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Abstract 

Current advances in connected sensor technologies for near real-time envi-
ronmental monitoring are transforming the quality of information provision 
to land managers. This “Third Industrial Revolution” that connects digital 
sensor data analytics with adaptive services aims to transform data processing 
for timely decision support. The information is needed to improve irrigation 
scheduling, because global demand for food relies heavily on irrigation and 
global freshwater resources are diminishing. Previously, practitioners used 
visual indicators, infrequent measurements or predictive water balance mod-
els to estimate irrigation schedules. Visual indicators and infrequent mea-
surements are approximate, and predictive models require many inputs so 
that likely cumulative errors cause inaccuracies in scheduling. In contrast, 
wireless sensor networks enable near real-time continuous measurement of 
soil moisture at targeted positions providing the site-specific information re-
quired for precision irrigation scheduling and efficient freshwater manage-
ment. This paper describes and compares the structure, build and implemen-
tation of Crossbow, DigiMesh, and LoRa systems to deliver information on 
spatio-temporal soil water status and crop stress to practitioners over smart 
phones and webpages to improve management of irrigated land. Our study 
found that the newer LoRA system has advantages over the other systems, es-
pecially on flat land, with furthest node range of >10 km and advanced com-
munication protocols that can penetrate dense vegetation. The mesh net-
working of the DigiMesh and Crossbow systems was preferred in hilly terrain 
to communicate around hills, and allows easy expansion of the network. The 
Crossbow system is simpler to install but presents difficulties for third party 
sensor integration. All systems allowed a step change in our ability to track 
dynamic changes in soil hydraulic properties and crop stress, to improve irri-
gation water use efficiency. 
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1. Introduction 

Three critical stages have been defined in a nation’s economic evolution: 1) me-
chanical, 2) electrical, and 3) information technology [1]. It is the third stage that 
critically creates and delivers added value that is essentially intangible, 
processing data from a decision-making perspective to improve, for example, 
natural resource management and life quality in general. The recent “informa-
tion explosion” utilizing sensors, communication and digital technologies, and 
cloud-based computer systems, has been termed the “Third Industrial Revolu-
tion”. It provides spatiotemporally fine resolution measurements and the chal-
lenge is to manage this information within the context of societal and environ-
mental needs [2] [3]. In the 21st century, over 70% of globally allocated freshwa-
ters are used by agriculture [4] [5] [6]. In developing countries, over 80% of 
freshwater is being used for irrigation. Increasing agricultural demand on fresh-
water is unsustainable in many parts of the world. To improve sustainable 
freshwater use by agriculture it is imperative to improve irrigation efficiency [7]. 

A major problem with traditional irrigation scheduling is that a fixed amount 
of irrigation water is typically applied at one time based on a simple deci-
sion-making process that might use, for example, knowledge of soil moisture, 
climate and crop stage through visual inspection or simple models. This uniform 
application approach often leads to over-irrigation of some parts of the land, 
sometimes causing excess drainage, while other parts are under-irrigated result-
ing in yield loss. With a clear understanding of the benefits of varying irrigation 
according to spatial differences e.g. [6], one of the key pieces of information that 
practitioners now demand to improve irrigation efficiency is timely information 
about the spatial differences in soil water status at appropriate scales [8] [9]. In 
the past, soil, climate and crop data have been fed into predictive water balance 
models to estimate irrigation scheduling. Although these numerical models were 
developed to obey the law of physics and mathematics, they rely on the quality of 
the environmental parameter inputs such as crop growth stage, evapotranspira-
tion, soil water-holding capacity, and relative humidity. The accuracy of the pre-
dictive results is therefore only as good as the accuracy of the parameters fed in-
to these models [10] [11]. A 2-mm over-estimation of weekly irrigation for a 
100-ha farm by a predictive model would waste over 50,000 m3 freshwater sea-
sonally. This is a financial loss and also increases risk of contaminant leakage in 
drainage waters. Saved water can be allocated elsewhere to increase crop produc-
tion, especially relevant where there are freshwater resource constraints. 

Therefore the challenge is to develop a method that continually measures soil 
moisture through crop growth stages to inform irrigation timing and reduce 
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water stress, because this has been shown to improve irrigation water use effi-
ciency and crop yield [6] [7] [12]. Indeed, there is evidence to show that soil 
moisture monitoring can be the most important piece of information for accu-
rate irrigation scheduling [13]. As a result, and with the affordability of new soil 
moisture-sensing technologies, many practitioners have taken up direct soil 
moisture monitoring-based irrigation scheduling [10]. After a 4-year simulation 
at 5 sites, water savings of up to 27% were reported using a variable rate irriga-
tion (VRI) system using software with individual sprinkler control to spatially 
vary irrigation informed by near-real-time soil moisture monitoring [14]. Other 
researchers found that time-based irrigation control with direct soil moisture 
monitoring saved irrigation water by up to 47% [15]. Case studies conducted 
with commercial growers showed water saving of up to 25% could be achieved 
when direct soil moisture measured by a sensor network was adapted to control 
irrigation [16]. Irrigation based on direct soil moisture measurements has also 
been implemented by USDA in their Specialty Crops Research Initiative project 
[17]. These studies provide evidence for improved irrigation water use efficiency 
when irrigation scheduling is informed by soil moisture monitoring, but the de-
gree of efficiency gains varies from site to site, depending on site-specific factors, 
such as the degree of soil variability. 

