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Abstract

Wireless sensor networks are installed beneath the earth’s surface to track and assess the
condition of the below-ground structures. In these systems, buried sensor nodes identify
structural anomalies and transmit the sensed information through both soil and air to a
sink node located above the ground. In a river-bridge-pillar-monitoring setup, the sensor
node located at the pillar’s base sends signals that propagate through soil, water, and air
before being received by the sink positioned beneath the bridge. This signal transmission
involves transmission through soil, water, and air media. The transmission of signals
through soil, water, and air media is yet to be explored through a defined channel model.
This study introduces a channel model where the signal traverses through soil, water, and
air, and derives an analytical formulation to represent the associated path loss. In addition,
experimental validation of the obtained analytical path-loss was conducted using a LoRa
setup. It was observed from analytical and experimental results that soil depth and water
level individually affect the path loss significantly. This severe attenuation needs to be
addressed before the actual deployment of the network.

Keywords: wireless sensor network; underwater; reflection; path loss; refraction;
LoRa; underground

1. Introduction
A wireless underground sensor network (WUSN) is an interconnection of sensor nodes

buried underground that extract underground information of interest. They have been
applied in smart agriculture, mine safety, disaster alerts, military applications, underground
pipeline monitoring, and underground infrastructure health-monitoring systems [1–7].
Monitoring the health of river bridges is necessary as damage to any bridge may lead to
severe rail and road accidents. A wireless sensor network (WSN) can be used to monitor
the health of a bridge [8,9]. However, monitoring the health of a river bridge pillar that is
submerged in water using WUSN is a challenge.

A WUSN-based river bridge pillar-health-monitoring (PHM) system is illustrated in
Figure 1. In a PHM system, sensor nodes are placed at different points on the pillar in order
to trace any damage to the pillar. Information sensed by the sensor nodes is transmitted to
the sink (placed below the river bridge). The sensor positioned at the top portion of the
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pillar communicates with the sink through the air–air channel. The path loss in an air–air
channel is mainly influenced by the air medium characteristics and the signal propagation
distance [10]. Usually, the sensor placed in the middle of the pillar is submerged in water.
So, the information sensed by these sensor nodes travels toward the sink unit through a
water–air channel. Signal attenuation in a water-to-air transmission link depends on the
depth of water, characteristics of the water, and the distance between the sink and water
level [11,12]. Mostly, the sensing node located at the base of the pillar is covered with soil
and water above it. Thus, the data transmission from these sensor nodes propagates toward
the sink unit, through soil–water–air (SWA) medium. In an SWA channel, transmission
from the sensor node to the sink depends on the characteristics of soil–water, water–air,
and air–air channels. To the best of our knowledge, a communication channel consisting of
a soil–water–air medium has not been analysed thus far. Thus, it is necessary to model the
SWA channel. Characterization of the signal transmission through the SWA channel and
analysis of the path loss is essential before the WUSN setup can be established. Thus, in
this paper, we introduce an SWA channel model aimed at analysing the signal attenuation
in the PHM system efficiently. Along with modelling the path loss for SWA channel, some
of the other contributions of this paper can be summarised as follows:

• Wireless communication schemes that are required to monitor the health of a bridge
pillar completely were identified.

• Based on the wireless schemes identified, a wireless underground communication
channel model for signals that transmit through the soil, water, and air was developed.

• An experimental setup using LoRa-based sensor nodes [13] was arranged to validate
the performance of the SWA channel path–loss model.

• The impact of varying water levels, soil burial depths, frequencies, and inter-node
separations (across both vertical and horizontal directions) on the path loss of the SWA
channel was analysed.

• The different components of path loss in the SWA channel were identified, and their
effect on net path loss was analysed.

Figure 1. Communication in a WUSN-based PHM system.

The upcoming section of this paper are structured as follows: Section 2 details prior
research work that has been done relating to signal traversal across various difficult trans-
mission media. Section 3 provides an in-depth description of the suggested SWA channel
model. Section 4 outlines the description of the testbed used to verify the theoretical out-
comes of this work. Subsequently in Section 5, the outcomes of the proposed SWA model
are compared against the results obtained from our experimental observations and is accom-
panied by an analysis of how changing distance parameters affects channel path loss. The
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final section, Section 6, presents the conclusions that were drawn from the analysis done in
this work.

2. Related Works
The challenges encountered in deploying sensor networks that communicate through

the air–air channels are discussed in [14]. Signals that completely travel through the air
in terrestrial wireless sensor networks (WSNs) and implementations of terrestrial WSNs
are discussed in [15]. These research findings show that path loss in the air varies with
the frequency of the signal, horizontal and vertical inter-node separation, and antenna
gains [10,16].

The development of terrestrial sensor networks has generated interest among re-
searchers in exploring the prospects of sensor networks in other challenging transmission
media such as water and soil. The signals travelling through the soil in WUSNs and their ap-
plications are analysed in [17–19]. Signals in underground networks follow one-ray [20] and
two-ray [21] propagation mechanisms. Path loss in underground networks is significantly
affected by changing soil burial depth and inter-node distance [20,21].

Similar to underground applications, sensor networks are also implemented under
the water [22–24]. Underwater sensor networks have been applied in the field of river
data collection [25,26] and in communication and navigation [27]. Usually, acoustic signals
are preferred for underwater networks [28,29], as water presents a very high resistance to
signal transmission. However, radio-frequency (RF)-wave propagation through water has
been studied in [30,31]. Further, signal transmission in seawater differs significantly from
that of freshwater [32]. Thus, in underwater networks, the signal frequency, salinity, and
conductivity of water affect the path loss [33,34].

The path-loss models discussed above involve transmission through a single trans-
mission medium. However, the SWA channel involves signal transmission through three
different media simultaneously. Path-loss analysis through combined media of soil and
asphalt resembling the structure of roadways has been presented in [4]. Path-loss anal-
ysis through a combination of air and soil has been presented in [35,36]. These works
introduced refraction loss into the path-loss model, along with losses due to the transmis-
sion medium. In another work [37] related to underground–aboveground (UG-AG) and
aboveground–underground (AG-UG) channels, reflection loss was also integrated into the
path-loss model. With the addition of reflection loss in the path–loss model, the accuracy of
path-loss estimation improved. Since electromagnetic waves are reflected and refracted
at the medium interface [38], reflection and refraction losses are also included into the
channel model. Further, the signal also reflects and scatters due to obstacles [17], such as
stone and plant roots. Loss due to these obstacles is considered a part of multi-path fading
loss [17,39].

