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Abstract
Many applications for agricultural information and environment monitoring exploit
buried sensors wired-connected to the soil surface for information retrieval. A novel
wireless underground sensor networks is a specialized kind of wireless sensor network
that communicates through soil. The wireless underground sensor networks (WUSN)
consist of wireless devices that are buried completely under dense soil and operate below
the ground surface. In this paper, the application research of the wireless underground
sensor networks is described. Experimental measurements of the signal strength and
packet error rate are presented at the frequency of 433MHz, which show a good
agreement with the theoretical studies. The results show the buried depth of the WUSN
node and the volumetric water content of the soil are the most important factor to
adversely affect the communication.
Keywords: Wireless sensor networks, agricultural, information, communication,
acquisition

1. Introduction
At present, the wireless sensor network for agricultural information acquisition belongs
to the terrestrial wireless sensor network system. The sensor network usually connects
sensors to ground data reading and wireless transceiver equipment through cable way in
order to avoid the communication in underground soil [1-5]. These equipment exposure
on the ground that not only influence farming, wireless transmitting function of wireless
node also can be seriously affected because of the geography, weather and other natural
factors. Based on these disadvantages, a kind of wireless underground sensor network
provides a new way for underground information monitoring, and also become the
research direction for agricultural information collection technology [6].
Wireless underground sensor networks (WUSN) is that the sensor equipment with
wireless transceiver module buried completely in certain soil depth, sensor module
percepts the data and send data through the wireless mode[7,8]. Many sensor nodes
consist of network in the soil and complete automatically the process of data perception,
collection. The WUSN has many advantages, such as strong concealment, easy of
deployment, timeliness of the data, reliability, large covering range, easy of upgrade, etc
[6]. Besides monitoring of soil static parameters, wireless underground sensor network
can also be used for monitoring of soil movement situation, forecast of the earthquake,
landslide, underground ice motion and volcanic eruptions, so it has broad application
prospects in agriculture, military, transportation, construction, natural disaster forecast
etc., [9-12].
The rest of this paper is organized as follows: In Section 2, the related work of the
electromagnetic wave communication in the soil is given. In Section 3, the test materials
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for the experiments and the experimental methodology are described. The experiment
results for the communication of wireless underground sensor networks internodes are
presented. Finally, summary and future plan for continuation of this work are discussed in
Section 5.

2. Related Work
Wireless underground sensor networks have been investigated in many contexts
recently, but research reports of wireless underground sensor networks in agricultural
application are little. The concept of WUSN and the challenges related to the underground
wireless channel have been introduced in [6]. The near surface wireless underground
sensor networks system used for golf course was developed and the acquisition nodes,
relay nodes and gateway node were designed in [13].
In [14], wireless signal attenuation of ZigBee wireless transceiver module of the 2.44
GHz frequency was researched by using soil column in different soil types and the water
content. Experimental results showed that increase of soil column depth and volumetric
water content of the soil could lead to increase of signal attenuation, the relationship could
be expressed in linear model, and the correlation coefficient R2 is greater than 0.90. In
[15], there had been found that rainfall and stormy weather environmental conditions, and
the soil compactness, soil density and vegetation cover degree, topology structure
parameters of wireless underground sensor networks, sampling time and sampling density
had great influence on the distortion degree of the soil moisture acquisition signal. In [16],
Angelo R. and Silva studied the influence of the communication performance between the
terrestrial nodes and the underground nodes in some factors, including antenna bandwidth
of WSN nodes in 433 MHz frequency, the buried depth of nodes in the soil (15 cm and 35
cm) and water content of the soil (volumetric water content was 9.5% and 37.3%,
respectively).