Wireless sensor networks offer huge potential to provide timely, improved 
information to assist irrigation scheduling. Although the benefits of using direct 
soil moisture measurement to estimate irrigation scheduling have been recog-
nized by practitioners, this proven technology was not available at high spatial 
and temporal resolution until the turn of the 21st century, e.g. [18] [19]. As in-
struments used in the past to measure soil moisture data were bulky and expen-
sive to use in large numbers, a predictive modelling approach was the common 
choice to estimate soil moisture for irrigation scheduling. However, recent ad-
vances in wireless technology using low-power digital radios operating in li-
cence-free frequency bands allow direct continuous measurement of soil mois-
ture, which is more appealing to practitioners than the predictive modelling ap-
proach. The limitations on network expandability of ZigBee WSN technolo-
gy—the most common international standard protocol developed for building 
WSN networks—make it less appealing for monitoring soil moisture in the 
agricultural environment. 

There is an increasing choice of wireless technologies available for customized 
builds, but comparative studies of their application to irrigation scheduling do 
not exist. We therefore reviewed and compared available technologies, by de-
signing, building and successfully testing customized sensor networks using the 
Crossbow, DigiMesh, and LoRA protocols. This paper presents findings from 
this comparative study. The objectives of this paper are to 1) compare three 
WSN protocols for irrigation scheduling, 2) describe how WSNs enable soil 
moisture status and crop water stress to be monitored in near real time to in-
form irrigation scheduling decisions, and 3) describe how WSNs provide new 
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and important insights into dynamic changes in soil hydraulic characteristics to 
assist efficient management of irrigated land. 

2. Materials and Methods 

2.1. Wireless Sensor Network System Options 

Wireless sensor networks (WSNs) consist of sensors connected to nodes that 
wirelessly communicate through a common gateway to remote end users via 
apps, web pages, or direct control of devices. A wide range of environmental 
sensors may be connected to the nodes. Each node typically consists of a mi-
cro-controller, supporting electronics, and a radio communication module. 
There are different protocols for node distribution and communication (topolo-
gy). The two main WSN topologies are star topology and mesh topology. Star 
topology, a commonly used assemblage of nodes, has two types of nodes: 1) one 
coordinator node and 2) many end nodes (Figure 1(a)). Usually end nodes are 
sleep-enabled, which means they can “wake-up” at regular defined intervals, ex-
change data with the gateway, then return to rest mode. The gateway is respon-
sible for forwarding sensor data to cloud servers via a cellular or satellite mod-
em. The star topology is a reliable topology but the system has a single point of 
failure: because end nodes sleep most of the time they are unable to pass data 
between themselves to the gateway. However, this does enable the end node to 
have a long battery life. Mesh topologies are much more flexible when it comes 
to communication, with nodes typically able to route data between themselves 
until they reach a designated destination—and this destination is typically a 
coordinator or gateway that is responsible for either logging or forwarding the 
data to an external network. Nodes in a “Peer to Peer” mesh network (termed 
“p2p”) have equal rights to receive and transmit data to the coordinator (Figure 
1(b)). A router within the network can behave as an end device, which saves  
 

 
Figure 1. Different wireless sensor network topologies. 
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power, but must be main powered as it cannot sleep. Mesh networks are capable 
of interconnecting sensor nodes with each other using multiple pathways that 
are updated and optimized dynamically. This allows sensor nodes to 
self-discover, self-organise, and self-heal to derive the most energy-efficient 
pathways to relay data to a gateway (Figure 1(c)). Sensor nodes can be routers 
or sleep-enabled, depending on power constraints (sleeping end nodes use less 
power but cannot route data). 

2.1.1. ZigBee Mesh Networks 
ZigBee [19] is a wireless technology developed as an open global standard to 
create low-cost, low-power, machine to machine (M2M) wireless networks 
(Figure 1(d)). The ZigBee standard operates on the IEEE 802.15.4 physical radio 
specification in unlicensed bands including 2.4 GHz, 900 MHz, and 868 MHz 
(Institute of Electrical and Electronic Engineers, IEEE). Over 300 leading semi-
conductor manufacturers, technology firms, OEMs, and service companies are 
members of the ZigBee Alliance. Because it is an international standard, sensors 
from different ZigBee Alliance members are easily interchangeable in a ZigBee 
sensor network and ZigBee is therefore a popular choice for wireless monitoring 
sensor networks [20]. ZigBee protocols define three types of nodes—coordinators, 
routers, and end devices—requiring one coordinator per network (Figure 1(d)). 
End devices are low-power, sleep-enabled devices that cannot relay data to the 
coordinator from other devices in the network. This inability of end devices to 
relay data is the major disadvantage of ZigBee protocols because main-powered 
additional routers capable of relaying data to other devices are essential to ex-
pand the sensor networks. 

