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Abstract

This paper presents the development of propagation models for wireless sensor networks for landslide
management systems. Measurements of path loss in potential areas of landslide occurrence in Thailand were set
up. The effect of the vegetation and mountain terrain in the particular area was therefore taken into account
regarding the measured path loss. The measurement was carried out with short-range transmission/reception at
2400 MHz corresponding to IEEE 802.15.4 wireless sensor networks. The measurement setup was divided into two
main cases, namely, the transmitting and receiving antennas installed on the ground and 1-m high above the
ground. The measurement results are shown in this paper and used to develop propagation models suitable for
operation of short-range wireless sensor networks of landslide management systems. The propagation model
developed for the first case was achieved by fitting the averaged experimental data by the log-normal model plus
the standard deviation. For the second case, the model was derived from the ray tracing theory. The mountain-side
reflection path was added into the model which contained the reflection coefficient defined for the soil property.
Furthermore, the resulting propagation models were employed in order to realistically evaluate the performance of
wireless sensor networks via simulations which were conducted by using Castalia. In the simulations, the sensor
nodes were placed as deterministic and random distributions within square simulated networks. The comparison
between the results obtained from the deterministic and random distributions are discussed.
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1 Introduction
A landslide, which is a globally widespread and
short-lived phenomenon, causes not only a number of
human losses of life and injury but also extensive eco-
nomic damage to private and public properties. The
main factors of landslide occurrences are steep slope an-
gles along with accumulated rainfall, moisture, and pore
pressure saturation in the soil [1]. Thailand, located at
the center of peninsular Southeast Asia and covered by a
number of mountainous plateau areas, is one of the
countries that most face rainfall-induced landslides every
year [2]. In order to avoid or reduce the loss due to land-
slide disasters, there is a need for a landslide manage-
ment system that can monitor and/or predict landslide
occurrence.
A landslide management system is an essential key to

reducing losses due to landslides by generating early

warning for people living in potential landslide areas. In
order to achieve an underlying system, sensors such as
rain gauges, moisture sensors, piezometers, tiltmeters,
geophones, and strain gauges can be installed in the po-
tential landslide areas in order to collect the essential in-
formation needed to perform data analysis for landslide
monitoring and prediction. Some examples of the use of
sensors to monitor and/or predict landslides can be seen
in [1, 3–6]. Besides sensor technologies, a communica-
tion network is also required for sending the information
collected by sensors.
Wireless sensor networks have received considerable

interest in the research area of landslide monitoring and
prediction, as seen in examples [1, 5–7]. Another ex-
ample was proposed to use a wireless sensor network in
order to collect ambient data for general applications in-
cluding landslide monitoring and prediction [8]. The
performance of IEEE 802.15.4 commonly known as Zig-
bee, leading technology of short-range wireless sensor
networks, was measured to verify that it can be used for
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a wide variety of applications [9]. In [10], the wireless
sensor network was developed and then installed on the
landslide area in Italy in order to monitor and manage
the risks of landslides. Several parameters collected by
sensors equipped with the coordinator of the wireless
sensor network were employed to assess the possible
risks and to provide useful information for an early
warning system. Furthermore, an open-source wireless
sensor system, called SMARTCONE, was designed and
implemented for detection of the occurrence of the
slope movement and debris flow of the hillside [11]. The
performance of the proposed system was elevated via
experimentation.
From the literature review, another interest is that the

deployment of a wireless sensor network inside a
potential landslide area requires knowledge of the node
distance relevant to the path loss in order to provide full
connectivity. An appropriate propagation model
employed to predict such a path loss and the received-
signal coverage is therefore essential for network plan-
ning. Extensive research has been conducted on propa-
gation models, including theoretical and empirical
models of wireless sensor networks. Some empirical
models have been proposed in order to determine the
path loss for a wide range of operating frequencies [12–
18]. Although these proposed models are simple, there is
no parameter that controls the relationship between the
models and the forest environments. In [19], a
half-space model for dealing with wave propagation at
the frequency of 1–100MHz in forest areas was pro-
posed. In this approach, the associated phenomenon
dominated by a lateral wave mode of propagation was
also discussed. Subsequently, this approach was ex-
tended to the dissipative dielectric slab model in order
to take the ground effect into account for the wave
propagation at the frequency of 2–200MHz in the forest
environment [20]. Recently, near-ground wave propaga-
tion was examined in a tropical plantation as seen in the
example [21], where the experiment was conducted at
very high frequency (VHF) and ultra-high frequency
(UHF) bands. In this approach, the ITU-R model was
slightly modified by taking the lateral wave effect into
account. Moreover, the ITU-R model was further im-
proved with considering the effect of the rain attenu-
ation that was measured in Malaysia [22].
As mentioned, although those approaches are simple and