The above-discussed works have given us the roadmap toward designing a combina-
tional channel model such as SWA where the signal propagates across soil, water, and air
media simultaneously. However, the presence of soil and water in the channel makes it a
highly lossy channel, limiting the communication range. The problem of communication
range in SWA is eliminated by using some low-power wireless communication technolo-
gies. Some of the low power wireless area network (LPWAN) technologies currently in
use are NB-IoT [40], SigFox [41], and LoRa [13,42,43]. Amongst these technologies, LoRa
provides the advantage of long communication range, low power, and low data rate [42,44].
Moreover, LoRa modules function using the 433 MHz band, which helps in achieving
efficient underground communications. During underground communications, the use
of devices operating at frequencies greater than 1 GHz results in severe attenuation, and
devices with operating frequencies less than 300 MHz require sensor nodes with large
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antenna sizes [17]. Hence, in this work, experimental implementation of the SWA channel
was carried out with the help of LoRa-based sensor nodes.

3. Proposed Path-Loss Model
This section presents the attenuation model used for assessing the structural health of

a bridge pillar. Figure 2 depicts a typical scenario, where the health of the underground
portion of the pillar is sensed by the node and sends the sensed data to the node placed
just under the bridge. It is assumed that the sensor placed at the bottom of the pillar has
soil and water above it. The water above the soil surface is assumed to be still in this work.
Further, the received signal consists of a signal from a direct path and several reflections
from multiple paths. However, for simplicity, we have considered the two-ray model as
depicted in the figure. Thus, it can be observed from the figure that the transmitted signal
travels to the receiver through soil, water, and air in two different paths.

Figure 2. Signal transmission in an SWA channel.

In the figure, the total horizontal and vertical distance between the transmitting and
receiving nodes is given by d and h, respectively. hant depicts the vertical distance between
the receiver antenna and bottom of the bridge. hs, hw, and ha represent soil burial depth,
water level, and aerial height between the top of the water level and bottom of the bridge,
respectively. In direct-path transmission, θix1 and θrx1 represent the angle of incidence and
refraction through the transmission medium x, respectively; and x represents either soil
(s) or water (w) or air (a). Similarly, during propagation through the reflected path, θix2

and θrx2 represent incident and refracted angles through the medium x, respectively. The
incident and reflected angle at the air–bridge interface are equal and are symbolized as
θRa2. The signal’s travel distance in medium x is indicated by dx1 for the direct path and
dx2 for the reflected route. dR2 is the distance covered by the signal after it bounces off the
bridge surface.

Pr symbolises the power of the received signal in SWA channel, which is expressed
as [39]:

Pr = Pt + Gt + Gr + 10logχ2 − PLtot (1)
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where Pt corresponds to the power engulfed within the transmitted signal, Gt and Gr

represent the amplification factors of the sending and receiving antenna systems, and PLtot

represents the total attenuation encountered by the signal along its path. The attenuation
caused by signal reflections and scattering is expressed as 10logχ2 [17,39]. Multi-path
fading in SWA channel is represented by a random variable χ that follows Rayleigh distribu-
tion [17,39]. f (χ) is referred to as the probability distribution function (PDF) of χ and is
given by the following:

f (χ) =
χ

σ2
R

e−χ2/2σ2
R (2)

where the value of the Rayleigh distributed parameter (σR) is obtained from the field-based
experimental results within a specific setting.

Since the transmission in an SWA channel follows a two-ray propagation mechanism,
the overall propagation loss encountered by the signal can be described by Equation (3)

PLtot = PL1 + PL2 (3)

where PL1 and PL2 denote the path attenuation encountered along the direct and reflected
propagation routes, respectively.

3.1. Signal Attenuation Due to the Direct Route

Five factors contribute to the total path loss during direct path propagation of
the signal.

• Attenuation due to air (PLa1).
• Attenuation due to water (PLw1).
• Attenuation due to soil (PLs1).
• Attenuation due to refraction (PLre f 1).
• Attenuation due to reflection (PLrl1).

Thus, the overall signal attenuation (PL1) along the direct route in an SWA channel is
denoted as follows:

PL1 = PLa1 + PLw1 + PLs1 + PLre f 1 + PLrl1 (4)

Assuming the antenna gain is equal to 1, signal weakening in air can be modelled with
the help of the Friis transmission relation [18], as outlined in Equation (5).

PLa1 = −147.6 + 20log(da1) + 20log f (5)

f indicates the frequency (measured in Hz) of the signal emitted from the transmitter in
the SWA channel.

Path loss through water [11,30] and soil [21] is represented by Equation (6) and
Equation (7) respectively.

PLw1 = 20log(dw1) + 6.4 + 8.69αwdw1 + 20log(βw) (6)

PLs1 = 20log(ds1) + 6.4 + 8.69αsds1 + 20log(βs) (7)

αw and αs signify the attenuation factor of water and soil, respectively, while βw and βs

represent the phase-shifting factor of water and soil, respectively. αw, βw, αs, and βs are
evaluated from Equations (8), (9) and (10), respectively.

αw + jβw = j2π f
√

µ0ϵ0

√
µwϵw − j

σwµw

2π f ϵ0
(8)
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αs = 2π f

√√√√√µ0µsϵ0ϵ′s
2

√1 +
(

ϵ′′s
ϵ′s

)2
− 1

 (9)

βs = 2π f

√√√√√µ0µsϵ0ϵ′s
2

√1 +
(

ϵ′′s
ϵ′s

)2
+ 1

 (10)

Components of soil’s dielectric constant are indicated as ϵ′s (real) and ϵ′′s (imaginary)
in Equations (9) and (10), respectively. The dielectric constant of the soil is estimated
using MBSDM [45], as it outperforms the Peplinski model [46,47] and GRMDM [48]
in terms of accuracy. µs and µw represent the magnetic permeability of soil and water,
respectively, and are considered to be unity for non-metallic soil and water [49,50].
ϵw = ϵ′w − jϵ′′w represents the dielectric permittivity of water which is evaluated using
the Debye equation [51]. The conductivity of water is represented by σw , and this is
considered to be 0.01 S/m [33] for freshwater.