2.1.2. DigiMesh Networks (Full Mesh) 
In contrast to the ZigBee networks, which have three node types, the DigiMesh 
networks have only one type of node, which can act as a coordinator, router or 
end device. This allows the formation of an expandable, simple, and reliable 
mesh network as routers may come and go through interference and damage in 
open agricultural environments. A comprehensive description of the two sys-
tems is given in [21] and [22]. As DigiMesh was developed by Digi International 
without affiliation with any other organization, the technology is not compatible 
with other commercially available radios. However, if used as the data transport 
layer, DigiMesh is more suitable than any other technology for forming sleeping 
sensor networks. Given that DigiMesh allows all nodes, including the coordina-
tor, to sleep and therefore to reduce power consumption, the nodes can be bat-
tery powered. Currently, ZigBee allows only end devices to sleep but not routers 
or coordinators. The sleeping of any sensor node is achieved by time synchroni-
zation. The major advantage of the DigiMesh networks is that they eliminate the 
single point failure associated with relying on a single coordinator. DigiMesh es-
tablishes time synchronization through a nomination and election process to se-
lect a suitable coordinator if necessary, enabling the network to operate auto-
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nomously. After time synchronization, all sensor nodes wakeup in unison, ex-
change data, and go back to sleep. 

2.1.3. TinyOS Operating System for Sensor Network Nodes MICA  
Technology 

Early in the 21st century, researchers at University of California, Berkeley, pio-
neered an open-source hardware and software platform that led to a single 
package of sensing, communications and computing. U.C. Berkeley, U.C. Los 
Angeles, Intel Research Labs, Robert Bosch Corp., U.S. Air Force Research Labs, 
and Crossbow Technology were the main contributors to the development of the 
early wireless MICA sensor nodes [23]. MICA hardware consists of a series of 
thin processors, radios and sensor interfaces sandwiched together to create a 
wireless smart sensor, enabling advances in low-power CMOS electronic hard-
ware. One of the main constraints for developing an operating system for this 
embedded system was optimization of energy and memory in the smallest 
hardware footprint possible. This was a major challenge for the wireless sensor 
network tasks: sensor measurement, routing data with minimum energy con-
sumption. To meet this challenge, researchers at U.C. Berkeley developed an 
operating system called TinyOS that allows the networking, sensor measure-
ments, and efficient power management with tight memory constraint. Cross-
bow Technology was one of the very first to adopt MICA technology and to 
build thousands of wireless sensor nodes for commercial use. 

2.1.4. LoRa Technology 
The LoRa Alliance, one of the most popular and fastest growing technology al-
liances, is a non-profit association of more than 500 member companies around 
the world. Their commitment is to develop Low Power Wide Area Networks 
(LPWAN) within the Internet of Things (IoT) through the development of, and 
promotion of, the LoRaWAN open standard. The LoRA radios use an unli-
censed radio spectrum in the industrial, scientific, and medical (ISM) bands to 
enable low power wide area communication from remote sensors to multichan-
nel gateways connected to the cloud (https://www.semtech.com/technology). 
The technology claims a battery life over 20 years, with LoRa connected sensors 
having a range of over 10 km in line of sight (LOS) and 3 km in urban areas. 
Having recognised the potential of these major benefits of the LoRa technology, 
many leading cellular service providers around the world have begun to install 
multi-channel LoRa gateways, enabling researchers and enthusiasts to connect 
their LoRa enabled sensors to the internet. The Things Network is a LoRa Al-
liance project to start building a network for the internet based on LoRaWAN, 
which does not require 3G WiFi. 

2.2. Data Delivery Systems 

The goal of a wireless sensor network is to send measured sensor data to web 
servers where they are stored in databases and made available to remote end us-
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ers. This last step is typically accomplished over the internet, via smart phone 
apps, or compatible web browsers using state-of-the-art data visualization tools. 
Two common methods available to transport data to web servers are:  

1) Option 1: a mesh sensor network that gathers data into a base station (Ga-
teway) linked to the internet via a cellular network; 

2) Option 2: each sensor node, in a star topology, is linked to the internet via a 
cellular network, creating a mesh sensor network on the cellular network. 

Option 1 is more affordable because Option 2 becomes very expensive as the 
number of sensor nodes in the network increases, with each node requiring a 
dedicated SIM card and cellular connection with the data package. We trialled 
both options, and adopted Option 1 to monitor soil moisture at farms where 
cellular coverage was very weak and patchy. In this case, locating the gateway at 
a suitable point enabled the use of a high-gain Yagi antenna to connect it to a 
cell tower over 40 km away. 

