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Wireless underground sensor networks (WUSNs) constitute one of the promising
application areas of the recently developed wireless sensor networking techniques. The
main difference between WUSNs and the terrestrial wireless sensor networks is the
communication medium. The propagation characteristics of electromagnetic (EM) waves
in soil and the significant differences between propagation in air prevent a straightforward
characterization of the underground wireless channel. To this end, in this paper, advanced
channel models are derived to characterize the underground wireless channel and the
foundational issues for efficient communication through soil are discussed. In particular,
the underground communication channel is modeled considering not only the propagation
of EM waves in soil, but also other effects such as multipath, soil composition, soil moisture,
and burial depth. The propagation characteristics are investigated through simulation
results of path loss between two underground sensors. Moreover, based on the proposed
channel model, the resulting bit error rate is analyzed for different network and soil
parameters. Furthermore, the effects of variations in soil moisture are investigated through
field measurement results. The theoretical analysis and the simulation results prove the
feasibility of wireless communication in underground environment and highlight several
important aspects in this field. This work will lead to the provision of a generic framework
for underground wireless communication and the realization of WUSNS.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Recent developments in communication techniques
for wireless sensor networks (WSNs) have enabled a
vast amount of applications for these networks [1].
Among these applications, wireless underground sensor
networks (WUSNs), which consist of wireless sensors
buried underground, are a promising field that will enable
a wide variety of novel applications that were not possible
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with current wired underground monitoring techniques.
Compared to the current underground sensor networks,
which use wired communication methods for network
deployment, WUSNs have several remarkable merits, such
as concealment, ease of deployment, timeliness of data,
reliability and coverage density [2,3].

WUSN:Ss so far had two implications in the literature. In
recent work [4-6], the term underground sensor networks
is used to refer to networks that have been deployed in
subterranean spaces such as coal mines, subways, or sewer
systems. Although the network is located underground, the
communication takes place through the air, i.e., through the
voids that exist underground. Consequently, even though
the communication in these voids are more challenging
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than that in terrestrial WSNs, the channel characteristics
exhibit similarities with the terrestrial WSNs.

In this paper, however, we consider WUSNs buried un-
derground and communicate through soil. The main chal-
lenge for WUSNs in this medium is the realization of
efficient and reliable underground links to establish multi-
ple hops and efficiently disseminate data for seamless op-
eration. The main difference between the well-established
techniques in terrestrial wireless sensor networks is the
communication medium, which prevents a straightfor-
ward characterization of underground wireless channel.
First, EM waves encounter much higher attenuation in soil
compared to air [7,8]. This severely hampers the commu-
nication quality. As an example, efficient communication
between sensors nodes above and below ground is shown
to be possible only at a distance of 0.5 m when the 2.4 GHz
frequency is used [9]. Moreover, the ground surface causes
reflection as well as scattering. In addition, multipath fad-
ing is another important factor in underground communi-
cation, where unpredictable obstacles in soil such as rocks
and roots of trees make EM waves being refracted and scat-
tered. Since underground communication and networking
is primarily affected by the wireless channel capabilities,
advanced models and techniques are necessary to charac-
terize the underground wireless channel and lay out the
foundations for efficient communication through soil.

In this paper, we provide a characterization of the un-
derground wireless channel and lay out the foundations
for efficient communication in this environment. In partic-
ular, the 300-900 MHz band, which is suitable for small
size antenna and sensor development, is investigated. Our
model characterizes not only the propagation of EM wave
in soil, but also other effects such as multipath, soil com-
position, water content, and burial depth. The results ob-
tained from this formalization reveal that underground
communication is severely affected by frequency and soil
properties, especially, the volumetric water content (VWC)
of soil. Moreover, the effect of weather and season is inves-
tigated by considering two soil types as examples. Accord-
ingly, important considerations for the deployment and
operation of WUSNs are discussed.

The rest of this paper is organized as follows. In
Section 2, the related work is introduced. In Section 3, the
propagation characteristics of 300-900 MHz EM waves in
soil are analyzed. In Section 4, the characteristics of the
underground channel in soil are described, which takes the
reflection of the surface as well as the multipath fading into
consideration. Next, in Section 5, the effects of variations
in volumetric water content in soil are analyzed. Then, in
Section 6, the challenges in WUSN design are summarized
according to the results provided by our model. Finally, the
paper is concluded in Section 7.

