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Abstract—Wireless underground sensor networks (WUSN) 
are a natural extension of the wireless sensor networks 
(WSN) phenomenon to the underground environment. In 
this work, experimental measurements are presented at the 
frequency of 433 MHz, which show a good agreement with 
the theoretical studies. Experiments are run to examine the 
received signal strength and the packet error rate for 
aboveground-to-underground and underground-to-
aboveground communication links. The results  reveal that 
the effects of burial depth, inter-node distance and 
volumetric water content of the soil on the signal strength 
and packet error rate. The tests show that the 
communication range decreased when the soil moisture 
increased.  
 
Index Terms—Wireless underground sensor networks, 
communication, depth, inter-node distance, volumetric 
water content  

I.  INTRODUCTION 

The usefulness of Wireless Sensor Networks as a 
remote monitoring technology is not limited to traditional 
terrestrial applications, WSN technology can also be 
deployed in the underground [1]. Wireless underground 
sensor networks consist of connected underground sensor 
nodes that communicate through soil. The realization of 
wireless underground communication and networking 
techniques will lead to potential applications in the fields 
of intelligent irrigation, border patrol, sports field 
maintenance, and infrastructure monitoring [2]. WUSN 

have several remarkable merits, such as concealment, 
ease of deployment, timeliness of data, reliability and 
coverage density. Besides monitoring soil ingredients in 
underground, wireless underground sensor network can 
also be used for monitoring soil motion, forecasting 
landslide, debris, underground ice motion and volcanic 
eruptions, and it has higher value for study [3-6].  

Given the usefulness of monitoring conditions in the 
underground [7-8], we set out to determine whether 
current wireless sensor networks solutions are applicable 
to the underground sensing environment. In this paper, 
the results of experiments for wireless underground 
sensor networks using the frequency of 433MHz are 
presented. Moreover, lessons learned from these 
experiments for the received signal strength and the 
packet error rate of efficient communication for WUSN 
are discussed. 

The remainder of the paper is organized as follows. 
We first provide an overview on wireless underground 
sensor network along with communication styles of the 
WUSN. The materials for the experiments and the 
experimental methodology are described in Section3. The 
experiment results for the communication of WUSN 
using 433 MHz frequency nodes are presented in Section 
4. Finally, the lessons from the experiments and the 
future work are discussed in Section 5. 

II. RELATED WORK 

Wireless underground sensor networks are a new 
research subject, at present, it is in the experimental study 
phase and also no mature products are in the market. 
Research reports of wireless underground sensor 
networks in agricultural application are little, the present 
study include mainly path loss, bit error rate, maximum 
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transmission distance, test error of water content of path 
transmission of the electromagnetic wave under the main 
influence factors, these factors are soil types, volumetric 
water content of the soil, depth of nodes buried, 
internodes distance, the range of frequency, etc [9-14].  

Network system structure of wireless underground 
sensor networks system aiming at intelligent 
transportation system and maintenance of the near surface 
soil (such as golf courses, a football field) was designed 
in [15]. The software and hardware systems of the nodes 
were also designed. In addition, the collect nodes used the 
low performance microcontroller; the receiving nodes on 
the ground used the high performance microcontroller, 
development and testing research of network system were 
not carried; In the [15] , there is also studied that the 
performance of the wireless underground sensor networks 
which was influenced by propagation of electromagnetic 
waves in the soil, underground channel model, electrical 
characteristics of soil and deployed solutions of wireless 
underground sensor networks nodes. In 400 MHz 
frequency, sensor buried depth 0.5m, horizontal spacing 
of sensor 1m, conductivity 0.1 and dielectric constant 10 
under, transmission parameters of electromagnetic wave 
and energy losses for different volumetric water content 
of the soil, different proportion sand and clay soil were 
analyzed through MATLAB mathematical simulation 
software.  

Reference [16], wireless signal attenuation of ZigBee 
wireless transceiver module (Soil net) 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.  

Aboveground-to-underground link and underground-
to-aboveground link are required for several 
functionalities of WUSN, such as network management 
and data retrieval. Thus, the characterization of the bi-
directional communication between a buried node and an 
aboveground device is essential. Both the underground-
to-aboveground link and aboveground-to-underground 
link include underground propagation. Moreover, the soil 
properties, such as soil moisture, directly impact the 
communication success [17-21]. Furthermore, the soil-air 
interface plays an important role in communication. 
Transmitted rays are reflected and attenuated at this 
interface, which significantly influences the 
communication quality. 

To the best of our knowledge, we particularly consider 
agricultural applications of WUSN, which usually require 
burial depths greater due to plowing and similar 
mechanical activities occur at the soil [22-23]. 
Accordingly, the majority of the experiments consider a 
better burial depth. In this work, we provide a 
characterization of the aboveground to underground and 
underground to aboveground communication based on 
experiments realized at the depth soil regions.  

III. MATERIALS AND METHODOLOGY  

In this section, the details of the outdoor environment 
hardware, software, and the methodology for the 
experiments are presented, which is different from those 
reference of last section. In the trial, we assume the clay 
percent as 15%,the silt percent as 35%, the sand particle 
percent as 50%, the bulk density as 1.5 g/cm3, and the 
solid soil particle density as 2.6/cm3 unless otherwise 
noted. The underground experiments with 433MHz 
Mica2 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. To observe the effects of soil 
moisture, two different volumetric water content values 
are considered. Experiments realized in dry and wet 
conditions correspond to volumetric water content of 
10% and 30%, respectively. 