2.3. The Sensors 

Crossbow, DigiMesh and LoRa WSNs were custom built to monitor: 1) soil 
moisture, and 2) crop canopy temperature to inform irrigation scheduling. 
WSNs enable data to be collected at high temporal frequency and with low la-
tency compared with conventional measurement methods, thus providing new 
information about dynamic changes in soil hydraulic properties and crop water 
stress. 

Soil moisture was monitored using capacitance sensors (Delta-T Devices Ltd 
SM300 and ML2; Aquachek probes (Aquacheck USA©)) to inform irrigation 
scheduling. The effect of temporally variable soil hydraulic properties on soil 
water dynamics has previously been identified by other researchers [24] [25] 
[26] [27] [28], but these observations were based on spot measurements at one 
point in time (e.g. physical soil sampling once a day), while the WSN technology 
provides a much richer dataset for investigating dynamic changes in soil hydrau-
lic properties, e.g. pore size distribution changes after tillage, compaction, rain 
events and time [29]. The degree of soil compaction has a considerable influence 
on soil hydraulic properties such as infiltration rate, soil water retention, hy-
draulic conductivity and hydraulic response [30] [31]. Soil compaction can easily 
change over a few days, especially in very wet soils, due to, e.g. overgrazing by 
heavy animals or use of heavy farm machinery. The main cause of temporal 
change in soil hydraulic characteristics has been identified as the change in pore 
space distribution and soil structure. The effect of soil volume change on soil 
properties was recognized as early as 1917 [32], and further studies on the effect 
of compaction and tillage operations on bulk density and total porosity have also 
been well-researched [33]-[38]. The size, shape, continuity and tortuosity of 
pores largely controls soil hydraulic characteristics, [39] [40] [41]. The high 
temporal resolution and data delivery systems of these WSNs provide a step 
change in the way that we can observe how wetting and drying patterns impact 
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on these soil hydraulic properties. 
Apogee infrared radiometer sensors (Apogee IR radiometer Model IP67 ma-

rine grade SI-411l with SDI-12) were also connected into the WSN to monitor 
crop canopy temperature. In conjunction with the concurrent air temperature, 
crop canopy temperature can be used to estimate crop water stress [42] [43] 
[44]. This estimation relies on the principle that transpiration from a 
well-watered crop cools the plant, but when the ratio of canopy temperature in-
creases with respect to air temperature, this indicates a level of water stress as a 
result of the reduction of transpiration caused by limited soil water supply. 
Non-contact infrared radiometers have been previously used manually to collect 
spot measurements of canopy temperature. However, the ability to connect IR 
radiometers to WSNs provides a new and easy method to continuously monitor 
plant water stress. This also has an advantage over remote sensing methods that 
rely on infrequent flight paths over the area of interest by aeroplanes, drones and 
satellites, e.g. [45] [46] [47]. 

2.4. Positioning the Sensors 

WSN-enabled nodes were placed in multiple positions within a target area to 
simultaneously monitor soil and crop parameters. This approach required a spa-
tial optimization process to guide positioning of the nodes. The method selected 
in this study was to use a detailed soil map, or, where this was not available, a 
proximal soil sensor survey system to map the study area at high resolution and 
derive a map of soil variability. Statistical analysis of the sensor data was used to 
stratify the area and to guide a stratified random sampling design [6] [48]. The 
proximal soil sensor was an electromagnetic (EM) sensor that measures the ap-
parent electrical conductivity (EC) of the soil in millisiemens per meter (mS/m). 
The sensor predominantly responds to soil texture and moisture differences un-
der non-saline conditions [49]. Soil texture and moisture characteristics are two 
guiding attributes for soil classification, and therefore provide a powerful me-
thod to quantify soil variability in a way that reflects soil differences related to 
water storage characteristics. 

2.5. Case Study 1: Crossbow WSN System 

The first case study used a wireless sensor network for real time soil moisture 
monitoring created using Crossbow Technology products  
(https://www.memsic.com/). The WSN comprised Original Equipment Manu-
facturer (OEM) module-based reference hardware and sensor data acquisition 
modules with a cellular-enabled gateway using a mini-tablet running the Ubuntu 
open source operating system (a GNU/Linux distribution based on Debian). The 
base station had a separate radio and processor board for connecting to the 
WSN. Collected sensor data from the wireless sensor nodes were stored in a 
MySql database on the base station and visualized using Mote View visualization 
software running on the base station server over the internet.  
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This Crossbow wireless sensor network was installed on a commercial crop-
ping farm 100 km south of Christchurch, New Zealand. The sensor nodes were 
installed in an area of 100 ha in different soil zones as guided by the soil map 
(Figure 2). Two soil moisture sensors (Delta-T SM300) were attached to each 
node at a soil depth of 20 cm and 40 cm to monitor soil moisture in the majority 
of the root zones for the different crops. These Crossbow sensor nodes had a 
strict short-range (~500 m) line of site. The true mesh networking capability of 
the Crossbow sensor network was tested as there was limited direct line of site 
between many wireless sensor nodes and the base station. 