2. Related work

Recently, there have been some experimental work that
focus on underground applications. In [10], a shallow depth
WSN is explained for predicting landslides. The network
consists of Mica2 motes that are interfaced with stain
gauges which can operate at low depths (25-30 cm). In
this design, although the sensors are buried underground,

the communication takes place over the air. In [11],
the sensor network is constructed to detect the volcano
activities, but the antenna of the sensors has to be
above ground to create reliable links. Structural health
monitoring (SHM) is another application that has gained
interest in wireless sensor network community. In [12,13],
Wisden, which is a data acquisition system for SHM, is
presented. Similarly, in [14], Duranode is developed for
SHM. Although underground systems such as sewers also
require structural monitoring, these approaches only work
with communication through air techniques.

In [4,5], wireless sensor networks are used to monitor
underground mines to guarantee the safety of mine
workers. Similarly, in [6,15], the characteristics of the
wireless channel in tunnels are investigated. Although
the mine is underground, the communication among
the sensors is through the air in the mine tunnel,
which is fundamentally different than our focus in this
paper as discussed before. The largest residential water
management project in Europe is introduced in [ 16], where
sensors are used to gather information for inspection
and cleaning systems in the Emscher sewer system.
However, the communication methods are not described
in detail. In [17], a sensor network used in a sewer
system is presented, where the manhole cover is converted
into the slot antenna and the sensors under ground
can communicate with the above ground nodes through
radiation from it. Again, although the system resides
underground, the communication is performed through air.
In [18], a glacier monitoring network, which is deployed in
Norway, is presented. The sensor network aims to measure
the parameters of ice caps and glaciers using sensors
beneath the glaciers. To avoid wet ice, the base stations
are connected to two wired transceivers 30 m below
the surface. Using very high transmit powers (100 mW),
the underice sensors can communicate with the base
stations. Although the work does not investigate channel
characteristics or multi-hop routing, it is a good example
of a practical underground application.

There are also some effort focusing on the EM wave
propagation through soil and rock for ground-penetrating
radars [19-22]. In [19], a review of the principles of the
surface-penetrating radar is provided. More specifically,
an overview of the empirical attenuation and relative per-
mittivity values of various materials, including soil, at
100 MHz are presented. In [20], it has been shown that
the soil composition has significant effects on the ground
penetrating radar (GPR) detection of landmines. Further-
more, in [21], the electromagnetic field principles of a ver-
tical electric dipole in a conducting half-space over the
frequency range from 1 to 10 MHz are analyzed. Simi-
larly, in [22], communication through soil is regarded as an
electromagnetic wave transfer through the transmission
line. Microwave analysis methods are exploited to pro-
vide a propagation model. The results of this work focus
on the frequency range of 1-2 GHz. Although significant
insight in EM wave propagation through soil can be gath-
ered from these work, none of the existing work provides
a complete characterization of underground communica-
tion. More specifically, neither the channel characteristics
nor the multipath and scattering effects due to obstacles
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in soil or the nonhomogeneous feature of soil have been
analyzed before. In this paper, we focus on this important
issue to lay the foundations of networking in underground
environment.

3. Underground signal propagation

The unique characteristics of signal propagation in
soil require derivation of the path loss considering the
properties of soil. From the Friis equation [23], it is well
known that the received signal strength in free space
at a distance r from the transmitter is expressed in the
logarithmic form as

P, = P + G + Gt — Lo, (1)

where P; is the transmit power, G, and G; are the gains of
the receiver and transmitter antennas, and Lg is the path
loss in free space in dB, which is given by

Ly = 32.4 + 201log(d) + 201og(f), (2)

where d is the distance between the transmitter and the
receiver in meters, and f is the operation frequency in MHz.
For the propagation in soil, a correction factor should be
included in the Friis equation (1) to account for the effect
of the soil medium. As a result, the received signal can be
rewritten as

Pr:Pt+Gr+G[_Lp7 (3)

where L, = Ly + Ls; and L stands for the additional
path loss caused by the propagation in soil, which is
calculated by considering the following differences of EM
wave propagation in soil compared to that in air: (1) the
signal velocity, and hence, the wavelength 2, is different
and (2) the amplitude of the wave will be attenuated
according to the frequency. The additional path loss, L, in
soil is, hence, composed of two components