valid for wave propagation in forest areas, they do not con-
sider the realistic effects due to the environment in the con-
text of landslide areas, especially in Thailand. In this paper,
the measurement of path loss in one of the potential land-
slide areas in Thailand was examined. The measurement
results were then employed to develop appropriate propa-
gation models for particular landslide-monitoring/predic-
tion applications. Simulations with realistic propagation

effects were conducted in order to evaluate the perform-
ance of applying the wireless sensor network to the land-
slide management systems.
The main contributions of this paper are summarized

as follows.

1. The measurement of the path loss was set up in
accordance with the practical situation of applying
the wireless sensor network to the landslide
management of Thailand, whose climate and terrain
are unique. In the measurement, the transmitting
and receiving antennas of the short-range wireless
sensor network at an operating frequency of 2400
MHz were placed on the ground and at a 1-m
height above the ground. This was done in order to
investigate the effect of the antenna height on the
propagation model.

2. The propagation models were then developed for the
two cases, namely, the transmitting and receiving
antennas installed on the ground and 1-m high above
the ground. The first model was achieved by fitting
the averaged experimental data by the developed
model with the log-normal model plus the standard
deviation. The second model was derived from the
ray tracing theory. The mountain-side reflection path
was added to the model which contained the
reflection coefficient defined for the soil property.

3. The evaluation of the performance of the wireless
sensor networks was presented via simulations,
where the realistic wave propagation was taken into
account.

Following this, the propagation prediction models are
discussed along with the derivation of their equations
in Section 2. These models are employed to compare
with the model being proposed in this paper. The
measurement and estimation of the path loss of the
wireless sensor network are presented in Section 3. The
simulation setup for evaluating the performance of the
wireless sensor network for landslide management sys-
tems is discussed in Section 4, where their results and
discussion are presented. Finally, the conclusions are
drawn in Section 5. All results are discrbied by the data
set of simulation and experimental results in Section 6
Additonal file 1.

2 Basic principles of propagation prediction
models
In this section, we give an overview of the basic princi-
ples of propagation prediction models which were
employed to compare with the proposed ones. There are
several propagation models that have been employed to
estimate path loss. One of the most simple and popular
models is the free space loss as given by [23]:
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PLfree dBð Þ ¼ −27:56þ 20 log10 fð Þ þ 20 log10 dð Þ
ð1Þ

where f and d, respectively, are the frequency in mega-
hertz and the distance between the isotropic transmit-
ting and receiving antennas in meters. This theoretical
propagation model is practicable for operation in the
far-field region when there are no obstacles in the first
ellipsoid of the Fresnel zone.
In [12], Weissberger developed a new empirical model

that can estimate excess attenuation due to vegetation as
written in the following:

PLweissberger dBð Þ ¼ 0:45 f 0:284d d < 14m
1:33 f 0:284d0:588 14m < d ≤ 400m

�
ð2Þ

where f and d are in gigahertz and meters, respectively.
The COST 235 models are proposed in [16] based on
measurements conducted with a millimeter wave band
between 9.6–57.6 GHz through a grove of trees. The
model divides the propagation scenario into two differ-
ent conditions as follows:

PLCOST dBð Þ ¼ 15:6 f −0:009d0:26 in leaf
26:6 f −0:2d0:5 out of leaf

�
ð3Þ

where f and d are in megahertz and meters, respectively.
In [15], the FITU-R model was developed based on the
ITU-R recommendation [13]. The optimization method
for the numerical parameters using the least squared
error that fit several sets of measurement data at the fre-
quency of 11.2 and 20 GHz was presented. The model
was written as:

PLFITU‐R dBð Þ ¼ 0:39 f 0:39d0:25 in leaf
0:37 f 0:18d0:59 out of leaf

�
ð4Þ

where f and d are in megahertz and meters, respectively.
The FITU-R model was also modified for the VHF and
UHF bands from the measurements in a palm plantation
at the frequency of 240MHz and 700MHz. The modifi-
cation takes the excess foliage loss with the lateral wave
effect into account. This model is called a lateral ITU-R
model [24], which can be used for long-range propaga-
tion in foliage areas and is defined by:

PLLITU‐R dBð Þ ¼ 0:48 f 0:43d0:13 ð5Þ
where f and d are in megahertz and meters, respect-

ively. This model is valid for in-leaf case.

In addition to the theoretical and empirical propaga-
tion models discussed above, a log-normal model, one of
the most popular models based on the probabilistic dis-
tribution of the additional attenuation, has been widely
used to predict path loss [25]. This model is defined by:

PL log‐normal model dBð Þ ¼ PL d0ð Þ þ 10n log10
d
d0

þ Χσ

ð6Þ

where n is the path loss exponent indicating the rate at
which the signal attenuates with the distance. Generally,
n is equal to 2 for free space. PL(d0) is the path loss at a
known reference distance d0 in the far-field region. Xσ

denotes a zero-mean Gaussian-distributed random vari-
able (in dB) with standard deviation σ (in dB). Experi-
mentally, it has been found that the path loss in
cluttered multipath environments is log-normally dis-
tributed, involving shadowing effects.
In order to guarantee the suitability of the models, the

root means square error (RMSE) [15] between the data
obtained from the predicted models and measurement
should be determined. The RMSE is a useful tool that
can be used to measure the difference between the path
loss predicted by a model and measured by the radio fre-
quency (RF) equipment. The RMSE is given by:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPk

i¼1 Xobs;i−Xmodel;i
� �2

k

s
ð7Þ

where Xobs and Xmodel are measured and predicted
data, while k denotes the number of samples.

3 Measurement and propagation estimation
In this section, we discuss the setup of the measurement
of the path loss. The measurement results are shown
and then discussed as well. The propagation models
suitable for the operation of wireless sensor networks of
landslide management systems in a particular area of
Thailand are introduced based on the existing models
and our measurement results.

3.1 Measurement setup
In order to develop an appropriate propagation model
for the short-range wireless sensor network of the land-
slide management systems, measurements were con-
ducted in a potential landslide area on the small
mountain of Nakhon Ratchasima province in Thailand
during the rainy season, when the average monthly rain-
fall was 80 mm. The area chosen for the measurement
was similar to a bald mountain where the terrain mainly
consists of soil and sand. Figure 1 shows a basic block
diagram of our measurement setup. The RF propagation

Shutimarrungson and Wuttidittachotti EURASIP Journal on Wireless Communications and Networking         (2019) 2019:94 Page 3 of 14



measurements were performed at 2400MHz by using
RF equipment, including a signal generator (83620B
Hewlett Packard), a spectrum analyzer (N9020A MXA
Agilent technologies), and transmitting and receiving an-
tennas. The continuous wave (CW) was generated by
using a signal generator at 2400MHz with the power of
17 dBm. The vertically polarized omnidirectional anten-
nas with a typical gain of 5 dBi were employed for the
measurement. The loss in the RF cable was 5.6 dB. The
measurement data were captured by using a spectrum
analyzer and stored into a control computer via GPIB
interface for post-processing. In this paper, the measure-
ment was divided into two different main cases. First,
the transmitting and receiving antennas were placed on
the ground since it is easy to place many small sensors,
including transmitters and receivers, on ground in order
to measure the data, such as seismic vibrations, average
monthly rainfall, and relative humidity, which are used
for landslide detection in the practical situation of wire-
less sensors networks. Second, the height of the receiv-
ing and transmitting antennas was 1 m above the
ground. This was done in order to determine the effect
of the antenna height on the propagation model. In
some scenarios, a 1-m antenna tower can be probably
installed in the landslide area. Figure 2 shows the
RF-propagation measurements done in the potential