The Crossbow wireless sensor network was easily expandable as the network 
could self-form and self-organize with data hopping from one node to the other 
to transfer data to the base station; however, the network saves data in a database 
on a local server running on the base station, which makes the data vulnerable to 
being lost, i.e. it is not backed up. The web server running on the local base sta-
tion provides the data visualization via a Mote View visualization interface 
(Figure 3). The number of sensor nodes required per area to form a mesh net-
work increases with the targeted area due to the short transmission range of each 
node. 

The advantages of this Crossbow WSN system were its capabilities of 
self-forming, self-organizing, and self-healing, but it lacked the cloud-based data 
storage and data visualization functions. 

2.6. Case Study 2: DigiMesh WSN System 

Digi International Inc. does not provide complete wireless sensor network  
 

 
Figure 2. Freely expandable full mesh Crossbow wireless sensor network (eKo) with li-
mited line of site between nodes and the base station (Case Study 1). 
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Figure 3. Mote View real time data visualisation interface running on the local server at 
the base station. Soil moisture profiles at 20 cm (brown line) and 40 cm (green line). Note 
that irrigation water hardly reaches the bottom sensor at 40 cm, indicating minimum 
drainage, and good irrigation practice. 
 
solutions for monitoring sensors in an agricultural environment. Instead, they 
provide software IDE (Integrated Development Environment) and hardware 
tools to help customers develop their own wireless mesh networks using their 
low-power radio modules and cellular or satellite gateways. 

The reason for selecting a proprietary DigiMesh system over well-established 
ZigBee alliance hardware was the easy expandability of the DigiMesh WSN. Di-
giMesh sleeping nodes are not only capable of routing data but also support true 
mesh networking options. This is the main advantage of using DigiMesh radios, 
which enables the WSN to be expanded with ease. 

A range of DigiMesh radio modules covering licence free frequency bands 2.4 
HHz, 900 MHz, and 868 MHz are available depending on the country’s radio 
spectrum management laws. We selected 2.4 GHz radio modules with 60 mW, 
DSSS (Direct Sequence Spread Spectrum), which are allowed in New Zealand 
under free licence (General User Radio Licence for Short Range Devices 
https://gazette.govt.nz/notice/id/2017-go415). 

Sensor nodes and sensors used in DigiMesh WSNs are shown in Figure 4. 
Wireless sensor nodes are installed in two soil zones according to the soil EC 
map (Figure 5). Two soil moisture sensors are attached to one node at each 
monitoring location to monitor soil moisture at two depths in the root zone. To 
increase mesh network reliability it is important to install the wireless sensor 
nodes in such a way that one node could directly communicate with at least two 
other nodes. This increases the robustness of the wireless mesh network by in-
creasing the chances of self-healing and self-discovery. As all wireless nodes in 
the DigiMesh network are capable of routing data, this arrangement also helps 
expand the wireless network reliably.  
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Figure 4. Hardware configuration of wireless sensor nodes with (a) XBee S3B DigiMesh 
radio from Digi International and PIC18F25K20 micro controller and (b) gateway; and 
(c) Arduino based LoRa sensor node and (d) LoRa gateway. 
 

 
Figure 5. A DigiMesh WSN was installed into a 31-ha field to monitor soil moisture in 
two soil management zones (Zone 1: brown, stony at depth; Zone 2: green, stone-free). 
The map was derived from an electromagnetic (EM) sensor survey measuring apparent 
electrical conductivity (EC) in mS/m (see Section 2.4). 
 

The earlier DigiMesh sensor network nodes (https://www.digi.com) were de-
signed in-house with XBEE S2B radio modules and in 2011 they were equipped 
with solar panels to cope with the continuous sleeping current of ~260 uA. The 
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sleep current was reduced to just below 50 uA after the availability of low power 
version of DigiMesh (XBEE S3B) radios in 2016. These “Nano” nodes can oper-
ate over 1 year with three “D” cell batteries and without solar backup. 

The heart of a wireless sensor node is the XBee S3B module [50] to create the 
mesh data communication network layer, and a PIC18f25k20 microcontroller to 
act as the interface between different sensors to the S3B radio (Figure 4(a)). The 
XBEE S3B radio itself can measure and send data from some basic sensors with 
analogue output without the help of a micro controller. However, it lacks the op-
tions to accommodate sensors with digital output (SDI-12), which was required 
for the IR radiometer sensors. Analog sensor outputs are converted to digital 
values by an on-board 10-bit ADC converter. The sensor nodes are powered by 
three 1.5 V Alkaline “D” cells which gives a total of 4.5 V initially. Ultralow vol-
tage dropout (100 mV) with 6 uA quiescent current voltage regulator provides 
3.3 V regulated power to the sensor node. This enables the sensor node to oper-
ate from 4.5 V right down to 3.4 V supply voltage. With a 49-uA sleep current, 
the average battery lifetime of a sensor node can be greater than 2 years.   