3. Materials and Methodology
The underground experiments with 433MHz sensor nodes were carried out in the
laboratory of the Research Institute of Water-saving Agriculture of Arid Regions of China
in the Northwest Agriculture and Forestry University. In the trial, we measure the clay
percent as 11.32%, the silt percent as 61.26%, the sand particle percent as 27.42%, and
the solid soil particle density as 2.6/cm3 unless otherwise noted. The basic physical
property index of the soil sample is shown in Table 1. The results are presented
considering how some important parameters affect the wireless underground sensor
networks communication: the burial depth of WUSN node and volumetric water content
of the soil.
Table 1. The Basic Physical Property Index of the Soil Sample
Particle-sized fractions (%)
Soil type
Silty
loam

Sand

Silt

Clay

27.4
2

61.26

11.32

For the experiments, WUSN nodes use 433MHz band. The output power were always
set to maximum transmit power of 20dBm. The antenna of sensors nodes are a standard
one-quarter wavelength monopole antenna with 17cm lengths, and the antennas are
vertically oriented. The tests were designed to collect the received signal strength and
error rate of communication. Each experiment in this work is based on a set of 2
experiments with 500 messages, which result in a total of 1000 packets. The number of
packets correctly received by one or more receiver nodes is recorded along with the signal
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strength for each packet. Accordingly, the packet error rate and the received signal
strength level from each receiver are collected. To prevent the effects of hardware failures
of each individual node, qualification tests have been performed before each experiment.

4. Experimental Results and Discussion
In the paper, the received signal strength and the packet error rate of electromagnetic
wave transmission in the soil medium are studied under 433 MHz frequency. The effects
of node burial depth, the horizontal inter-node distance and volumetric water content of
the soil parameters on received signal strength and packet error rate are established
through Mat lab in the wireless underground sensor networks communication.
4.1. Effects of Node Burial Depth and Soil Moisture
To investigate the effects of node burial depth and volumetric water content of the soil
on the signal strength and packet error rate, the horizontal inter-node distance between the
sender and the receiver is fixed 50 cm. In the communication between underground
nodes, the sender node is fixed depth 40 cm, the receiver node is varied from 10 cm to
100 cm. Moreover, the range of the soil volumetric water content of the soil is 5%-30% in
the underground-to-underground communication. In Figure 1 and Figure 2, the received
signal strength and packet error rate values are shown, respectively, as a function of the
receiver node depth and volumetric water content of the soil.

Figure 1. Tests for the Received Signal Strength. The Underground Node is
varied from 10cm to 100cm
The experiments show that a higher burial depth and volumetric water content of the
soil also implies an increase in the soil path, higher attenuation is observed in the WUSN
underground to underground communication. It can be observed in Figure 1, that received
signal strength gradually reduced with the increase of the receiver node depth when
WUSN sender node buried depth keeps in depth 40 cm. When receiver node buried depth
range 30 cm-50 cm, received signal strength reaches maximum. Received signal strength
gradually increases when receiver node buried depth is less than 30 cm and change to 10
cm, received signal strength gradually decreases when receiver node buried depth is more
than 50 cm. In the communication of underground sensor internodes, the sender node
energy is increased because of the reflection wave that electromagnetic wave penetrates
the ground and reflects back in the top soil, so the receiver node received signal strength
of receiver node becomes higher. Therefore, in the same actual distance and horizontal
internodes distance of WUSN nodes, the received signal strength is not the same if the
nodes burial depth is different.
In addition, received signal strength shows a trend of decrease with the increase of soil
volumetric water content. From Figure 1, we can conclude that soil volumetric water
content is less than 30% when receiver node buried depth keep in the whole range, the
minimum received signal strength is higher than -110 dBm. The received signal strength
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reaches the minimum when the soil volumetric water content is 30%. In the
communication of WUSN underground sensor internodes, with the increase of soil
volumetric water content interval 5%, received signal strength reduces 2 dBm-10 dBm
when the receiver node buried depth below 80 cm. The decrease extent of the received
signal strength becomes small when receiver node buried depth is higher than 80 cm,
average 1 dBm. So soil volumetric water content is also an important factor that
influences received signal strength, when the soil moisture content is larger, the
electromagnetic wave propagation signal attenuation is also larger, and the received signal
strength is relative smaller.
Moreover, the analysis is carried on through Matlab, relationship is established in
Equation 1.
R ss   53 . 8017  0 . 2083 N

d

 1 . 8269 S v  0 . 0065 N
R

2

2
d

 0 . 0048 N d S v  0 . 0231 S v

2

(1)

 0 . 814

where Rss is the received signal strength, dBm; Nd is the underground node burial
depth，cm; Sv is volumetric water content of the soil,% 。It can be seen from the
equation 1, the changes of the node burial depth Nd and volumetric water content of the
soil Sv have binary quadratic relationship on the received signal strength Rss in the
wireless underground communication, goodness-of-fit R2 is higher.