landslide area. In order to study the short-range wave
propagation in such an area, the distance d between the
transmitting and receiving antennas was varied from 0.5
to 50m with a step of 0.5 m, resulting in 100 measured
positions. In an individual position, the measurement
was repeated 30 times in order to achieve accurate re-
sults. The system calibration of the measurement data
was performed by the removal of the antenna gain and
the cable loss of the transmitter and receiver. Note that
our measurement was done horizontally on the moun-
tain. The vertical direction was no longer under consid-
eration because of the limitation of measurement setup.
However, this problem will be resolved and discussed in
a future publication.

3.2 Measurement results and developed propagation
models
In order to evaluate the possibility of the use of the
well-known propagation models, including COST235,
FITU, LITU-R, Weissberger, log-normal, and free space
models, to achieve the appropriate path-loss prediction
in the landslide area, the measured path loss versus the
distance for the first case of the antennas on the ground
were plotted, together with its average and COST235,
FITU, LITU-R, Weissberger, log-normal, and free space
models, as shown in Fig. 3. In the figure, the ability to

Transmitter Receiver

83620B Signal Generator N9020A MXA Signal Analyzer

Fig. 1 Basic block diagram of the measurement setup
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predict the path loss using COST235, FITU, LITU-R,
Weissberger, and free space models becomes poor when
the distance increased. These models underestimated
the path loss significantly by up to 68 dB at 25 m under
the measured data. On the other hand, the log-normal
model, whose path loss exponent was initially deduced
as n = 2.4, was more suitable to be used for curve fitting.
The path loss exponent was then varied as n = 1.5, 1.6,
1.7, 1.8, and 1.9. Figure 4a shows the path loss of the
log-normal model with varying the path loss exponent.
The root mean square (RMS) error given in (7), between
the measured data and path loss predicted by the
log-normal model, was calculated in order to investigate
the performance of the fitted curve. The RMS errors ob-
tained from the log-normal models with n = 1.5, 1.6, 1.7,
1.8, and 1.9 were 3.16, 2.63, 3.02, 4.08, and 5.43, respect-
ively. It can be seen that the path loss of the log-normal
model with n = 1.6 was closest to that of the averaged

measurement data. In this paper, we developed the
propagation model from our measurement results of
wireless sensor networks, specifically for landslide man-
agement systems. Reconsidering the measurement re-
sults, the measured path loss at 1 m was 52.53 dB and
was then chosen as the reference distance path loss
PL(d0). Thus, the propagation model developed for the
wireless sensor network for the landslide management
systems was achieved on the basis of the log-normal
model and our measurement data as given by:

PLon ground dBð Þ ¼ PL d0ð Þ þ 10n log10d þ SD ð8Þ

where SD denotes the measured standard deviation of
the received power around the average. Here, the stand-
ard deviation SD of this measurement case was 8.42.
The path loss PL(d0) at a known reference distance d0 =

Fig. 2 Measurement setup. a First case. b Second case
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1 m was 52.53 dB. Figure 4b shows the path loss of the
developed propagation model with varying its path loss
exponent as n = 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, and 2. The
RMS errors between the developed propagation model
and averaged measurement data were 3.20, 3.07, 3.48,
4.30, 5.33, 6.47, and 7.68 when n = 1.4, 1.5, 1.6, 1.7, 1.8,
1.9, and 2, respectively. Note that the path loss of the de-
veloped propagation model with SD = 8.42 and n = 1.5
was almost identical to that of the predicted conven-
tional log-normal model. This implies that we can use
our developed propagation model instead of the conven-
tional log-normal model for the wireless sensor network
for the landslide management systems.
Figure 5 shows the predicted and measured path losses