Most sensors used in this case study needed 5 - 12 V excitation, and power to 
them was supplied by a DC/DC converter via a digital pin of the microcontrol-
ler. All XBEE S3B DigiMesh radios in the network are configured to wake-up at 
regular intervals. Upon wake-up, the sleeping microcontroller is interrupted to 
take average readings of sensor outputs, transmitted through the serial interface 
to the XBEE S3B radio to the Gateway (Figure 4(b)). The node microcontrollers 
are also configured to monitor tipping-bucket rain gauges via a hardware inter-
rupt triggered by a state change on one of the pins. Rain gauge inputs are fed to 
the microcontroller via an opto-isolator circuit to avoid interruption from elec-
tric fences. 

A DigiMesh WSN was also constructed and run on a laboratory bench to ca-
librate soil moisture sensors before installation into the field. The sensors were 
installed into intact soil cores, which were then subjected to wetting (saturation) 
and draining (at 100-cm suction) to simulate field conditions for three soil tex-
tures (Figure 6). The soil moisture content at 100-cm suction is termed “field 
capacity” (FC) and aims to approximate the soil moisture at which a very wet 
soil ceases to drain. It is therefore the upper limit of soil moisture storage for 
plant use. The soil cores were placed on porous ceramic plates with a 0.5-bar air 
entry value, and these sat on electronic balances to enable estimation of gravi-
metric moisture content without having to remove them for weighing. Air dry-
ing was controlled by changing the relative humidity of the chamber using a 
dehumidifier. Soil moisture was recorded continuously and the data sent to a 
remote web page (Figure 6). 

2.7. Case Study 3: LoRa WSN System 

A LoRa sensor network was designed using commercially available modules with 
a LoRa radio and Arduino microcontroller imbedded on a single circuit board  
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Figure 6. A DigiMesh WSN established in the laboratory for sensor calibration and in-
vestigation of dynamic changes in soil moisture through sequential wetting and drying 
cycles. 
 
(Figure 4(c)). In New Zealand, LoRa radio operates on unlicensed frequency 
915 MHz-ISM band. Arduino is an electronic software and hardware platform 
based on open source which is very easy to use  
(https://www.arduino.cc/en/guide/introduction). The large membership of the 
Arduino community provides countless software libraries for professionals and 
enthusiasts to create electronic projects from extremely advanced to very simple 
(such as blinking an LED light). Thanks to the simplicity of the IDE and widely 
available libraries they are being tested even in primary schools. Availability of 
free software and cost-effective hardware enables the development of Ardui-
no-LoRa sensor networks for a fraction of the resources required to build similar 
DigiMesh, ZigBee, and CrossBow sensor networks.  

The LoRa gateway (Figure 4(d)) is a single channel, cellular enabled modem 
that gathers data from the sensor nodes and transmits to a personal cloud server 
rather than The Things Network. This enables total control of data handling for 
web and smart phone data visualization with minimal latency. The Ardui-
no-LoRa module consumes sleep current as low as 4 uA, which was unachieva-
ble with other sensor nodes based on XBee radios. It allows battery life of a sen-
sor node to be extended over 5 years with 3 “D” cell batteries. 

We therefore compared these three sensor network systems (Crossbow, Di-
giMesh, LoRa) in operational field conditions, and report our findings in the 
next section. 

Sensors interfaced with the wireless sensor nodes were:  
1) SM300 (single point soil moisture content) (Delta-T Devices Ltd.); 
2) ML2 (single point soil moisture content) (Delta-T Devices Ltd.); 
3) Aquacheck (6-point soil profile moisture content probe) (Aquacheck 

USA©); 
4) Infrared Radiometer (Apogee Electronics, USA). 
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3. Results 

3.1. A Comparison of the Features of the Crossbow, DigiMesh and  
LoRa Systems Relevant to Their Application to Irrigation  
Scheduling 

The Crossbow system performed well in field conditions, but was unable to store 
data in cloud servers. Instead data are stored locally on a base station, which is 
interrogated remotely via a cellular or internet connection. If there is a power 
cut, the data cannot be accessed. However, it proved to be the easiest sensor 
network system to implement requiring least technical skills, and it included 
sensors specifically tailor-made to the Crossbow wireless sensor nodes. However, 
integration of other sensors, including the infrared radiometers was difficult, 
requiring professional electronic and software programming skills. We also 
noted that the polycarbonate housing for the solar panel deteriorated after one 
season reducing the solar recharging capacity. Although the Crossbow nodes are 
limited by their shorter range, their mesh networking capability allows the net-
work to expand conveniently (Table 1).  