L =Lg +La. (4)

where Lg is the attenuation loss due to the difference of
the wavelength of the signal in soil, A, compared to the
wavelength in free space, Ao, and L, is the transmission loss
caused by attenuation with attenuation constant «. Conse-
quently, Ly = 20log(Ao/A) and L, = e**“. Considering
that in soil, the wavelength is A = 2x/f and in free
space Ao = c/f, where f is the phase shifting constant,
¢ = 3 x 108 m/s, and f is the operating frequency, the Lg
and L, can be represented in dB as follows:

Lg = 154 — 20log(f) + 2010g(B), Ly = 8.69ad. (5)

Given that the path loss in free space is [, =
20log(4md/Ao), the path loss, L,, of an EM wave in soil is
as follows:

L, = 6.4 4 20log(d) + 20log(B) + 8.69d, (6)

where the distance, d, is given in meters, the attenuation
constant, «, is in 1/m and the phase shifting constant, 3,
is in radian/m. Note that the path loss, L,, in (6) depends
on the attenuation constant, «, and the phase shifting
constant, 8. The values of these parameters depend on the
dielectric properties of soil.

Using Peplinski's principle [24], the dielectric proper-
ties of soil in the 0.3-1.3 GHz band can be calculated as
follows:

e=¢€ —je', (7)
p ’ / ’ l/a/

a=mﬁu-%m+ﬁ¢—m}-w&,m
s v

¢ = [mls”e//a’]l/a” (9)

w

respectively, where ¢ is the relative complex dielectric
constant of the soil-water mixture, m, is the water volume
fraction (or volumetric moisture content) of the mixture,
pp is the bulk density in grams per cubic centimeter, p; =
2.66 g/cm? is the specific density of the solid soil particles,
o’ = 0.65 is an empirically determined constant, and g’
and B” are empirically determined constants, dependent
on the soil type and given by

B = 1.2748 — 0.519S — 0.152C, (10)
B” =1.33797 — 0.603S — 0.166C, (11)

where S and C represent the mass fractions of sand and
clay, respectively. The quantities €; and ¢/ are the real
and imaginary parts of the relative dielectric constant of
free water.

The Peplinski principle [24] governs the value of the
complex propagation constant of the EM wave in soil,
which is given as y = « + jB with

we' €\ 2
O =w — ] -1/,
1+ 1 12
2 €
we' € 2
p=o |- J1+(5) +1]. (13)
NCL i

where w = 27 f is the angular frequency, u is the magnetic
permeability, and € and €” are the real and imaginary
parts of the dielectric constant as given in (8), respectively.
Consequently, the pathloss, Ly, in soil can be found by using
Eqgs. (7), (8) and (10)-(13) in (6).

From (12) and (13), it can be seen that the complex
propagation constant of the EM wave in soil is dependent
on the operating frequency, f, the composition of soil in
terms of sand and clay fractions, S and C, the bulk density,
pp, and the soil moisture or volumetric water content
(VWC), m,. Consequently, the path loss also depends on
these parameters.

The path loss shown in (6) is evaluated using MATLAB
to investigate the relationship between path loss and
various parameters such as operating frequency, internode
distance, and volumetric water content. The results are
shown in Fig. 1. In the evaluations, we assume the VWC
as 5%, the sand particle percent as 50%, the clay percent
as 15%, the bulk density as 1.5 g/cm?, and the solid soil
particle density as 2.66 g/cm> unless otherwise noted.
(The parameters reflect a typical soil condition as reported
in [2,24].) The operating frequency is chosen between 300
and 900 MHz. The reason for this choice is as follows:
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Fig. 1. Path loss versus (a) operating frequency and internode distance,
(b) operating frequency and volumetric water content.

the recent experiments for underground communication
using MICAz nodes, which operate in the 2.4 GHz band,
reflect that communication range can be extended only up
to 0.5 m at this band [9]. Consequently, lower frequency
bands are necessary for acceptable communication. On
the other hand, decreasing operating frequency below
300 MHz increases the antenna size, which can also
prevent practical implementation of WUSNs. Considering
that recent MICA2 motes operate in the 300-400 MHz
range, while still preserving small antenna sizes, the
operating frequencies between 300 and 900 MHz are
suitable [7].

