduling protocol. It is
also evident that the amount of irrigation water applied only
served to momentarily reduce soil water tension below 0.2 m
depth.

nting sensor-based irrigation scheduling. The data are an
o top horizontal broken lines indicate the irrigation trigger

ion following irrigation.
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rese
3.
Fig. 5 – Soil water tension recorded in Zone E (see Fig. 3) rep
average of soil water tensions recorded at nodes 9, 12, and 1

3.2. Thermocouple response

Although soil and air temperature within the canopy were not
used to make management decisions for the cotton crop at
the NESPAL field, they are important parameters for peanut
production and are key input parameters to the Irrigator Pro
decision support software (Davidson et al., 2000) which is used
by peanut producers. Thermocouple response was stable for
the duration of the study which indicates that the smart sen-
sor array can successfully record three soil moisture values as
well as two thermocouple values at each node. Soil tempera-
ture at 0.2 m fluctuated between 24 and 28 ◦C with a gradual
decline as the season progressed (Fig. 6). In contrast, air tem-
perature within the canopy fluctuated between 20 and 40 ◦C

◦
during most of the season and even approached 44 C dur-
ing mid September. Canopy air temperature was compared
weekly to readings from a mercury thermometer and was con-
sistently within ±2 ◦C.

Fig. 6 – Soil temperature and air temperature within the canopy
response was similar at the other nodes. Gaps in the data result
nting traditional irrigation scheduling. The data are an

4. Ongoing and future work

Using a smart sensor array in conjunction with a conventional
uniform-application irrigation system can aid in determining
when to begin watering based on the driest zone in a field. The
smart sensor array can also be used to determine the optimum
amount of water to apply across the field. However, to optimize
irrigation applications, the smart sensor array is best used in
conjunction with a VRI system.

A VRI control system that enables a center pivot irrigation
system to supply water at rates relative to the needs of indi-
vidual areas within fields was developed through collaboration
between the University of Georgia Precision Farming Team and

the FarmScan Group (Perth, Western Australia). The VRI sys-
tem varies application rate by cycling sprinklers on and off and
by varying the center pivot travel speed. Details of the system
were presented by Perry et al. (2003, 2002a,b). The VRI system

recorded at node 5 in Zone B. Soil and air temperature
ed from periods when the node was not operational.
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s a retrofit package that can be installed on most existing piv-
ts. It has been commercialized in the United States by Hobbs
Holder, LLC (Ashburn, GA, USA; www.betterpivots.com).
Irrigation water application maps for VRI equipped pivots

re defined by the producer or operator of the VRI system,
ho delineates zones within the field requiring different water

pplication amounts. These differences are generally based on
he field’s soil and topographic features but could also reflect
ifferent crops under the same pivot.

.1. Control of VRI with the smart sensor array

ith current VRI systems, application maps are typically
tatic—they do not change during the growing season. Fur-
hermore, VRI controllers generally do not accept sensor
nputs. Our goal is to make irrigation dynamic and respon-
ive to real-time plant water needs. To achieve this goal, we
re in the process of developing a new VRI controller with
ccompanying decision making software which will accom-
odate a wide variety of control inputs, including data from

he smart sensor array. The new VRI controller will monitor
he sensor array’s sensor values and initiate irrigation based
n pre-determined irrigation scheduling strategies.

.2. Commercialization

he smart sensor array design allows for a high population
f nodes within a field because of the relatively low cost of
he nodes. The cost of the node is primarily a function of
he number of Watermark® soil moisture sensors used. In
mall quantities, the Watermarks® cost approximately USD 25
ach. If purchased in large quantities, the price may be lower.
he cost of the other node components is about USD 40. In

he configuration used for this study, the cost of each node
as approximately USD 115. For most crops, a node with two
atermark® sensors installed at different depths would ade-

uately characterize the status of the soil at a given location.
owever, multiple nodes would be required to overcome the

nherent variability that may be encountered within irrigation
anagement zones. It is not unrealistic to expect that in pro-

uction quantities, a two-sensor node would cost about USD
0. A population of 20 nodes, which should adequately instru-
ent a 40 ha field with a moderate amount of variability would

hen cost about USD 1400. The life of a node is expected to be
bout 5 years.

Greater costs are associated with the WhereNet® receiver
nd acquisition software, approximately USD 4500. The
eceiver and software are designed for a much more compli-
ated mission than for an irrigation management application.
e are currently cooperating with WhereNet® company offi-

ials and technical staff to simplify the receiver and software
ith a target price of USD 1000 for agricultural applica-
ions. Simplifying the software will also allow it to operate
n a smaller computing platform such as a personal digi-
al assistant (PDA). If this objective is achieved, a producer
ould complete instrumentation of the wireless system for
40-ha field for approximately USD 2700 (includes USD 300

or a PDA).
r i c u l t u r e 6 1 ( 2 0 0 8 ) 44–50 49

5. Summary

The smart sensor array described here offers real potential
for reliably monitoring soil water status in crops. The sys-
tem was able to successfully monitor soil water status and
soil and air temperature within the canopy for the entire
2004 growing season with few technical difficulties. Equip-
ment modifications resulting from encountered problems
resulted in a more robust system that can be installed at
the beginning of the season and left alone until harvest.
The smart sensor array reliably recorded and transmitted the
readings of the Watermark® sensors and allowed us to suc-
cessfully implement our irrigation scheduling protocol. The
relatively low cost of the sensor nodes allows for installation
of a dense population of soil moisture sensors that can ade-
quately represent the inherent soil variability present in any
field.

Future work will involve developing a smart sensor array-
to-variable rate irrigation system interface to provide a fully
automated, closed-loop irrigation system. This will provide a
dynamic system capable of addressing varying water needs in
fields with diverse irrigation management zones.
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