Apart from the losses due to transmission media, the signal also experiences refractions
and reflections at the soil–water and water–air interface [37,38]. Path loss due to refraction
and reflection [20] is given by Equations (11) and (12), respectively.

PLre f 1 ≈ 10log10

∣∣∣∣ 1
υsw1

∣∣∣∣2 + 10log10

∣∣∣∣ 1
υwa1

∣∣∣∣2 (11)

PLrl1 ≈ 10log10

∣∣∣∣ 1
ρsw1

∣∣∣∣2 + 10log10

∣∣∣∣ 1
ρwa1

∣∣∣∣2 (12)

where, ρsw1 and ρwa1 are the reflection coefficient at the soil–water and water–air interface
respectively. Similarly, υsw1 and υwa1 are the refraction coefficient at the soil–water and
water–air interface, respectively.

The values of reflection and refraction coefficients depend on the signal traversal
path [38]. The path traversed by a signal across two media is depicted in Figure 3. Assuming
both the transmission mediums are non-magnetic in nature (µ1, µ2 = 1), the reflection
coefficient (ρrl) and refraction coefficient (υre f ) for the perpendicularly polarized waves can
be presented in Equations (13) and (14) [38].

ρrl =

√
ϵ1cosθ1 −

√
ϵ2cosθ2√

ϵ1cosθ1 +
√

ϵ2cosθ2
(13)

υre f =
2
√

ϵ1cosθ1√
ϵ1cosθ1 +

√
ϵ2cosθ2

(14)

where ϵ1 and ϵ2 represent permittivity of medium1 and medium2, respectively; θ1 and θ2

are the reflection and refraction angles, respectively.
It can be noticed that reflection coefficients (ρsw1, ρwa1) in Equation (13) and the

refraction coefficients (υsw1, υwa1) in Equation (14) depend on the angle of incidence and
angle of refraction at each medium interface. The incident/refraction angles at medium
interfaces can be calculated using Snell’s law [52]. Applying Snell’s law at the soil–water
and water–air interface, we obtain

sinθis1

sinθrw1
=

ηw

ηs
=

√
ϵ′w√
ϵ′s

(15)

sinθiw1

sinθra1
=

ηa

ηw
=

√
ϵa√
ϵ′w

(16)



Information 2025, 16, 1019 7 of 22

In Equations (15) and (16), ηa, ηw, and ηs represent the refractive indices of air, water, and
soil, respectively. Further, from Figure 2, we observe that

θiw1 = θrw1 (17)

hscosθis1 + hwcosθiw1 + hacosθra1 = d (18)

Figure 3. Signal propagation through different transmission media.

After the non-linear system of Equations (15)–(18) are solved, the incident/refraction
angles can be evaluated. The obtained angle values are utilized in Equations (13) and (14)
to estimate the reflection and refraction coefficients. {ρsw1, ρwa1, υsw1, υwa1} values are input
into Equations (11) and (12) to obtain path loss due to refraction and reflection, respectively.

Other than refraction and reflection path-loss components, PLa1, PLs1, and PLw1

are function of transmission distances da1, ds1, and dw1, respectively. The relation be-
tween transmission distances and incident/refraction angles as observed from Figure 2
can be represented as follows:

da1 =
ha

cosθra1
; dw1 =

hw

cosθiw1
; ds1 =

hs

cosθis1
(19)

Calculated values of transmission distances (da1, ds1, dw1) are used in Equations (5)–(7)
to calculate PLa1, PLs1, and PLw1 respectively. Finally, the values of different path-loss com-
ponents are substituted in Equation (4) to realize the overall path attenuation experienced
during direct route transmission in an SWA channel.

3.2. Signal Attenuation Due to the Reflected Route

Transmission of a signal through a reflected path encounters reflection and refractions
at the soil–water and water–air interface, along with the reflection at the air–bridge interface.
However, reflection and refraction losses at the soil–water and water–air interfaces have
already been included in the direct path loss. Thus, path loss along the reflected route
comprises of a single component only [17].

• Attenuation occurring during reflection at the air–bridge interface (PLR2).

Thus, the total signal attenuation (PL2) occurring during transmission through the
reflected route is given by

PL2 = PLR2 (20)

Reflection loss at the air–bridge interface is presented in [17] and is expressed in
Equation (21).

PLR2 = −10log
(√

1 + (τe−αa∆r)
2
+ 2τe−αa∆rcos(ϕ − βa∆r)

)
(21)
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where αa signifies the attenuation factor of air, while βa represents the phase shifting factor
of air; τ (amplitude) and ϕ (phase) represent the reflection factor at the air–bridge interface;
and ∆r represents the variation in direct and reflected path lengths and is estimated as per
Equation (22).

∆r = d2 − d1 = (ds2 + dw2 + da2 + dR2)− (ds1 + dw1 + da1) (22)

d1 and d2 represent the distance covered by the signal during direct and reflected path
propagation, respectively. It can be observed from Equation (21) that the path-loss compo-
nent PLR2 of the reflected path depends on the values of the incident/refracted angles {θis2,
θiw2, θrw2, θra2} and the distance travelled by the signal through each medium {ds2, dw2, da2,
dR2}. Evaluation of incident/refracted angles and transmission distances can be performed
using the system of Equations (23)–(29).

sinθis2

sinθrw2
=

ηw

ηs
=

√
ϵ′w
ϵ′s

(23)

sinθiw2

sinθra2
=

ηa

ηw
=

√
ϵa

ϵ′w
(24)

θiw2 = θrw2 (25)

θra2 = θRa2 (26)

hs tan θis2 + hw tan θiw2 + ha tan θra2 + hant tan θRa2 = d (27)

da2 =
ha

cosθra2
; dw2 =

hw

cosθiw2
(28)

ds2 =
hs

cosθis2
; dR2 =

hant

cosθRa2
(29)

The calculated incident/refracted angles and transmission distances are used suitably
in Equation (21) to evaluate the signal attenuation components of the reflected route. The
obtained value of PLR2 is used in Equation (20) to determine the overall attenuation encoun-
tered in the reflected route (PL2). Finally, the net path loss occurring during transmission
through the direct (PL1) and reflected path (PL2) is used in Equation (3) to determine the
total path loss occurring in an SWA channel.