Digi International provide good customer support through articles and tuto-
rials for assembling DigiMesh wireless sensor network systems, although greater 
electronic and software programming skills were required to get the sensor net-
work up and running, compared with the Crossbow and LoRa systems. Also, we 
were unable to find any science publications on the application of DigiMesh 
technologies to agricultural monitoring. Implementation of the full mesh net-
working proved to be challenging, although the long range sensor nodes with 
full mesh working capability enabled easy expansion of the sensor network to  
 
Table 1. A comparison of the features of Crossbow, DigiMesh and LoRa WSN systems. 

Feature 
WSN System 

Crossbow DigiMesh LoRa 

Licence free (NZ) Yes Yes Yes 

Frequency 2.4 GHz 2.4 GHz 915 MHz 

Range (LOS)a 500 - 1200 m 900 - 1200 m >10 km 

Topology Mesh Mesh Star 

Skills Required to Implement Minimal High Medium 

Third Party Sensor Integration 
Skill Required 

High High Medium 

Power Management Solar Back-up 
Solar Back-up or  
Battery Powered 

Battery  
Powered, >10 years 

Commercially available as 
ready to deploy 

Yes No Yes 

Technology Propriety Propriety Alliance 

Data storage Base station Cloud server Cloud server 

aLOS: line of sight. 
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cover very large areas with a lower number of nodes than the Crossbow tech-
nology. DigiMesh is the only system with a single type of node that acts as a 
coordinator, router or end node at any given time. Any DigiMesh node in the 
network could be selected as the coordinator by a nomination and selection 
process. All nodes wake up in unison, exchange data, synchronise their clocks, 
and go back to sleep. Wake up and sleep times can be varied remotely from a few 
seconds to one day. The system also allows immediate transfer of data via a ga-
teway to a cloud database.  

LoRa technology does not provide mesh networking and it relies on star to-
pology. However, the ability of the LoRa ISM band radio to penetrate dense ve-
getation enables more extensive coverage on flat land (Table 1) compared with 
the DigiMesh and Crossbow systems that require nodes to be in line-of sight in 
order to transmit around obstacles such as forest and buildings. However, full 
mesh technology is preferred in hilly landscapes as an effective method to 
transmit around hills. The coordinator and the wireless sensor node radios with 
the same network address form a personal area network in the LoRa system. The 
LoRa star topology allows end nodes to sleep most of the time, extending the 
battery life up to 10 years depending on the type of sensors used. 

3.2. Visualization Tools for Using WSN Data to Inform Irrigation  
Scheduling Decisions 

Currently, the preferred way of making field data available to practitioners who 
participated in these trials is via easy-to-understand data visualization tools 
compatible with smart phones. The DigiMesh and LoRa systems enabled easy 
integration of data visualization tools, and Fusion Charts, a commercially availa-
ble charting tool that has been customized using PHP software, was selected for 
this purpose. The entire web visualization code runs on a dedicated web server 
hosted on a commercial cloud-based service provider and streams near real-time 
data over the internet to standard web browsers on desktop PCs as well as on 
smart phones.  

Two control lines are estimated and plotted with a soil moisture time series 
for each soil zone to indicate the two soil moisture limits (Figure 7). The field 
capacity (FC) line indicates the upper limit of the soil moisture content where 
drainage is likely to occur. The refill point (RF) line suggests that 60% of the 
plant-available water has been consumed. The best practice to conserve water 
with maximum yield is to maintain the soil moisture between the two control 
lines for the targeted zone, and these visualization tools provide a user friendly 
decision support tool for this purpose. 

The Irrigation Map in Figure 7 provides an alternative visualization method 
to present the irrigation requirement for each soil zone, combining and simpli-
fying information from Figure 5 and Figure 8. The measuring cylinder is a di-
rect analogy to the two trend lines given in the soil moisture time series graph. 
The practitioner can decide the amount of irrigation to apply based on the  
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Figure 7. Screen shots of smart phone and tablet data visualisation. The best practise is to 
maintain the soil moisture between two trend lines: Field capacity and Refill lines. 
 

 
Figure 8. Time series of average soil moisture recorded by the DigiMesh WSN in two soil 
management zones. FC-Z1 (field capacity) and RF-Z1 (refill line) for Zone-1; FC-Z2 
(field capacity) and RF-Z2 (refill line) for Zone-2 (as shown in Figure 5). 
 
information that this provides. The empty measuring cylinder means 60% of 
plant available water has been consumed by the plants and it is time to irrigate. 
If the cylinders are still partially filled this indicates that some plant-available 
water is left in the soil. This pictorial visualization of irrigation requirements 
provided an intuitive, easy to understand decision support tool, and positive 
feedback was obtained from the practitioners who participated in these trials. 

Our trials indicated that these WSNs provided a valuable tool for irrigation 
scheduling. However, in addition, they provided some new insights into the dy-
namic nature of soil hydraulic characteristics and crop stress, as discussed below. 