Figure 2. Tests for Packet Error Rates. The Underground Received Node is
Varied from 10cm to 100cm
It can be included in Figure 2, that communication error rate gradually increases with
the receiver node buried depth and soil moisture content change in the circumstances of
underground sensor sender node buried depth and the horizontal inter-node distance
remain the same, the maximum error rate reaches 100%. Furthermore, error rate increases
sharply to maximum 100% when soil volumetric water content range is 5%-25% and
WUSN underground receiver node buried depth 90 cm. Another, the error rate increases
with the increase of soil volumetric water content in the same receiver node burial depth,
the maximum increase extent 15%. Therefore, the error rate of the underground
internodes communication is quite different if soil volumetric water content is different.
Moreover, it can be observed in Figure 2, that WUSN node electromagnetic wave
communication produces the error rate in the underground soil that increases with the
increase of soil volumetric water content, when the soil volumetric water content change
in the range of 5%-30% and receiver node buried depth 10 cm-70 cm, but the biggest
error rate is no more than 50%. The communication error rate of WUSN underground
sensor internodes increases with the increase of soil volumetric water content, when the
receiver node buried depth 80 cm and soil volumetric water content change from 5% to
25%, the maximum error rate is about 40%.
The analysis is carried on through Matlab, relationship is established in Equation 2.
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2
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 0 . 8845

where Er is the packet error rate; Nd is the underground node burial depth,cm; Sv is
volumetric water content of the soil,%。It can be seen from the equation 2; the changes
of the node burial depth Nd and volumetric water content of the soil Sv have binary
quadratic relationship on the error rate Er in the wireless underground communication,
goodness-of-fit R2 is higher.
4.2. Effects of the Horizontal Inter-Node Distance and Soil Moisture
In the propagation process of wireless underground sensor network electromagnetic
wave in the soil medium, underground sensor internodes communication changes with the
horizontal inter-node distance change. Therefore, WUSN horizontal inter-node distance n
is also one of the important factors that influence communication. In the test of WUSN
node underground to underground communication, the sensor node RF frequency uses
433 MHz, underground sensor sender and receiver node buried depth are fixed 40 cm, soil
volumetric water content change in the range of 5% to 30%, the change range of
horizontal inter-node distance is 10 cm to 100 cm. In this condition, effects of horizontal
inter-node distance and soil moisture content on received signal strength and the error rate
are measured in the underground sensor internodes communication, as shown in Figure 3
and Figure 4.

Figure 3. Tests for the Received Signal Strength. The Horizontal Inter-Node
Distance is Varied from 10cm to 100cm
It can be showed in Figure 3, the received signal strength changes with the change of
the horizontal inter-node distance and soil moisture content when WUSN sender and
receiver node buried depth are fixed in 40 cm. As shown in Figure 3, the received signal
strength decreases with the increase of the horizontal inter-node distance when soil
volumetric water content remains the same circumstances. In addition, we can conclude
that the received signal strength decrease with the increase of horizontal inter-node
distance and soil moisture content in the underground sensor internodes communication
when the horizontal inter-node distance change in 10 cm-100 cm range and soil moisture
content is less than 25%, the minimum received signal strength is not less than -100 dBm.
The received signal strength gradually decreases with the increase of the horizontal internode distance when the soil moisture content is 25%, the minimum value is about -105
dBm. When soil moisture content increase continually to 30%, the received signal
strength reduces with the increase of horizontal inter-node distance and reaches minimum,
about -110 dBm.
Figure 3 shows that the received signal strength decreases with the increase of the soil
moisture content in the process of WUSN node communication, when the horizontal
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inter-node distance changes in the whole change range and soil moisture content change
in the range of 5% to 15%, about 3%. When soil moisture content reaches 20%, the
received signal strength value reaches -100 dBm in the most horizontal inter-node
distance 100 cm. Soil moisture content increases continually to 25%, the received signal
strength is -100 dBm when the horizontal inter-node distance is 80 cm. After that, the
horizontal inter-node distance continues to increase, the received signal strength decreases
constantly till the minimum about -105 dBm. The received signal strength value achieves
-100 dBm when the soil moisture content is the maximum 30% and the horizontal internode distance is 60 cm. Then, the received signal strength decreases gradually with the
increase of the horizontal inter-node distance till the minimum value achieves -110 dBm,
decrease extent is 2 dBm-3 dBm. So, in the WUSN underground sensor internodes
communication, the horizontal inter-node distance and soil moisture content are the
biggest factors that influence the received signal strength.
Moreover, the analysis is carried on through Matlab, relationship is established in
Equation 3.
R ss   37 . 8433  0 . 0502 H
R