4. Experimental Setup
This part outlines the experimental configuration employed to verify the effectiveness

of the proposed path loss model for the SWA channel.

4.1. Framework

As carrying out real-time experiments at the pillar of a bridge would be physically
challenging, we developed a prototype depicting the scenario of transmitting a signal from
a node positioned at the bottom of the pillar to the node positioned below the bridge. The
prototype experimental setup and real-time communication scenario in a PHM system
are presented in Figure 4. In rivers, water and soil are spread over several kilometres, but
inside a bucket, water and soil extend up to a few centimetres only. Yet, the transmitting
signal follows an identical trajectory in both the experimental setup and SWA channel
model, as shown in the figure. Since water exhibits a significantly high dielectric value, the
receiver receives only those signals which are transmitted with low incident angles [11].
Thus, a low incident angle means nearly vertical transmission, and the extent to which soil
and water are spread becomes irrelevant.
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Figure 4. Analogy between communication in a PHM system and our experimental setup.

The practical setup used to perform our experimental work is shown in Figure 5. We
placed the transmitter at the bottom of the bucket and covered it completely with sandy
soil. Since riverbeds are usually sandy in nature, sandy soil was intentionally chosen for
experimentation. The composition of the soil considered in our experiments is presented
in Table 1.

Figure 5. Experimental setup used for performance analysis of the SWA channel.

Once the transmitter was covered with sand to the desired level, water was poured
into the bucket to the level suitable for the experiment. The transmitter was sealed inside a
bottle (size 15 cm × 10 cm × 10 cm) in order to prevent contact between the transmitter and
water. In terms of dimensions, the bottle was considerably smaller than the bucket (size
30 cm × 30 cm × 80 cm). Since the signal travels a distance of under one meter within the
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confines of the bottle, the air–loss inside the bottle was neglected [37]. Further, the air loss
inside the bottle was very small compared to the attenuation in soil and water. This is
because dielectric constant of air (nearly equal to 1 [53]) is much lower as compared to that
of soil (nearly equal to 9 [45]) and water (nearly equal to 81 [34]). Thus, the signal from
the transmitter reached the receiver by overcoming the resistance offered by soil, water,
and air media. Finally, the receiver, which was positioned below the concrete structure
(resembling a bridge) as depicted in the figure, was connected to the laptop, and the
readings corresponding to the received signals were recorded.

Table 1. Results of soil sample analysis.

Soil Constituent Attribute Value of the Attribute

Soil’s moisture content % 16.2 ± 2.1
Sand % 98.3 ± 0.6
Silt % 1.3 ± 0.4

Clay % 0.4 ± 0.2

4.2. Communication Process

The process of communication occurring in the experimental work is depicted in
Figure 6. In our experiment, the underground pillar parameter was sensed and transmitted
to the receiver placed below the bridge. At the transmitter side, data sensed by the sensor
was provided as input to the Arduino UNO board. The recorded value was processed by
Arduino and sent to the LoRa transmitter for further transmission. The transmitted data
was received by the LoRa receiver. Data from the received signal was extracted by the
Arduino UNO connected to the receiver side. The extracted information was observed on
the laptop that was connected to the Arduino board.

Figure 6. Block diagram depicting the communication process occurring in the experimental setup.
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4.3. Experimental Procedure

The configuration for the experiment was organized in accordance with the layout il-
lustrated in Figure 5. Underground soil burial depths of 0.1 m and 0.2 m were implemented
in the experiment. Similarly, water levels of 0.1 m, 0.2 m, 0.4 m, and 0.8 m were considered
in the measurement of RSS. The parameters which were used for the experimentations are
presented in Table 2.

Table 2. Compiled key metrics relating to signal propagation characteristics.

Physical Attribute Value of the Attribute

Frequency 433 MHz
Bridge height 0.5–5 m

Transmission power 20 dBm
Receiver antenna gain 1.5 dBi

Soil’s bulk density 1.5 g/cm3

Horizontal inter-node distance 0–28 m
Dielectric constant of bridge 6.93–j0.93 (at 433 MHz and 5% moisture content) [54]

Receiver rode’s antenna height 10 cm
Transmitter antenna gain 1.5 dBi

Soil’s particle density 2.66 g/cm3

Experiments began with the transmission of a packet from the transmitter to receiver.
The packet consisted of a preamble, frame delimiter for synchronization, a PHY header,
payload, and a cyclic redundancy check (CRC) field [55]. In each experiment, 50 packets
were transmitted, and each packet was sent at a delay of 5 s. The RSS of the successful
packets received was recorded from the laptop. The recorded RSS values were averaged
and noted as the RSS value corresponding to the performed experimental parameters.

5. Results and Discussion
This section presents a detailed evaluation of the SWA channel model’s performance

under varying configuration parameters, focusing on metrics such as path loss, received
signal strength (RSS), and bit error rate (BER). The results of our proposed model was
also validated through comparison with the results obtained from field experiments. In
each set of experiment, root mean square error (RMSE) and mean absolute error (MAE)
were computed, which gives an estimation for the error in the estimations obtained from
the analytical model. RMSE and MAE for a set of experimental values obtained within a
specific setting can be obtained through Equations (30) and (31) [56].

RMSE =

√
1
n

n

∑
i=1

(yexp(i)− yth(i))
2 (30)

MAE =
1
n

n

∑
i=1

∣∣yexp(i)− yth(i)
∣∣ (31)

where yexp and yth correspond to experimental and analytical observations, respectively.