obtained from the second case of a 1-m antenna height
above the ground. In the figure, the log-normal and free
space models were employed to predict the path loss. It
was seen that the log-normal models with different path
loss exponents, i.e., n = 1.8, 2.0, and 2.4, overestimated the
measured path loss significantly. The RMS errors of the use
of the log-normal models with n = 1.8, 2.0, and 2.4 were
8.50, 11.42, and 17.63, respectively. On the other hand, the
RMS error of the use of the free space model was 3.21. Al-
though the use of this model to predict the measured path
loss was more suitable than using the log-normal model,
the RMS error was somewhat high as compared with the
former case. Note that there were some significant fluctua-
tions which appeared at the distance 21 to 26m of the mea-
sured data. A propagation model specific for the wireless
sensor network of the landslide management systems
should be considered when employing 1-m-high antennas
above the ground. In this paper, we introduced the

development of the propagation model by using a
multiple-ray tracing model to fit the measured data.
In case of the 1-m-high antennas, we determined a

basic geometry model for the measurement setup again,
as depicted in Fig. 6. The transmitting and receiving an-
tennas were placed on the mountain at heights of hT and
hR, respectively. The d denotes the direct distance be-
tween transmitting and receiving antennas. In this paper,
the propagation model developed by using the multi-ray
tracing considers three major coexisting transmission
paths, namely, line-of-sight (LOS), ground reflection,
and mountain-side reflection paths. Note that the
mountain-side reflection path was added to the devel-
oped model instead of the conventional two-ray
ground-reflection model. The total received power was
calculated from the combination of the individual re-
ceived power from LOS, ground reflection, and
mountain-side reflection paths. Based on the Friis trans-
mission formula, we derived the equation of the received
power from three-ray tracing including line-of-sight
(LOS), ground reflection, and mountain-side reflection
paths, as written by:

Pr ¼ Pt
λ
4π

� �2
 ffiffiffiffiffiffiffiffiffiffiffi

GLOS
p
dLOS

−Γgr

ffiffiffiffiffiffiffi
Ggr

p
e− j2π dgr−dLOSð Þ=λ

dgr

−Γm

ffiffiffiffiffiffiffi
Gm

p
e− j2π dm−dLOSð Þ=λ

dm

!2

ð9Þ

where Pr and Pt denote the received and transmitted
powers, respectively. GLOS, Ggr, and Gm are the

Fig. 3 Path loss obtained from measurement and prediction of the first case with antennas on the ground
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combined antenna gains along the LOS, ground
reflection, and mountain-side reflection paths. Since
the pattern of all antennas employed in our
measurement was omnidirectional, the GLOS, Ggr,
and Gm were therefore equal. The Γgr and Γm were
reflection coefficients of the ground and mountain
side, respectively. Since the measurement setup was
conducted on a mountain, the Γgr and Γm were equal as
well, which were re-denoted as Γ. Practically, the re-
flection coefficient Γ can be achieved by measurement

of the soil property. The use of the reflection coeffi-
cient for path loss prediction is very useful when
there is a need to change the considered landslide
area having different soil properties. The distances of
the wave travel from the transmitting antenna to the
receiving antennas along the LOS, ground reflection,
and mountain-side reflection paths were denoted as
dLOS, dgr, and dm, respectively. Applying trigonometry
to this problem, the distances dLOS, dgr, and dm can
be given by:

a

b

Fig. 4 Path loss of a log-normal model and b developed propagation model, compared with measurement data of the first case with antennas
on the ground
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dLOS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðhT−hRÞ2 þ d2

q
(10)

dgr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hT þ hRð Þ2 þ d2

q
ð11Þ

and

dm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hT cotθ þ hR cotθð Þ2 þ d=2ð Þ2

q
ð12Þ

These equations indicate that the distances dLOS, dgr,
and dm depended upon the antenna height, mountain
slope θ, and direct distance d between the transmitting
and receiving antennas.