In Fig. 1(a), the path loss, L,, which is given in (6),
is shown in dB versus distance, d, for different values
of operating frequency, f. It can be seen that the path
loss increases with increasing distance, d, as expected.
Moreover, increasing operating frequency, f, also increases
path loss, which motivates the need for lower frequencies
for underground communication.

In addition to network parameters, such as node
distance and operating frequency, an important difference
in underground communication is the direct influence
of soil properties. Since the dielectric properties of soil

Ll p L2
-~

Sensor 1 Sensor 2

Fig. 2. Illustration of the two-path channel model.

changes significantly based on the composition of soil,
communication is severely affected. In Fig. 1(b), the effect
of volumetric water content on path loss, Ly, is shown for
values of 5-25%. The difference between propagation in
soil and that in free space can also be observed in Fig. 1(b).
Since the attenuation significantly increases with higher
water content, an increase of ~30 dB is possible with a
20% increase in the volumetric water content of the soil.
This effect is particularly important since water content
not only depends on the location of the network but also
varies during different seasons as will be investigated in
Section 5. Hence, network deployment, operation, and
protocol design in WUSNs should consider this dynamic
nature of the underground channel as we will discuss in
Section 6.

4. Underground channel characteristics

Besides the attenuation in soil, various channel effects
such as multipath spreading and fading influence the
performance of wireless communication. Moreover, the
burial depth of the sensor nodes significantly affect
the channel characteristics. To provide an analytical
characterization of the wireless channel in soil, next, we
analyze the features of the underground channel in two
main aspects. First, the effect of reflection from the ground
surface on path loss is analyzed in Section 4.1. Second, we
characterize the multipath effects using a Rayleigh channel
model and derive the bit error rate for the underground
wireless channel in Section 4.2. Throughout this section,
we assume a homogeneous soil medium. In Section 5, the
effects of variations in soil moisture will be investigated.

4.1. Reflection from the ground surface

Underground communication results in two main paths
for signal propagation as shown in Fig. 2. The first path is
the direct path between two sensors and the second path
is the reflection path due to the ground surface. When the
bury depth increases to a certain degree, i.e., high depth, the
effect of reflection can be neglected and the channel can
be considered as a single path. This is due to the increase
in the path length of the reflected ray and the associated
increase in attenuation. In this case, the path loss is given
in (6) as investigated in Section 3. However, if the sensors
are buried near the surface of ground, i.e., low depth, the
influence of the wave reflection by ground surface should
be considered. Considering ground surface reflection, the
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Fig. 3. Two-path channel model: path loss versus depth for different
operating frequencies with the two-path channel model.

total path loss of the two-path channel model can be
deduced as follows:

L;(dB) = Ly(dB) — Vg, (14)

where L, is the path loss due to the single path given in (6)
and Vg is the attenuation factor due to the second path in
dB,i.e., Vgg = 10log V.

Consider the case where two sensors are buried at a
depth of H; and H,, respectively, with a horizontal distance
of L, and an end-to-end distance of d as illustrated in Fig. 2.
From electromagnetic principles, the attenuation factor, V,
is given as follows:.

V2 = 14 (I - exp (—aA(1)))? — 2I" exp (—a A(r))

2
X €OS <n - (d)_TA(r)))’ (15)

where I and ¢ are the amplitude and phase angle of the
reflection coefficient at the reflection point P, A(r) = r—d,
is the difference of the two paths, X is the wavelength in
soil, and « is the attenuation as given in (12).

Using (15) in (14), the path loss is shown as a function
of depth, H, operating frequency, and volumetric water
content in Fig. 3, where we assume that the sensors are
buried at the same depth, i.e., Hy = H, = H and henced =
L. When compared to the single-path model results shown
in Fig. 1(a), the two-path model results in a slightly less
path loss with fluctuations based on depth and volumetric
water content.

In Fig. 3, the path loss is shown as a function of
burial depth, H, for various operating frequencies, f. It
can be observed that for the two-path model, the effect
of the bury depth, H, is significant and depends on
the operating frequency, f. For a particular operating
frequency, an optimum bury depth exists such that the
path loss is minimized. This is particularly important in
the topology design of WUSNs, where deployment should
be tailored to the operating frequency of the wireless
transceivers. In Fig. 3, it can also be observed that the
effect of reflection, and hence, the fluctuations in path
loss diminishes as the bury depth, H, increases. More

specifically, the underground channel exhibits a single-
path characteristic when the bury depth is higher than a
threshold value. According to the results shown in Fig. 3;
if the bury depth is higher than 2 m, the influence of the
reflection is negligible and the single-path model should be
used. On the other hand, for shallow depth deployments,
the two-path channel model should be considered.

