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Abstract—An accurate and simple radio propagation model
for underground low-power devices such as wireless sensor nodes
is introduced and its performance is evaluated by real wireless
sensor nodes. The proposed model describes underground radio
signal propagation that is proportional to ¢~ 2*?/p*> where p
represents the distance and « represents the attenuation con-
stant reflecting the soil properties. To evaluate the proposed
underground radio propagation model, experiments measuring
the radio signal strength with underground sensor nodes were
conducted in various sub-surface conditions. Comparing the
theoretical estimations of the underground radio propagation and
the measured data, the theoretical model fits the measured data
well within a 3.45dBm deviation or with an accuracy of 96.33%
on average.

Index Terms—Underground Radio Propagation Model; Wire-
less Underground Sensor Networks; Measurement of Received
Signal Strength.

I. INTRODUCTION

Wireless Sensor Networks (WSNs) have abundant applica-
tions for monitoring environmental conditions, such as tem-
perature, light, sound, moisture, motion or pollutants. Wireless
Underground Sensor Networks (WUSNSs) provide useful infor-
mation of subsurface environments such as water and mineral
content for agriculture, oil leakage from an oil reservoir,
or land movement for earthquake monitoring [1]. Spatially
distributed underground sensor nodes monitor subsurface con-
ditions and report the information in real-time to the sink or a
master node with localized interactions. To deploy a wireless
underground sensor network, it is important to understand
and model the underground radio propagation between un-
derground sensor nodes. With the underground radio prop-
agation model, network designers can estimate underground
communication radius and network capacity. Furthermore, the
properties of underground communication medium (i.e. soil)
are different from air and the evaluation of the underground
radio signal propagation model is required to control the soil
properties to verify their effects. But, there is no existing
research comparing the underground radio propagation model
with measured data from wireless underground sensors.

The main contribution of this paper is that it provides
an accurate and simple wireless underground radio propaga-
tion model with comparisons to measured data. The paper
provides the details of developing the wireless underground
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radio propagation model which can be used for designing
wireless underground sensor networks. The proposed model
is generic and is applicable to a wide range of frequencies
besides the one used by the current wireless sensors. The
proposed underground radio propagation model was evaluated
comparing laboratory and field measurements with the data
estimated by the theoretical model.

II. RELATED WORKS
A. Free-space Propagation

A free-space radio propagation model can be used to predict
the Received Signal Strength (RSS) between the transmitter
and the receiver based on the clear and unobstructed line-of-
sight (LOS) path between them. A well-known radio trans-
mission formula was introduced by H. T. Friis. The received
power in free space is given by the Friis free space equation

as follows:
B P.G,G N2
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where P,.(d) is the received power which is a function of the
transmitter-receiver distance, P; is the transmitted power, G
is the transmitter antenna gain, G, is the receiver antenna gain,
d is the distance between the transmitter and receiver, L is the
system loss factor not related to propagation (L > 1), and A
is the wavelength [2].
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B. Underground Propagation

The radio propagation experiences reflection, diffraction,
and scattering over the ground communication as well as
in the underground communication. In underground wireless
networks, reflection occurs when a propagating electromag-
netic wave is confronted by objects such as rocks or the
surface between the earth and air. The underground radio
propagation is characterized by the soil properties such as the
permittivity (e), permeability (1), and electrical conductivity
(0). For lossy dielectrics, the permittivity and electrical con-
ductivity are dependent on the operating frequency. These two
properties characterize the displacement (polarization) current
and the conduction current which incur the power losses of
the electromagnetic wave in the soil [3]. From these facts, we
can infer that the permittivity and electrical conductivity are
crucial parameters affecting underground radio propagation.