Fig. 5 Path loss obtained from measurement and prediction of the second case with 1-m antenna height above the ground

mountain-side reflection path

line-of-sight (LOS)

ground reflection pathground plane

distance d

Tx

Rx

hR

hR

hT

hT

Fig. 6 The basic geometry of the experimentation setup on the mountain in the second case of 1-m-high antennas
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To simplify (9) and to fit the experimental data with
the path loss PL(d0) at a known reference distance d0,
the total path loss can be rewritten as

PLabove ground dBð Þ ¼ PL d0ð Þ

þ20 log
1

dLOS
−Γ

e− j2π dgr−dLOSð Þ=λ
dgr

−Γ
e− j2π dm−dLOSð Þ=λ

dm

" #

ð13Þ

Here, the path loss PL(d0) at a known reference dis-
tance d0 = 1 m is 37.54 dB. Since the short distances
dLOS, dgr, and dm were not approximately equal because
the determined distance was short.
Figure 7 shows the path loss of the developed propaga-

tion model based on the multi-ray tracing, compared
with that of the free space model. Here, the slope of the
mountain was set as θ = 30°. The reflection coefficient Γ,
which mainly depends upon the soil property, was varied
in order to investigate the appropriation of the devel-
oped propagation model. Γ = − 1 indicates that the soil
reflects all of the transmitted power to the receiving an-
tennas. The RMS errors obtained from the developed
propagation model were 3.19, 4.48, 2.94, and 3.22 when
Γ = 0, − 0.4, − 0.8, and − 1, respectively. The developed
propagation model based the multi-ray tracing and our
measurement data achieved the smallest RMS error
when Γ = − 0.8. Moreover, it should be noted that the
path loss obtained from the developed propagation
model when Γ = 0 which means the transmitted power
was completely absorbed by the soil, was almost
identical to that of the free space model. This indicates
that there was no reflection from the ground and

mountain-side paths. There exists only the LOS path in
the path loss of the predicted results. This also reveals
that our developed propagation model can be applied to
other mountains that possess different soil properties by
choosing the appropriate reflection coefficient Γ.

4 Practical simulations for wireless sensor
networks
4.1 Simulation scenario
Simulations were conducted using Castalia, an extension
of OMNET++, in order to evaluate the performance of
the wireless sensor networks for landslide management
systems. In our simulations, the measurement results
presented in the previous section were employed instead
of the default radio model. The realistic propagation ef-
fects on the wireless sensor networks were therefore
taken into account. The IEEE 802.15.4 standard was
chosen as Physical (PHY) and Medium Access Control
(MAC) layers with an operating frequency of 2400MHz,
corresponding to that of our measurement setup. The
routing protocol deployed for the wireless sensor net-
works of the landslide management systems was an Ad
hoc On-Demand Distance Vector (AODV). The simula-
tions were run at a fixed duration of 500 s with a packet
generated at a constant packet rate of 0.5 packets per
second. The wireless channel bit rate was 250 kbps. All
sensor nodes placed in the simulations were configured
to set their transmission power at 57.42 mW and their
sensitivity value at − 100 dBm based on the Chipcon
CC2420 transceiver chip. Omnidirectional antennas with
a typical gain of 5 dBi were employed for signal trans-
mission and reception.
The simulations were set up corresponding to the

practical situation in the potential landslide area of

Fig. 7 Path loss of the free space model and developed propagation model of the second case with 1-m antenna height above the ground
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Thailand. Simulations were distinguished into two main
catalogs in accordance with the measurement cases.
First, the path loss obtained from the measurement with
the antennas placed on the ground was employed as a
radio model in the simulations in order to investigate
the realistic propagation effects due to the antenna pos-
ition and other environmental parameters. Second, we

employed the measurement results of the case of
1-m-high antennas above the ground in order to demon-
strate the effect of the antenna height on the perform-
ance of the wireless sensor networks.
Figure 8 shows the network simulation models. In each

catalog of simulations, the node positions of the simulated
networks were deterministically and randomly distributed

(0,N-1)

(0,5)

(0,4)

(0,3)

(0,2)

(0,1)

(0,0) (1,0) (2,0) (3,0) (5,0)(4,0)
Data Sink
(N-1,0)