5.1. Effects of Horizontal Inter-Node Separation and Water Level Variation

The variation of path loss for an SWA channel with changing horizontal inter-node
separation and water level is presented in Figure 7. At a water depth of 0.1 m, a consistent
rise in path-loss is observed as the distance between nodes increases. The path-loss variation
follows a similar trend for the water level maintained at 0.2 m. Also, a remarkable increase
in path loss is observed when the water level increases from 0.1 m to 0.2 m at a fixed value
of inter-node separation distance.



Information 2025, 16, 1019 12 of 22

Figure 7. Path loss vs. horizontal inter-node distance with different water levels; soil burial depth = 0.2 m,
bridge height = 2.2 m.

Further, as discussed in Sections 3.1 and 3.2, it is known that the combination of
different components makes up for the total path loss of the SWA channel. The contribution
of each component towards the total path loss is estimated theoretically from expres-
sions Equations (5)–(7), (11), (12) and (20) and is presented in Figure 8 to achieve a more
comprehensive analysis. As observed in Figure 8, it is the air loss that increases with an
increase in inter-node distance only. Although other components carry a loss, they do
not vary with a change in inter-node separation distance. It should also be emphasized
that water loss, soil loss, and air loss have a significant contribution to the total path loss.
The next significant contributions (of around 8–17 dB) to the overall path loss is given by
the path-loss components due to multi-path fading (Equations (1) and (2)), reflected path
(Equation (21)), and reflection at the inter-media boundaries (Equation 12). The path-loss
component due to refraction at the media borders (Equation (11)) contributes the least to
the net path loss. Upon comparison, we observe that the loss due to the bridge-reflected
path and the inter-media refractions and reflections has a smaller effect as compared to the
other components.

Results obtained for RSS vs. inter-node separation distance through the practical
procedure (as discussed in Section 4) are depicted in Figure 9, along with the theoretically
computed values. The plots shown in the figure reveal that the RSS value obtained from
the experimental procedure decreases with an increase in inter-node separation distance
for a fixed water depth. As explained earlier, it is also noticed that with an increase in
water level from 0.1 m to 0.2 m, the RSS decreases. Further, a key observation shows that
the trend of variation in RSS is similar for both theoretical and experimental results which
validates the analysis methodology. However, the exact values obtained in both procedures
differ with a small differential error between them at different points. The RMSE and MAE
for observations taken at different water levels are showcased in Table 3. The low values of
RMSE and MAE depicted in Table 3 validate the analytical model.
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Figure 8. Component-wise path-loss vs. horizontal inter-node distance; water level = 0.2 m; soil
burial depth = 0.2 m, bridge height = 2.2 m.

Figure 9. RSS vs. Horizontal inter-node distance with different water levels; soil burial depth = 0.2 m,
bridge height = 2.2 m.

Table 3. Error analysis during water level variation experiment.

Height of Water Level RMSE (dBm) MAE (dBm)

0.1 m 1.43 1.806
0.2 m 1.68 2.23
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5.2. Effects of Horizontal Inter-Node Separation and Soil Level Variation

The influence of soil depth on channel path-loss is depicted in Figure 10. As presented
in the figure, the signal encounters higher resistance with the increasing soil depth of the
transmitter. So, we observe that the path loss at a soil depth of 0.2 m is more than that of the
soil depth of 0.1 m for a fixed value of internode distance. An increase in horizontal distance
between nodes leads to higher path loss, particularly observed when the transmitter is
buried at depths of 0.1 m and 0.2 m below the soil surface.

Figure 10. Path loss vs. horizontal inter-node distance with different soil burial depths; water
level = 0.1 m, bridge height = 2.2 m.

Furthermore, it is also known that the RSS at the receiving end is greatly influenced
due to the attenuation encountered during signal propagation. Consequently, Figure 11
illustrates how varying burial depths in soil impact the RSS across different distances
between nodes. Both the experimentally and theoretically computed results shown in the
figure highlight that the RSS deteriorates with a rise in the horizontal distance between the
nodes, for a soil depth of 0.1 m. With an increase in the soil depth to 0.2 m, the RSS further
weakens and follows a similar trend of decrease with an increase in inter-node distance. A
close look at the plots presented in Figure 11 also reveals that the results obtained through
the practical procedure are closer to the analytically computed results. Table 4 presents
the RMSE and MAE for observations taken at different soil levels. The low values of error
components presented in Table 4 support our analytical model.

Table 4. Error analysis during the soil level variation experiment.

Height of Soil Level RMSE (dBm) MAE (dBm)

0.1 m 1.49 1.87
0.2 m 1.43 1.806
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Figure 11. RSS vs. Horizontal inter-node distance with different soil burial depths; water
level = 0.1 m, bridge height = 2.2 m.

5.3. Effects of Bridge Height Variation

Results obtained for the path-loss variation due to changes in bridge height are show-
cased in Figure 12. The figure illustrates that as the distance between nodes increases,
path loss also rises, and this is observed consistently at bridge heights of 2.25 m and 3.25 m.
Further, we can observe a considerable difference in path loss due to bridge height varia-
tion at lower inter-node separation (0.75 m) as path loss rises from 105.25 dB to 108.75 dB.
However, at higher inter-node separation, bridge height loses its impact, and barely any
difference in path loss is noticed due to changes in bridge heights.

Figure 12. Path-loss vs. horizontal inter-node distance with different bridge heights; water
level = 0.2 m, soil burial depth = 0.2 m.
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The height of a bridge in the real world goes up to several meters. Hence, to have
a more validated analysis, the results of RSS vs. higher bridge heights obtained from
the theoretical and experimental procedure are presented in Figure 13. Observations
corresponding to water levels of 0.1 m indicate a decrease in RSS with the increase in bridge
height. An analogous pattern in RSS fluctuations is observed at a water depth of 0.2 m
as well. However, the RSS varies considerably with changes in water depth from 0.1 m
to 0.2 m irrespective of bridge height. Again, the experimental values shown in Figure 13
are observed to be very close to the proposed SWA channel model. Table 5 showcases the
RMSE and MAE for observations taken at two different water levels. The low RMSE and
MAE values presented in Table 5 validate our analytical model.