4.2. Multipath fading and bit error rate

The two-path channel model described in Section 4.1
models the main propagation characteristics of under-
ground EM waves. However, in fact, the underground
channel exhibits additional characteristics other than that
is modeled through the two-path channel model alone.
First, the surface of the ground is not ideally smooth and,
hence, not only causes reflection, but also scattering and
diffraction. Second, usually there are rocks or roots of
plants in soil, and the clay of soil is generally not homo-
geneous. As a result of the impurities in the soil, multipath
fading should also be considered in addition to the basic
two-path channel model.

The multipath fading has been extensively investigated
for the above ground situation [23]. The random scattering
due to air, the movement of objects, as well as other
random effects result in fluctuation and scattering of EM
waves in air. Therefore, the amplitude and the phase of
the received signal exhibit a random behavior with time.
Generally, this multipath channel characteristic obeys
Rayleigh or log-normal probability distribution.

In underground communication, on the other hand,
there is no scattering with time. This is because, the
channel between two transceivers is relatively stable when
the composition of soil is considered [7]. On the other
hand, the roots of trees, rocks, clay particles and other
objects in soil can still incur reflection and refraction for
EM waves similar to the obstacles do in air. Considering
a fixed inter-node distance, the received signal levels are
different at different locations because the signal travels
through different multipaths. As a result, randomness in
underground environment is due to the locations of the
nodes rather than time, which still obeys the Rayleigh
probability distribution. The only difference is that the
variable of Rayleigh probability distribution is location
instead of time.

Accordingly, we consider that each path in the un-
derground channel is Rayleigh distributed such that the
envelope of the signal from each path is modeled as an
independent Rayleigh distributed random variable, yx;, i €
{1, 2}. Consequently, for the one-path model, the received
energy per bit per noise power spectral density is given
by r = x2E,/N,, which has a distribution as f(r) =
1/rp exp(r/ro), where ry = E[x2]E,/N, and E,/N, can be
directly found from the signal-to-noise ratio (SNR) of the
channel.

Similarly, for the two-path model, we assume that the
received signal is the sum of two independent Rayleigh
fading signals. Considering the above discussion, we de-
velop the underground channel model denoted as location-
dependent Rayleigh multipath channel. Consequently, the
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composite attenuation constant, y, in multipath Rayleigh
channel is

x> = xi+ (x2- T -exp(—aA(r)))?
—2x1x21" exp (—a A(r))

2
X COS (n - <d> - AA(r))> , (16)

where x; and x; are two independent Rayleigh distributed
random variables of two paths, respectively, I" and ¢
are the amplitude and the phase angle of the reflection
coefficient at the reflection point P, A(r) = r — d is
the difference of the two paths, and « is the attenuation
constant.

Based on the above model, next, we investigate the
bit error rate (BER) characteristics of the underground
channel. The results will help represent the underlying
challenges in the design of WUSNs. The BER of a
communication system depends mainly on three factors:
(1) the channel model, (2) the SNR, and (3) the modulation
technique used by the system.

Considering the channel model derived before, the
SNR is given by SNR = P; — Lf — P,, where P is
the transmit power, L; is the total path loss given in
(14), and P, is the energy of noise. We assume that P,
is between 10 and 30 dBm for our evaluations and P,
is —103 dBm [25]. Although the noise, P,, may change
depending on the properties of the soil, this value is a
representative value that can be used to represent the
properties of underground BER.

The BER also depends on the modulation method. In
order to provide an initial investigation at this area, various
modulation methods are investigated to illustrate their
effects on BER. For this investigation, we choose three kinds
of modulation methods: ASK, FSK, and PSK. While this set
is not an exhaustive set of the modulation schemes that
can be used in WUSN:S, it provides a general guideline to
illustrate the effects of the underground channel on BER.
The relation between the maximum inter-node distance
of the single path channel model and the VWC is shown
in Fig. 4. The maximum inter-node distance is found
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Fig. 5. BER versus operating frequency and VWC for one-path and two-
path channel models.

subject to a BER target of 10~3 for different modulation
methods. In Fig. 4, it can be seen that the PSK modulation
method provides the largest range. Consequently, in our
analysis, we consider the PSK modulation. Considering the
modulation scheme as 2PSK, the BER can be shown as a

function of SNR as BER = 0.5erfc (\/ SNR), where erfc(-)

is the error function and SNR is the signal to noise ratio.