Researchers have studied a channel model of an under-
ground wireless sensor network using the path loss model [4],
[5], [6]. The model is based on the Friis equation and pro-
vides an equation describing the received signal strength at a
distance d from the transmitter. From the results of the papers,
the received signal is described as follows:

P, = P+G,+G—[6.4420log(d)+20log(B)+8.69ad] (2)

where P; is the transmit power, G, and G; are the gains
of the receiver and transmitter antenna respectively, d is the
distance in meters, « is the attenuation constant in 1/m and g
is the phase shifting constant in radian/m. In the theoretical
researches [4], [S], [6] trying to provide the characteristics
of a wireless channel for underground sensor networks, a
correction factor is added to the Friis equation to apply
additional path loss in soils. The additional path loss in the
equation depends on the attenuation constant « and the phase
shifting constant [, which values depend on the dielectric
properties of soil. Based on the Peplinski’s paper [7], the
dielectric properties of soil in the 0.3~1.3 GHz band were
calculated. In the calculation of the path loss, the parameters
for underground environments such as operating frequency,
the composition of soils, the bulk density, and the volumetric
water content are considered. In addition to the attenuation of
the radio signal in soil, two channel models, reflection from
ground surface and multi-path fading, are introduced based
on [2]. But, these models did not provide the comparisons
with empirical results and did not address the effects of the soil
properties such as the permittivity and electrical conductivity,
which are crucial factors on the underground raio propagation.
Beside the theoretical approach, there are efforts measuring
the underground received signal strength and packet reception
ratio with wireless sensor nodes such as MICAz (2.4GHz) and
MICA?2 (433MHz) including the analysis of soil depth, soil
water content, and soil electrical conductivity in [8], [9], [10],
[11]. In this paper, an underground radio propagation model
approaching from Hertz vector analysis is proposed and its
estimations are compared with measurements with the analysis
of the effects of the soil properties.

III. AN UNDERGROUND RADIO PROPAGATION MODEL
A. Underground Network Model

Wait and Fuller [12] considers the electromagnetic fields
of a vertical electric dipole in a homogeneous conducting
half-space using simplifying approximations. Sommerfeld [13]
assumes that the Hertz vector of underground radio propa-
gation has only a z component II, which is referred to as
the potential. This is conveniently decomposed by writing
II = II? + II°, where II” is the primary potential of the
source and II° is the secondary potential. The latter accounts
for the presence of the air interface. Symbols used in the
underground radio propagation model are shown in Figure 1.
In the underground network model, the underground medium
has permittivity € = €,€p, permeability pg, and electrical
conductivity o where ¢ (8.85x 10712 F /m) is the permittivity
and pip (47 x 10~7H/m) is the permeability of air.
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Fig. 1. Symbols used for deriving underground radio propagation model

B. Underground Radio Propagation

In an underground network, a source is imagined to be a
vertical electric dipole of length ds and carrying a current 1.
For a time factor e™? in cylindrical-coordinates, the formal
exact expression for the primary potential from a Sommerfeld
integral is described as follows:
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where p is the radial distance from the source, v =
Vipow(o + iew) is the complex propagation constant, r =
Vet +(z—h)2 u = /A2 +~2, and Jo(Ap) is the Bessel
function of order zero [12]. The integration variable A can
be identified with the sine of a plane wave spectrum of

complex angle 6 via A\ = —i~ysin 6. The secondary potential
underground is described as follows:
Tds o) e—u(z-&-h)
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where R(\) = %ﬁgg is a Fresnel reflection factor, ug =

X2+ 93, Y0 = iwy/eofig, and K = ZEE [12],
The vertical electric-field component, F,, at the receiver
is the observable quantity from the primary and secondary

potentials as follows:
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where C? and C* are the primary and secondary contributions,
—h . .
I'=~p, Dy = ‘Z’f", R =+/D3+1, z = \p is the integra-

tion variable, U = v/z? + T2, D = £, R(x) = goi®, and




Uo = /22 — (££)? [12]. After the mathematical calculations,
the result of the primary contribution is described as follows:
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The secondary contribution C® could be neglected if the
air interface was sufficiently removed from the source and
observer locations (i.e., deep burial depths). If z = h (the
same depth for the sender and receiver) and the burial depth
is deep enough, the electric-field can be simplified as follows:
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With the radiating electric-field component, the received signal
power in Watts can be calculated as follows:
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P, = Aeff2z77||co,9977 (10)
where A.f; is the effective antenna area of the receiver,
n= Ui‘_‘i‘zw is the intrinsic wave impedance of the medium,
and 0, is the phase angle of the intrinsic impedance n =

|n|e’¥n. For a thin linear half-wave antenna in a wireless
sensor network, the effective antenna area is determined by
the wavelength as follows: A, f:%(0.26)\) [3]. The result of
the received signal of the wireless underground sensor node
with a whip antenna is expressed as follows:

0.26\%cosb,, |Ids{—e~"?[1 +~vp+ (vp)*]}
41n| 4 (o + iew)p3

If |vp| > 1, the received signal strength at distance p can be
simplified as follows:

P, =

(1)

’ 2

Po(p) Acfpcosty, | —Ids x ipgwe™"° 2
e 21 Imp
—vp |2 —27p
- K¢ K| :
p p
8—2(1/)
= K—s; (12)
p
where K = %(%)2 is a constant and @ =

Re(y) = wy |4 { 1+ (i)g — 1} is the attenuation con-

stant of the medium.

The received signal of the wireless underground sensors
is proportional to e=2%?/p? where p represents the distance
between the sender and the receiver and « represents the atten-
uation constant which is determined by the soil properties such
as permittivity and electric conductivity. In the simplification
a condition, |yp| > 1, is required. To verify the condition, the
|vp| is calculated in the frequency ranges of sensor networks
including 2.4GHz (MICAz) and 400MHz (MICA2) and the
values of |yp| are greater than 1 at different distances including
close distances. The detail data and figures data are shown
in [14].
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The underground received signal in the proposed equation
experiences signal attenuations depending on the underground
medium’s properties, which are permittivity and electric con-
ductivity. To evaluate the effect of permittivity, we calculated
and plotted the received signal strength of 2.4 GHz sensor
nodes with respect to distance in Figure 2. The maximum
communication distance of the underground sensor network is
expected less than 1 meter in 2.4 GHz [8], [9], we chose the
short distance of 0.05~1 meters in the calculation. The range
of relative permittivity (e,.) is 2~79 (ex, 1: air, 80: water) with
a loss tangent (tand=e"’/e’=0.05, estimated from [7]) where
e=¢’ — i€”. In Figure 2, the received signal strength decreases
as the relative permittivity increases in the permittivity range of
soils (relative permittivity of saturated sandy soil: 19~30 [15]).

To investigate the effect of electric conductivity, we calcu-
lated the received signal strength in the distance of 0.05~1
meters with the relative permittivity of 20 in Figure 3. The
range of electric conductivity is 1071~107° (ex, electric con-
ductivity of drinking water: 0.0005~0.05, electric conductivity
of soil: ~10~! [16]). In Figure 3, the received signal strength
dramatically changes in the range of conductivity between
107! and 1072 S/m. Increasing the distance in the range
of electric conductivity between 10~ and 1072 S/m causes
the signal strength to decay quickly due to high attenuations
in the soil. Because the transmission power is set to be 0dBm
in the comparisons, the received signal strength converges to
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Fig. 4. Details of laboratory and field test preparation

Tx power level (0dBm) as the distance goes to 0. With the
proposed underground radio propagation model, the received
power can be expressed by a log scale model as follows:

2., - (5 ]

—  _20log (p”) — 8.6859a(p — po)(13)
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where pg is the close-in reference distance which is close
to the transmitter, and p is the transmitter-receiver distance.
The log scale expression has a similar form to the log-normal
shadowing model with a pass loss exponent n=2 and an
additional path loss term instead of a shadowing deviation.
The logarithmic expression is consistent with the result form of
equation 2 reported in [4], [5], [6], even though the derivation
methods are different.