Table 5. Error analysis during the bridge height variation experiment.

Height of Water Level RMSE (dBm) MAE (dBm)

0.1 m 1.36 0.553
0.2 m 1.56 0.942

Figure 13. RSS vs. bridge heights with different water levels; soil burial depth = 0.2 m, horizontal
inter-node distance = 6.5 m.

5.4. Effects of Signal Frequency Variation

The impact of varying signal frequency on the path loss of the SWA channel is pre-
sented in Figure 14. The figure illustrates that with the rise in frequency of the transmitted
signal, path loss also rises. This trend is noticed at soil levels of 0.1 m and 0.2 m consistently.
We further notice a significant increase (around 9 dB) in path loss due to a mere 0.1 m rise
in soil level. Due to the highly lossy nature of soil as a transmission medium, the frequency
range of 300 MHz to 900 MHz is preferred for underground communications [17]. Any
frequency beyond 900 MHz would result in large attenuation within the channel, and
frequencies below 300 MHz would lead to a large communication setup. None of these
frequencies are suitable for underground communication.
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Figure 14. Path-loss vs. signal frequency with soil levels; water level = 0.1 m, horizontal inter-node
distance = 4 m.

Also, the suitable frequency range discussed above is one of the main reasons for
the selection of the LoRa module for our experimentation purposes in comparison to
other LPWAN technologies (such as NB-IoT and SigFox). A comparative overview of
the operating frequencies employed in these technologies is provided in Table 6 [57,58].
Amongst the three LPWAN technologies, LoRa operates at low frequency of 433 MHz and
hence, we selected LoRa technology for the experimentation purposes [44].

Table 6. Operating frequencies of different LPWAN technologies [57,58].

LoRa SigFox NB-IoT

433–435 MHz;
865–868 MHz

868 MHz, 902 MHz and 923
MHz

700 MHz, 800 MHz,
900 MHz, etc.

5.5. Effects of Seasonal Variation

The conceptual analysis indicates that the soil depth, water level, and separation
between the nodes (vertical and horizontal) are some of the parameters that affect the net
attenuation encountered during transmission of the signal. However, in a practical scenario,
it is the water depth associated with a bridge pillar that changes with the season. Thus,
there is a need to analyse the effect of season on the RSS.

In the rainy season, the river has high water levels, and moderate water levels are
observed in winters. In summer, rivers almost dry up. RSS variation in summer (shallow
water levels of 0.1 m and 0.2 m) has already been shown in Figure 9. Figure 15a depicts the
theoretical RSS variation in the rainy and winter seasons. Transmission link quality in terms
of analytical SNR and BER [18,59] is indicated in Figure 15b and Figure 15c, respectively.
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(a) (b)

(c)

Figure 15. Variation in transmission link quality vs horizontal inter-node distance with diff for
water levels during different seasons. Transmission link quality is represented by (a) RSS, (b) SNR,
and (c) BER; soil burial depth = 0.2 m, bridge height = 1.5 m.

The plots in Figure 15a indicate that RSS at the receiving end is quite better during
winter as compared to the rainy season. Due to improved RSS values in winter, higher SNR
values are observed during winter, as shown in Figure 15b. Poor SNR values during the
rainy season mean erroneous transmission, and hence higher BER values are noticed during
the rainy season, as shown in Figure 15c. In the figure, the BER is 0.17 during the winter sea-
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son for an inter-node separation of 3 m. However, for the same inter-node separation, a high
BER of 0.41 is noticed during the rainy season. Thus, the communication channel is prone
to error in the rainy season, and the error reduces as the water level lowers with the change
in season.

6. Conclusions
This study presents the development of a channel model tailored for a PHM system

utilizing WUSNs, aimed at accurately estimating the path loss encountered by the trans-
mitted signal. The proposed model considers the transmission of the signal from a sensor
node placed at the base of the bridge pillar to the node placed under the bridge through
multiple transmission media consisting of soil, water, and air. We evaluated the effect of
horizontal inter-node distance, water level, soil depth, and bridge height on the channel’s
performance. It was noted that the path loss intensifies as the horizontal distance between
nodes, as well as the depth of water and soil, increases. This rise in path loss is primarily
attributed to the greater distance the signal must traverse through the air as the inter-node
spacing expands. Soil and water attenuation increases with the increase in soil and water
levels, hence increasing the net path loss. It was further noticed that variation in bridge
height contributes very little to the channel’s path loss, provided constant burial depths,
horizontal inter-node distance, and water levels are maintained. Path loss of the channel
is also severely affected due to the change of seasons as the water level of a river varies
in different seasons. Thus, we observed an extremely high BER during the rainy season
as compared to that during winter and summer. It was realized that in an SWA channel,
loss due to water, soil. and air contributes the most towards the total path loss. The RSS
for various scenarios was evaluated and validated with a real-time experimental setup
consisting of two LoRa-based sensor nodes. Under different scenarios, the experimentally
obtained RSS values follow closely with the proposed analytical values (RMSE values for
RSS obtained in all the scenarios were found to be less than 5 dBm).

Monitoring the health of a bridge pillar is extremely necessary. However, the presence
of soil and water enhances the path loss of the SWA channel significantly, making it difficult
to achieve reliable communication within the channel. Therefore, future studies should
explore the strategic placement of the sensor nodes on the pillar to effectively mitigate
significant path loss within the SWA channel. Furthermore, we intend to explore some of
the following factors relating to SWA channel: (1) impact of ripples in flowing water on the
performance of the SWA channel; (2) analysis of SWA channel performance under varying
composition of soil and water; (3) enhancement of the network density to explore additional
behavioural patterns such as cross-interference [26,60] and collision effect; (4) analysis and
addressing of other challenges that usually occur in any WSN such as network lifetime,
localization, packet error rate, etc.; and (5) development of a machine-learning-based model
as it will be more realistic in nature. Analysis of all these factors will help to monitor the
health of a submerged pillar effectively.