3.3. WSNs Track Dynamic Changes in Soil Hydraulic Properties 

The soil moisture graphs (Figure 7 and Figure 8) show how soil hydraulic 
properties are affected by climatic conditions, soil management and irrigation 
practice through time. A noticeable feature is the rapid soil moisture increase to 
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field capacity and a sharp drop once soil moisture exceeds field capacity (e.g. 
Figure 3 and Figure 8). The rapid decrease after a significant wetting event to 
field capacity indicates that the soil has effective drainage characteris-
tics—important information for the land manager. In addition, the data in Figure 
8 show that the soil moisture at field capacity varies with time. In Figure 8, wet-
ting and drying moisture profiles during the very first irrigation cycles after cul-
tivation show lower field capacity values, suggesting that the disturbed soil ma-
trix had a larger pore structure, with reduced ability to store water. Field capaci-
ty values derived from these dynamic soil moisture profiles tend to increase with 
subsequent irrigation cycles suggesting formation of a more stabilised soil ma-
trix. These observations provide some evidence to suggest temporal change of 
soil hydraulic properties over time.  

Further testing of this hysteresis effect with field capacity was carried out 
during the laboratory test for sensor calibration (Figure 6), as shown for two 
wetting and drying cycles in Figure 9. The results showed that the clay loam 
samples did not drop moisture content as rapidly as silt loam and sandy loam 
samples, when exposed to 100-cm suction. The WSN technology enables conti-
nuous monitoring of the soil moisture curve to and beyond field capacity, and 
investigation of the drainage characteristics of these soils in a way that was pre-
viously impossible. 

 

 
Figure 9. A WSN used in a laboratory experiments to track soil moisture through two 
wetting and drying cycles. 

3.4. WSNs Track Dynamic Changes in Crop Water Stress 

The canopy and instrument body temperature data acquired from the Apogee IR 
wireless sensor network were used to estimate a crop water stress index. The 
Apogee IR radiometer measuring radiation emitted from the target and instrument 
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body temperature is capable of measuring temperature at a resolution of 0.05˚C. 
The sensor has a 22˚ half-angle field of view and 1 second response time. The 
sensor network was designed with eight Apogee sensor nodes mounted on steel 
masts directed to view the crop directly from above. The measured canopy and 
instrument body temperatures for the summer and winter season of 2016/2017 
are shown in Figure 10. 

The data were converted to a crop water stress index, CWSI, using Equation 
(1) originally proposed by Jackson et al., 1981 [44]. The CWSI is calculated using 
the plant canopy temperature (Tc) (internally corrected using the body temper-
ature), with air temperature (Ta) and atmospheric vapor pressure deficit (VPD). 

( ) ( )
( ) ( )
Tc Ta Tc Ta

CWSI
Tc Ta Tc Ta

m l

u l

− − −
=

− − −
                   (1) 

Tc is the canopy temperature (˚C), Ta is the air temperature (˚C), and m, l, 
and u, designate measured, lower baseline (well-watered), and upper limit 
(completely stressed) canopy-air temperature differences, respectively. The low-
er baseline can be calculated (Equation (2)) using the vapor pressure deficit 
(VPD) in kPa, and the upper limit can be calculated (Equation (3)) using Ta and 
the saturated vapour pressure at Ta (VPsat) in kPa. 

( ) ( )lTc Ta Intercept Slope VPD− = +                  (2) 

( ) ( ) ( )( )Tc Ta Intercept Slope VPsat Ta VPsat Ta Interceptu− = + − +   (3) 

The conversion of the Apogee IR sensor WSN raw data into CWSI provides a  
 

 
Figure 10. Canopy and body temperature measured for summer and winter. 
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scheduling tool, and an alternative or complimentary sensor method to soil 
moisture monitoring.  

4. Conclusions 

We have developed customized wireless sensor networks and data transfer me-
thods via cloud-based databases to smart phone apps and webpages. The advan-
tages and disadvantages of different systems and their topologies have been re-
viewed, and the developed systems have been evaluated in field conditions for 
soil and crop monitoring. In addition, we provide examples of how continuous 
soil moisture data streams can be interpreted to track dynamic changes in soil 
hydraulic properties, for example temporal changes in field capacity over a series 
of wetting and drying cycles, and how radiometer sensors can be used to moni-
tor crop water stress. These wireless sensor network technologies harness envi-
ronmental data, converting them into timely information to support the deci-
sions of land managers for tasks such as precision irrigation scheduling. There 
are opportunities to further develop these systems as new environmental sensors 
and communication methods become increasingly available.  

To summarize, customized wireless sensor networks provide data at an un-
precedented scale—both in space and time—and, through the harnessing of po-
werful data management systems (e.g. cloud-based databases) and smart algo-
rithms, rapidly convert the data into critically valuable information for decision 
support systems needed to improve management of productive lands and reduce 
negative environmental impacts. 
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