2

s

 0 . 5746 S v  0 . 0103 S v

2

(3)

 0 . 9449

where Rss is the received signal strength, dBm; Hs is the horizontal inter-node distance,
cm; Sv is volumetric water content of the soil,%。It can be seen from the equation 3, the
changes of the horizontal inter-node distance Hs and volumetric water content of the soil
Sv have binary quadratic relationship on the received signal strength Rss in the wireless
underground communication, goodness-of-fit R2 is higher.

Figure 4. Tests for Packet Error Rates. The Horizontal Inter-Node Distance
is varied from 10cm to 100cm
It can be observed in Figure 4, that WUSN underground to underground
communication error rate increases gradually with the increase of the horizontal internode distance and soil moisture content, the maximum error rate reaches 100%. We can
include from Figure 4, the error rate increases gradually when the soil moisture content is
less than 25% and the horizontal inter-node distance changes in the whole range of 10 cm100 cm. At the maximum horizontal inter-node distance, the error rate increase extent is
almost equal to 10% with soil moisture content change, but the biggest error rate is no
more than 80%. When soil moisture content is more than 25%, the error rate reaches
100%in the maximum horizontal inter-node distance.
In addition, Figure 4 shows that the error rate rises sharply at the horizontal inter-node
distance 60 cm, when soil moisture content changes in the range of 5% to 20%, about
20%-30%. Then, the error rate increases gradually with the increase of the horizontal
inter-node distance. In the WUSN sensor node underground to underground
communication, the error rate rise extent increases sharply when soil moisture content is
more than 25% ant the sensor node horizontal distance is 50 cm, about 30%. After that,
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the error rate also changes gradually with the horizontal inter-node distance increase
gradually, to maximum 100%. In a word, sensor nodes are buried in soil in the process of
WUSN underground to underground communication, electromagnetic wave
communicates completely through the soil medium. Sensor node burial depth, the
horizontal inter-node distance and soil moisture content are important influence factor in
communication.
Moreover, the analysis is carried on through Mat lab; relationship is established in
Equation 4.
E r  0 . 0346  0 . 0003 H
R

2

s

 0 . 0113 S v  0 . 0003 S v

2

(4)

 0 . 9630

where Er is the packet error rate; Hs is the horizontal inter-node distance, cm; Sv is
volumetric water content of the soil,%。It can be seen from the equation 4, the changes of
the horizontal inter-node distance Hs and volumetric water content of the soil Sv have
binary quadratic relationship on the error rate Er in the wireless underground
communication, goodness-of-fit R2 is higher.

5. Conclusions
Wireless underground sensor networks are a promising new and the main technical
means in the collection of agricultural information. In this work, we propose the
application of wireless underground sensor networks and present experiment results of
underground to underground communication for WUSN. The experiment results reveal
that the feasibility of WUSN communication with 433MHz frequency. Moreover, the
experiment results show that the burial depth of WUSN node is important for the WUSN
tests due to the attenuation of soil medium. In addition, we have shown that the horizontal
inter-node distance plays an important role in the communication of WUSN. Finally, the
direct influence of volumetric water content of the soil on the communication success is
shown.
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