IV. PERFORMANCE EVALUATIONS

To evaluate the accuracy of the proposed underground radio
propagation model, various experiments in the laboratory and
in the field were conducted using MICAz. All wireless sensor
nodes are calibrated and selected to be working in 1~2 dBm
error bounds on the received signal strength measurement.
As an underground medium, two types of sand were used:
uniform size construction sand (D19=0.2mm, D3¢=0.34mm,
and Dgp=0.67mm) and uniform size sandblast (D19=0.40mm,
D3p=0.51mm, and Dgy=0.62mm) where D, is the diameter
of the soil particles for which % of the particles are finer.

A. Experimental conditions

1) Laboratory tests: To control the soil properties, a small
plastic (PVC) box with dimensions 118x13x13cm was made
and the sensors are installed in the box as shown in Figure 4(a)
and 4(b). In each experiment, the soil properties (water content
(the ratio of water volume in total volume), saturation, salinity,
compaction, and soil gradation) and physical properties of the
environment such as temperature, which affects the electric
conductivity and permittivity of the medium, were controlled.

2) Field test: The field tests were conducted at a remote
corner of the athletic field facilities of Lehigh University.
This area was selected because of its isolation from existing
Wi-Fi interference and surface noise, distance from major
underground facilities, and type of the sandy soil encoun-
tered which matched reasonably well with the sand used in
laboratory experiments. The field tests were conducted at the
burial depth of 140cm for thermal and moisture isolation as
well as isolation from EM interferences. A square trench of
150x150cm was excavated to 140cm depth using a backhoe.
The small test box underground was also equipped with
two thermocouples underneath the top cap to monitor the
temperature of the test sand as shown in Figure 4(c). The
field tests were conducted for the duration of 4 days, during
which the sensors sampled the received signal strength and
stored the data on the flash memory at 15 second intervals.

B. Comparison of results

The received signal strengths with 0dBm Tx power in the
laboratory and field tests were measured for 8%, 12%, and
15% wet sand and compared with the theoretical received
signal strength estimation using Equation 12 and the measured
electric conductivity (shown in [14]) of the sand based on
ASTM (American Society for Testing and Materials) G187
standard [17]. In the comparisons, the average absolute de-
viation (D in dBm scale) between the theoretical estima-
tions and the measured data on N positions is calculated as
follows: D = % 27{\;1 ‘Peistimated - Prineasured|‘ Then’ the
accuracy (A, %) based on the Tx power (FP;) and minimum
sensible power (P, = —94dBm [9]) in the dBm scale
were calculated as follows: A = [1 — m} x 100.
The permittivity of the wet sand was used from estimated
values in the range of €,=19~30. The theoretical estimation
(0=86.96m.S/m, €,.=19), laboratory measurements, and field
measurements for the 12% wet sand with 5000ppm salinity are
compared in Figure 5(a). The average deviation between the
laboratory and field measurements was 5.2dBm which was the
amount of deviation seen in different laboratory experiments.
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The average deviation and accuracy between the theoretical es-
timation and the field measurement were 4.36dBm and 95.36%
respectively, and the average deviation and accuracy between
the estimation and the laboratory measurement were 4.49dBm
and 95.22% respectively. The theoretical estimations (8% wet
sand: 0=37.61mS/m, €,=19; 15% wet sand: 0=123.61mS/m,
€,=30), laboratory measurements for the 8% wet sand with
5000ppm salinity and 15% wet sand with 1000ppm salinity
are compared in Figure 5(b) and 5(c). The average deviation
and accuracy between the theoretical estimation and the 8%
wet sand measurement were 3.19dBm and 96.6% respectively,
and the average deviation and error between the estimation and
the 15% wet sand measurement were 1.77dBm and 98.11%,
respectively. In the comparisons, the theoretical received sig-
nal strength estimation fits the measured data well within a
3.45dBm deviation or with an accuracy of 96.33% on average.

V. CONCLUSION

The paper provides theories and measured results to im-
prove the understanding of the radio signal propagation of
wireless underground sensor networks. Based on the theories,
we developed the received signal and path loss models of
the underground sensor nodes with respect to the distance
between the sender and the receiver. The proposed model
was validated using laboratory and field measurements. The
estimated received signal strength from the underground radio
propagation model provides a very good fit to the measured
data of the wireless underground sensor network.
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