In the experiments, the tests were designed to collect 
packet error rates at the application layer, as well as the 
received signal strength indicator of correctly received 
packets. For the experiments, Mica2 nodes from 
Crossbow that operate at 433MHz band are used. The 
Mica2’s radio supports variable output power, the radio 
was always set to its maximum transmit power of 10 
dBm [24]. The size of each packet is 37 bytes and a 
100ms delay between each packet transmission is 
configured. The antenna of Mica2 motes is a standard 
one-quarter wavelength monopole antenna with 17cm 
lengths, and the antennas are vertically oriented.  

Each experiment in this work is based on a set of 3 
tests with 350messages or 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 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 Mica2 nodes, qualification tests have 
been performed before each experiment. 

IV. EXPERIMENT RESULTS  

Experiments are conducted in the above condition. It 
can been concluded that node burial depth, the inter-node 
distance and the soil volumetric water content have 
important effect on the WUSN communication. 

It can be seen from Fig.1 that node burial depth plays 
an important role in the WUSN communication when the 
horizontal inter-node distance is fixed 50 cm. In the 
experiments, the aboveground sensor node was set on the 
surface of the ground, the depth of the underground node 
changed from 10cm to 100cm. We can conclude that a 
higher node burial depth has a higher signal attenuation. 
Furthermore, we can know from Fig.1 that the shallower 
node burial depth can significantly enhance aboveground-
to-underground communication. For example,  the packet 
error rate of aboveground-to-underground 
communication is lower than underground-to-
aboveground communication when the node burial depth 
changes from 10 cm to 60 cm. In addition, when node 

2456 JOURNAL OF COMPUTERS, VOL. 8, NO. 10, OCTOBER 2013

© 2013 ACADEMY PUBLISHER



 

 

burial depth increase from 80 cm to 100 cm, the error rate 
increases and even loss communication. 
 

 

 

 
Fig. 1 Effect of node burial depth on the WUSN communication 

In the Fig.2, it can be seen that the inter-node distance 
has also a certain effects on the received signal strength 
and packet error rate in the WUSN communication. In the 
experiments, WUSN node is fixed at 40 cm depth and the 
inter-node distance changes in the range of 10 cm to 100 
cm. In the WUSN communication, when the horizontal 
inter-node distance is not more than 40 cm, the received 
signal strength in aboveground-to-underground 
communication is higher than underground-to-
aboveground communication. When the horizontal inter-
node distance increases from 40 cm to 100 cm, the 
communication result is opposite.  In addition, when the 
inter-node distance is not more than 60 cm, the packet 
error rate is nearly the same in the WUSN 
communication. In the whole, the packet error rates are 
less than 20%. 

 

 

Fig. 2 Effect of  the inter-node distance on the WUSN communication 

Fig.3 and Fig.4 show that the soil volumetric water 
content is an important factor in the WUSN 
communication. In the WUSN inter-node communication, 
one node is set on the surface of the ground, the other 
node is fixed at 40 cm soil depth. In the experiments, the 
horizontal inter-node distance changes from 10 cm to 100 
cm with two different volumetric water content levels 
10% and 30%, respectively.  
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Fig. 3 Effect of volumetric water content levels10% on the WUSN 
communication 

 

 

Fig. 4 Effect of volumetric water content levels30% on the WUSN 
communication 

It can be concluded from Fig.3 and Fig.4, that the 
received signal strength decreases 7 dB when the 
volumetric water content level changes from 10% to 30% 
in both underground-to-aboveground and aboveground-
to-underground communication. Moreover, the soil water 
content has the negative effect on WUSN communication, 
which can be reduced when the horizontal inter-node 
distance increase. In addition, we can also conclude, that 
the soil volumetric water content has also important 
effect on the packet error rate. In the soil water content 
level is 10%, we can seen from Fig.3, that the error rate 
of underground-to-aboveground communication is higher 
than aboveground-to-underground communication when 
the horizontal inter-node distance is less than 70 cm. 

Then, the result is opposite. When the soil water content 
is 30%, the error rate of underground-to-aboveground 
communication is higher than aboveground-to-
underground communication in the all of inter-node 
distance.In all, the soil water content has a significant 
influence on the quality of WUSN communication.  

V. CONCLUSION 

In this work, we propose the characteristics of 
aboveground-to-underground and underground-to-
aboveground communication in the WUSN and present  
experiment and results of WUSN communication in some 
factors. The experiment results reveal the feasibility of  
Mica2 sensor node in the WUSN communication. It can 
be concluded the effect of the node burial depth, the inter-
node distance and the soil volumetric water content on 
the communication. The soil volumetric water content is 
an important effect factor in the WUSN communication, 
we can conclude that a 20% increase in the soil water 
content decreases the communication range by more than 
70%. In addition, it can be seen that it is about 1:20 
attenuation rate in the WUSN communication compared 
to  air communication.  
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