We analyze the characteristics of BER using the same
parameters used in Section 4.2 in Fig. 5, where the simula-
tion results are shown for single-path and two-path mod-
els. Note that the two-path model is used for deployments
of bury depth, H < 2 m, while the single-path model is
used for high depth deployments. A significant result from
our simulations is that the VWC has an important impact
on the BER compared to other parameters. As shown in
Fig. 5, an increase from 5% to 10% results in almost an order
of magnitude increase in BER. This result shows that VWCis
one of the most important parameters for underground com-
munication.

As explained before, for burial depths less than 2 m,
the two-path Rayleigh fading model is suitable for WUSNs.
In Fig. 5, the effect of the reflected path from the ground
surface on BER can also be clearly seen. For the single path
model, the BER plots are significantly higher compared
to the two-path model. As a result, the communication
distance can be extended for low depth applications, where
the two-path model is applicable. Finally, the effect of VWC
in two-path model is also shown in Fig. 5. Compared to the
single-path model results shown also in this figure, higher
VWC is acceptable for low depth deployments when the
operation frequency is low.

In addition to BER, the effective communication range
of anode is important in the design of effective networking
protocols for WUSNSs. In Fig. 6, the maximum inter-node
distance is shown for the two-path model according
to a certain BER target as a function of the burial
depth. More specifically, the BER target is assumed as
103, Accordingly, the maximum inter-node distance
that provides the BER target is shown for different
operating frequencies. It is shown that as the frequency
increases, the maximum distance decreases. Moreover,
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it can be observed that as the burial depth increases,
the communication range of a node can be improved
up to a certain value. However, if the burial depth is
further increased, reduction in the communication range
is observed and the maximum distance fluctuates as a
function of the burial depth. This suggests that an optimal
burial depth exists for a particular operation frequency,
which is important for deployment of WUSNSs.

5. Effects of VWC variations in soil

The results obtained from our channel model clearly
represent the direct influence of soil properties on com-
munication performance. Especially, VWC influences the
maximum communication range attainable in WUSNs.
The above simulations, however, are performed assum-
ing that VWC is constant throughout the soil at differ-
ent depths. However, field measurements reveal that VWC
also changes with depth [26-28]. Here, we also investigate
the effects of VWC variations at different depths. Conse-
quently, a comprehensive profile of the underground com-
munication is presented. Soil moisture varies as the depth
increases in soil. In addition, significant variations are pos-
sibly related to weather, season, time of the day, as well as
the external environmental effects. This variation is also re-
flected on the dielectric constant of soil at different depths
and times, which in effect change the path loss and BER.
Consequently, these variations should also be accounted
for in the channel model for underground communication.

The VWC is the most important factor contributing to
the total soil dielectric constant [29]. The water in the soil
is usually classified into two based on its amount. The
bound water is tightly bounded to the surface of the soil
particles. However, above a limit, as more water is added
to the soil, the soil dielectric constant rapidly increases. The
effect of VWC on communication, therefore, depends on
the capacity of the particular soil type to hold the bound
water. As an example, compared to sand, clay particles
have a larger surface area, which enables soil with higher
clay content to hold more bound water. Therefore, the
VWLC has less effect on clay dominant soil than on sand
dominant soil.
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Fig. 7. The VWC values from the two data sets. The values taken at
different times of the year are also shown.

In addition to the type of soil, the depth also influences
VWC, which results in the variation of dielectric properties
of soil at different depths. Moreover, site measurements
reveal that the soil moisture does not linearly change
with the depth [26-28]. Generally, VWC increases with the
depth first and then decreases with it. However, the vari-
ation characteristics as well as the specific depths where
VWC start to decrease also depend on the type of the soil.