Author Contributions: Conceptualization, H.P., M.D. and B.S.; methodology, H.P., R.R., M.D. and
B.S.; software, H.P., R.R., S.S. and S.T.N.; validation, H.P., R.R., S.S. and S.T.N.; formal analysis, H.P.
and S.S.; investigation, R.R., M.D. and B.S.; resources, H.P. and R.R.; data curation, R.R. and S.T.N.;
writing—original draft preparation, H.P. and R.R.; writing—review and editing, S.S., S.T.N., M.D. and
B.S.; visualization, H.P., S.T.N., M.D. and B.S.; supervision, S.S., M.D. and B.S.; project administration,
M.D. and B.S.; funding acquisition, H.P., R.R., S.S. and S.T.N. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.



Information 2025, 16, 1019 20 of 22

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors thank the reviewers for their thorough reading and helpful com-
ments. Further, the authors would like to thank all the colleagues of Siksha ‘O’ Anusandhan Deemed
to be University, Bhubaneswar, India, for giving support during the study.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Akyildiz, I.F.; Stuntebeck, E.P. Wireless underground sensor network: Research challenges. Ad Hoc Netw. J. 2006, 4, 669–686.

[CrossRef]
2. Ribeiro, F.J.L.; de Castro Pinto Pedroza, A.; Costa, L.H.M.K. Underwater monitoring system for oil exploration using acoustic

sensor networks. Telecommun. Syst. 2015, 58, 91–106. [CrossRef]
3. Noel, A.B.; Abdaoui, A.; Elfouly, T.; Ahmed, M.H.; Badawy, A.; Shehata, M.S. Structural health monitoring using wireless sensor

networks: A comprehensive survey. IEEE Commun. Surv. Tutor. 2017, 19, 1403–1423. [CrossRef]
4. Raza, U.; Salam, A. Wireless Underground Communications in Sewer and Stormwater Overflow Monitoring: Radio Waves

through Soil and Asphalt Medium. Information 2020, 11, 98. [CrossRef]
5. Ikeda, H.; Kolade, O.; Mahboob, M.A.; Cawood, F.T.; Kawamura, Y. Communication of Sensor Data in Underground Mining

Environments: An Evaluation of Wireless Signal Quality over Distance. Mining 2021, 1, 211–223. [CrossRef]
6. Abdollahi, A.; Rejeb, K.; Rejeb, A.; Mostafa, M.M.; Zailani, S. Wireless Sensor Networks in Agriculture: Insights from Bibliometric

Analysis. Sustainability 2021, 13, 12011. [CrossRef]
7. Ahmad, R. Smart remote sensing network for disaster management: An overview. Telecommun. Syst. 2024, 87, 213–237. [CrossRef]
8. Sonbul, O.S.; Rashid, M. Towards the Structural Health Monitoring of Bridges Using Wireless Sensor Networks: A Systematic

Study. Sensors 2023, 23, 8468. [CrossRef] [PubMed]
9. Al-Ali, A.R.; Beheiry, S.; Alnabulsi, A.; Obaid, S.; Mansoor, N.; Odeh, N.; Mostafa, A. An IoT-Based Road Bridge Health

Monitoring and Warning System. Sensors 2024, 24, 469. [CrossRef] [PubMed]
10. Rappaport, T.S. Wireless Communications Principles and Practice; Prentice Hall PTR: Upper Saddle River, NJ, USA, 2001; pp. 69–138.
11. Mekid, S.; Wu, D.; Hussain, R.; Youcef-Toumi, K. Channel modeling and testing of wireless transmission for underground in-pipe

leak and material loss detection. Int. J. Distrib. Sens. Netw. 2017, 13, 155014771774471. [CrossRef]
12. Wang, J.; Zhou, H.; Li, Y.; Sun, Q.; Wu, Y.; Jin, S.; Quek, T.Q.S.; Xu, C. Wireless Channel Models for Maritime Communications.

IEEE Access 2018, 6, 68070–68088. [CrossRef]
13. Piroddi, A.; Torregiani, M. Machine Learning Applied to LoRaWAN Network for Improving Fingerprint Localization Accuracy

in Dense Urban Areas. Network 2023, 3, 199–217. [CrossRef]
14. Akyildiz, I.F.; Kasimoglu, I.H. Wireless sensor and actor networks: Research challenges. Ad Hoc Netw. 2004, 2, 351–367. [CrossRef]
15. Sohraby, K.; Minoli D.; Znati, T. Wireless Sensor Networks: Technology, Protocols, and Applications; John Wiley & Sons Inc.: Hoboken,

NJ, USA, 2007; pp. 10–12.
16. Goldsmith, A. Wireless Communications; Cambridge University Press: Cambridge, UK, 2005; pp. 27–63.
17. Vuran, M.C.; Silva, A.R. Communication through soil in wireless underground sensor networks–theory and practice. In Sensor

Networks-Where Theory Meets Practice; Ferrari, G., Ed.; Springer: Berlin/Heidelberg, Germany, 2009; pp. 309–347.
18. Panda, H.; Das, M.; Sahu, B. Multi-Hop Communication in Wireless Underground Sensor Network. In Proceedings of the

International Conference in Advances in Power, Signal, and Information Technology (APSIT), Bhubaneswar, India, 8–10 October
2021; pp. 1–5.

19. Trinchero, D.; Fiorelli, B.; Galardini, A.; Stefanelli, R. Underground Wireless Sensor Networks. In Proceedings of the IEEE 10th
Annual Wireless and Microwave Technology Conference, Clearwater, FL, USA, 20–21 April 2009; pp. 1–3.

20. Xiaoya, H.; Chao, G.; Bingwen, W.; Wei, X. Channel modeling for wireless underground sensor networks. In Proceedings of the
IEEE 35th Annual Computer Software & Applications Conference Workshops, Munich, Germany, 18–22 July 2011; pp. 249–254.

21. Panda, H.; Das, M.; Sahu, B. Experimental analysis of Underground-Underground communication channel in WUSN. In
Proceedings of the 2nd Odisha International Conference on Electrical Power Engineering, Communication and Computing
Technology (ODICON), Bhubaneswar, India, 11–12 November 2022; pp. 1–5.