(N-1,N-1)

source node

source node

The number of nodes: N x N Data Sink

a

b

Fig. 8 Network simulation models with a deterministic and b random distributions
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within a 300m × 300m square as shown in Fig. 8a and b,
respectively. In practical situations, sensors installed to
predict a landslide occurrence are probably deployed ei-
ther randomly or deterministically depending on the se-
lection of the user. Thus, the deterministic and random
distribution of the node placement should be determined.
This simulation consisted of N ×N sensor nodes. The dis-
tance between two adjacent sensor nodes in our simula-
tion model depended upon the number of placed sensor
nodes. All of the sensor nodes were stationary, and the
sink was located at the bottom right of the network area

as shown in the figure. It should be noted that the sink
can send information gathered by the sensor nodes to the
gateway node, which may be installed outside the poten-
tial landslide area. The gathered data received from the
gateway node through communication networks such as
Internet or mobile networks can be used to calculate/pre-
dict the landslide occurrence at the monitoring center.

4.2 Results
In order to evaluate the performance of the wireless sen-
sor networks for the landslide management systems, the

a

b

Fig. 9 a Packet loss rate and b packet delivery ratio of the first simulation case with antennas on the ground
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matrices, that are the packet loss rate and packet deliv-
ery ratio, are determined in this section. The number of
sensor nodes was varied from 10 × 10 to 20 × 20. Figure 9
shows the packet loss rate and packet delivery ratio ver-
sus the number of sensor nodes when the antennas were
placed on the ground. It was seen that the packet loss
rate increased proportionally to the number of nodes.
The collision probably occurs when the density of nodes
is high. The packet loss rate slightly decreased at N =
20 × 20 since the probability of success of finding a com-
munication path was high. The packet delivery ratio

decreased when the number of nodes increased. Al-
though the packet loss rate suddenly decreased when N
= 16 × 16, compared with that when N = 15 × 15, the
packet delivery ratio still was high. In the case of the de-
terministic node distribution, the distance between the
two neighbor nodes of N = 16 × 16 and N = 14 × 14 was
23 and 20 m, respectively. The packet loss rate of the
case of the random node distribution was less than 40%
for all node numbers under consideration while that of
the deterministic node distribution was greater than 40%
for N = 16 × 16 to N = 20 × 20. On the other hand, the

a

b

Fig. 10 a Packet loss rate and b packet delivery ratio of the second simulation case with 1-m-high antennas above the ground

Shutimarrungson and Wuttidittachotti EURASIP Journal on Wireless Communications and Networking         (2019) 2019:94 Page 12 of 14



packet delivery ratio of the random node distribution
was greater than 70% of all node numbers under consid-
eration while that of the deterministic node distribution
was less than 70% for N = 16 × 16 to N = 20 × 20. Note
that simulation results obtained from the use of the pro-
posed model and the log-normal model were almost
identical.
Figure 10 shows the packet loss rate and packet deliv-

ery ratio versus the number of sensor nodes when the
antennas were placed at a 1-m height above the ground.
The packet loss rate and packet delivery ratio of this
case were similar to those when the antenna was placed
on the ground. The random node distribution had a
slightly better packet loss rate and packet delivery ratio
than the deterministic node distribution. The simulation
results obtained from the use of the proposed model
and free space model were almost identical as well.

5 Conclusion
In this paper, the development of propagation models
has been proposed for wireless sensor networks for land-
slide management systems. The propagation models
were developed based on the measurement data and
existing propagation models. For the development, the
measurement was set up using two main cases—trans-
mitting and receiving antennas installed on the ground
and 1-m high above the ground. The propagation
models for the first and second scenarios were devel-
oped based on the log-normal model and multi-ray tra-
cing models along with our experimental data,
respectively. The path loss versus distance was shown to
validate that the developed propagation models were
suitable for the operation of landslide management sys-
tems using a wireless sensor network. Furthermore, the
resulting propagation models were employed in order to
realistically evaluate the performance of wireless sensor
networks via simulations, which were conducted using
Castalia. In the simulations, the sensor nodes were
placed as deterministic and random distributions. The
simulation results have been shown to confirm that the
short-range wireless sensor network at an operating fre-
quency of 2400MHz can be employed for landslide
management systems.

6 Additional file

Additional file 1: Data set of simulation and experimental results. (XLSX
60 kb)
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