To investigate the relation of underground communi-
cation quality with the burial depth, the BER at different
depth are found based on the discussion in Section 4.2
and using the experimental data in [28,27] for the VWC.
We denote these data sets as Set 1 and Set 2, respectively,
where the properties of each experiment are described as
follows:

e Set 1. The first data set consists of volumetric water
content values measured at different depths in a black
soil with 22.75% sand, 28.1% clay [28]. The VWC values
for different times of the year as well as different depths
are shown in Fig. 7.

e Set 2. The second data set is from a sandy soil with 50%
sand and 15% clay [27]. Since sandy soil keeps less water
compared to the black soil, this data set was included
to illustrate the effect of soil content on the influence
of variation of VWC on the communication range. The
measured VWC values at different times of the year are
also shown in Fig. 7 as a function of depth.

It can be observed from Fig. 7 that the VWC values for
Set 1 are significantly higher. Intuitively, this would cor-
respond to worse communication performance compared
to Set 2. Furthermore, VWC varies significantly with depth
for Set 1 as well as season. These fluctuations would signif-
icantly affect the communication performance of WUSNSs.
On the other hand, the VWC measured in Set 2 is relatively
constant with respect to both depth and season.

Using the VWC values shown in Fig. 7, the maximum
inter-node communication distance is calculated based on
our channel model presented in Section 4 and shown in
Fig. 8, where the effects of variations of VWC on the com-
munication performance can be seen. We also compare
these results with the case where the VWC is assumed to
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Fig. 8. The maximum inter-node distance versus depth for the data Set 1
(S1) and Set 2 (S2) at different times of the year. The maximum distance
calculated by considering constant VWC at all depths is also shown.

be uniform throughout the soil at different depths (shown
in Fig. 8 by solid lines for both sets). This provides a guide-
line for the deployment of WUSNs. We are particularly
interested in whether it is necessary to gather VWC infor-
mation for all the points in a network or a representative
value taken at a specific depth would be sufficient.

In Fig. 8, the maximum inter-node distance for BER
target of 102 is shown as a function of depth for both data
sets. The solid lines represent the cases where the VWC
is considered uniform throughout all depths for each data
set. For Set 1, VWC = 20%, which is the value measured at
0.3 m depth in May according to [28] and for Set 2, VWC =
3.7%. When Set 1 is considered, it can be observed that
the fluctuations estimated by the uniform VWC model are
closely followed when the depth is d < 0.8 m. However, at
higher depths, longer hop distances are possible compared
to the uniform VWC assumption. This is due to the decrease
in VWC with increasing depth as shown in Fig. 7.

The seasonal influence on communication is also shown
in Fig. 8. Especially, for burial depths higher than 0.8 m,
the communication range is higher during May and lower
during September compared to the uniform VWC case.
This is related to higher precipitation, which starts in
July. Compared to the uniform VWC case, although there
are differences in the maximum distance, using a single
measurement of VWC can predict the communication
characteristics accurately for burial depths less than 0.8 m.
However, higher variations are observed when the depth
is higher than 0.8 m.

The results in Fig. 8 reveal that even at the same depth,
the communication range can change by as much as 25%
depending on the time of the year. Consequently, environ-
mental adaptive protocols, which can adjust the operating
parameters according to the seasons, are necessary for ro-
bust operation in WUSNSs.

Besides the influence of depth and seasons, the soil
type also affects the relationship between communication
and VWC. The black soil in data Set 1 can hold more
water compared to sandy soil in Set 2. This lower moisture
level has the potential to improve the communication
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Fig.9. Relationship between change in VWC and change in the maximum
inter-node distance.

significantly. As shown in Fig. 7, the VWC does not vary
significantly by depth or season in Set 2. Consequently,
as obtained in Fig. 8, the uniform VWC model closely
matches the maximum distance achieved through actual
VWC measurements. Moreover, since the VWC of Set 2 is
significantly lower than Set 1, the communication range
obtained for Set 2 is almost twice that for Set 1.

Since VWC significantly affects the communication
characteristics, the relation between variations in VWC
and the corresponding changes in communication range
is of importance. In Fig. 9, the effect of a change in
VWC on the maximum inter-node distance is shown. The
x-axis shows the change in percentage in VWC based
on the measured data in Set 1 and the y-axis shows
the corresponding change in the maximum inter-node
distance. The actual values as well as the fitted lines
for three different months are given in Fig. 9. It is
shown that an increase in VWC results in decrease in the
communication range. Interestingly, although quadratic
fitting is used, the relationship is linear. It is also important
to note that the rate of change in the distance with VWC,
i.e., the slope of the line, also depends on season. As an
example, a 20% decrease in VWC corresponds to a 10%
increase in the communication range in July, whereas,
in September, this corresponds to a 4% increase in the
communication range.

6. Challenges in the design of WUSNs

The channel model for underground communication
highlights the peculiarities of this medium. Consequently,
the following challenges emerge for the design of WUSNSs:

Topology design. The results for maximum attainable
communication range illustrates that underground en-
vironment is much more limited compared to terres-
trial WSNs. In particular, at the operating frequency of
300-400 MHz, the communication range can only be ex-
tended up to 5 m. This suggests that multi-hop communi-
cation is essential in WUSNs. Consequently, in the design
of WUSNSs topology, multi-hop communication should be
emphasized.
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Another important factor is the direct influence of soil
properties on the communication performance. It is clear
that any increase in water content significantly hampers
the communication quality. The network topology should
be designed to be robust to such changes under channel
conditions. Furthermore, soil composition at a particular
location should be carefully investigated to tailor the
topology design according to specific characteristics of the
underground channel at that location.

As described in Section 5, underground communication
is also affected by the changes according to depth. As a
result, different ranges of the communication distance can
be attained at different depths. This requires a topology
structure that is adaptive to the 3D effects of the channel.
Optimum strategies to provide connectivity and coverage
should be developed considering these peculiarities [30].

Operating frequency. Our channel model clearly illus-
trates the fact that the attenuation increases with operat-
ing frequency, which motivates smaller frequency values
considering the high attenuation. However, this results in
a trade off between the frequency and the antenna size for
the WUSN device. Our results show that the 300-400 MHz
band is suitable for WUSNs. On the one hand, our simula-
tion results show that acceptable communication ranges
are possible. Moreover, there is already sensor motes
working in this band in the market.

As explained in Section 4, the communication perfor-
mance at low depth reveals that using a fixed operating
frequency may not be the best option for WUSNs. Cog-
nitive radio techniques [31] can be exploited to adapt to
the changing environmental conditions. Furthermore, our
analysis reveal that the optimal frequency to reach the
maximum communication range varies by depth. Conse-
quently, cognitive radio techniques can provide an adap-
tive operation for the WUSNSs in this dynamic environment.

Cross-layer protocol design.Our findings in Section 5
reveal that the communication quality is also related
to the environmental conditions. Besides the effect of
soil type, the seasonal changes result in variation of
volumetric water content, which significantly affects the
communication performance. Therefore, in the protocol
design for WUSNSs, the environment dynamics need to
be considered. Furthermore, the dynamic nature of the
physical layer and its direct influence on communication
quality call for novel cross-layer design techniques that
are adaptive to environmental changes for WUSNs. We
provide an initial step based on this concept through a
packet size optimization framework for WUSNs in [32].

7. Conclusion

Compared to that in air, the underground communica-
tion exhibits significant challenges for the development of
wireless underground sensor networks. Among these chal-
lenges, the attenuation caused by the soil is the most im-
portant aspect of underground communication and has to
be completely characterized. In this paper, the propaga-
tion characteristics of electromagnetic waves in soil are
presented. Furthermore, an underground channel model,
referred to as the location-dependent two-path Rayleigh

channel model is derived to characterize underground com-
munication. Our analysis shows that the communication
success significantly depends on the operating frequency
and the composition of the soil. Through simulations, it
is shown that in the 300-400 MHz frequency band, the
path loss can be limited to a degree supporting feasible
communication. Furthermore, it is shown that the chan-
nel characteristics vary depending on the burial depth of
the sensors. For low depth deployments, the channel is
shown to exhibit a two-path channel model with the effect
of multipath fading of spatial distribution. For high depth
deployments, a single path channel is suitable to character-
ize communication. The results of this work lay the founda-
tions of underground communication and help the future
research and applications of wireless underground sensor
networks (WUSNs), which is a promising application area
for WSNs.

The focus of this paper is the communication of
sensors buried underground. However, in a generic WUSN
architecture, there may still be some devices, such as sink
nodes, deployed aboveground. Hence, the communication
between the underground sensors and the aboveground
sinks should also be considered. Finally, using existing
wireless sensor nodes that operate at 433 MHz [33], field
experiments will be performed to further improve the
results shown in this analysis.
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