22. Theocharidis, T.; Kavallieratou, E. Underwater communication technologies: A review. Telecommun. Syst. 2025, 88, 54. [CrossRef]
23. Niknami, N.; Srinivasan, A.; St. Germain, K.; Wu, J. Maritime Communications—Current State and the Future Potential with

SDN and SDR. Network 2023, 3, 563–584. [CrossRef]

http://doi.org/10.1016/j.adhoc.2006.04.003
http://dx.doi.org/10.1007/s11235-014-9948-6
http://dx.doi.org/10.1109/COMST.2017.2691551
http://dx.doi.org/10.3390/info11020098
http://dx.doi.org/10.3390/mining1020014
http://dx.doi.org/10.3390/su132112011
http://dx.doi.org/10.1007/s11235-024-01148-z
http://dx.doi.org/10.3390/s23208468
http://www.ncbi.nlm.nih.gov/pubmed/37896561
http://dx.doi.org/10.3390/s24020469
http://www.ncbi.nlm.nih.gov/pubmed/38257562
http://dx.doi.org/10.1177/1550147717744715
http://dx.doi.org/10.1109/ACCESS.2018.2879902
http://dx.doi.org/10.3390/network3010010
http://dx.doi.org/10.1016/j.adhoc.2004.04.003
http://dx.doi.org/10.1007/s11235-025-01279-x
http://dx.doi.org/10.3390/network3040025


Information 2025, 16, 1019 21 of 22

24. Wang, J.; Zhang, S.; Chen, W.; Kong, D.; Zuo, X.; Yu, Z. Design and implementation of SDN-based underwater acoustic sensor
networks with multi-controllers. IEEE Access 2018, 6, 25698–25714. [CrossRef]

25. Fu, X.; Huang, X.; Pan, Q.; Pace, P.; Aloi, G.; Fortino, G. Cooperative Data Collection for UAV-Assisted Maritime IoT Based on
Deep Reinforcement Learning. IEEE Trans. Veh. Technol. 2024, 73, 10333–10349. [CrossRef]

26. Pires, L.M.; Gomes, J. River Water Quality Monitoring Using LoRa-Based IoT. Designs 2024, 8, 127. [CrossRef]
27. Ullah, I. Underwater Sensor Networks for Communication, Navigation, and Localization. Sensors 2025, 25, 593. [CrossRef]
28. Stefanov, A.; Stojanovic, M. Design and performance analysis of underwater acoustic networks. IEEE J. Sel. Areas Commun. 2011,

29, 2012–2021. [CrossRef]
29. Gauni, S.; Manimegalai, C.T.; Krishnan, K.M.; Shreeram, V.; Arvind, V.V.; Srinivas, T.V.N. Design and Analysis of Co-operative

Acoustic and Optical Hybrid Communication for Underwater Communication. Wirel. Pers. Commun. 2021, 20, 561–575. [CrossRef]
30. Ganesh, P.S.S.P.; Venkataraman, H. RF-based Wireless Communication for Shallow Water Networks: Survey and Analysis. Wirel.

Pers. Commun. 2021, 120, 3415–3441. [CrossRef]
31. Rauf, M.; Aamir, M.; Khan, A.M. A Prospect of Efficient radio-frequency based underwater Wireless Data Transfer. In Proceedings

of the 2020 Global Conference on Wireless and Optical Technologies (GCWOT), Malaga, Spain, 6–8 October 2020; pp. 1–5.
32. Qureshi, U.M.; Shaikh, F.K.; Aziz, Z.; Shah, S.M.Z.S.; Sheikh, A.A.; Felemban, E.; Qaisar, S.B. RF Path and Absorption Loss

Estimation for Underwater Wireless Sensor Networks in Different Water Environments. Sensors 2016, 16, 890. [CrossRef]
[PubMed]

33. Hattab, G.; El-Tarhuni, M.; Al-Ali, M.; Joudeh T.; Qaddoumi, N. An underwater wireless sensor network with realistic radio
frequency path loss model. Int. J. Distrib. Sens. Netw. 2013, 9. [CrossRef]

34. Saini, P.; Singh, P.R.; Sinha, A. Path loss analysis of RF waves for underwater wireless sensor networks. In Proceedings of the
International Conference of Computer Communication Technologies Smart Nation (IC3TSN), Gurgaon, India, 12–14 October
2017; pp. 104–108.

35. Panda, H.; Das, M.; Sahu, B. Received signal strength prediction model for wireless underground sensor networks using machine
learning algorithms. J. Inf. Optim. Sci. 2022, 43, 949–962. [CrossRef]

36. Panda, H.; Das, M.; Sahu, B. A Generalized Mixed Path Loss (MPL) Model for Wireless Underground Sensor Networks. Wirel.
Pers. Commun. 2023, 129, 2749–2765. [CrossRef]

37. Sambo, D.W.; Forster, A.; Yenke, B.O.; Sarr, I.; Gueye, B.; Dayang, P. Wireless underground sensor networks path loss model for
precision agriculture (WUSN-PLM). IEEE Sens. J. 2020, 20, 5298–5313. [CrossRef]

38. Guru, B.S.; Hiziroglu, H.R. Electromagnetic Field Theory Fundamentals; Cambridge University Press: Cambridge, UK, 2005.
39. Sun, Z.; Akyildiz, I.F.; Hancke, G.P. Dynamic connectivity in wireless underground sensor networks. IEEE Trans. Wirel. Commun.

2011, 10, 4334–4344. [CrossRef]
40. Hadjadj-Aoul, Y.; Ait-Chellouche, S. Access Control in NB-IoT Networks: A Deep Reinforcement Learning Strategy. Information

2020, 11, 541. [CrossRef]
41. Lombardi, M.; Pascale, F.; Santaniello, D. Internet of Things: A General Overview between Architectures, Protocols and

Applications. Information 2021, 12, 87. [CrossRef]
42. Bembe, M.; Abu-Mahfouz, A.; Masonta, M.; Ngqondi, T. A survey on low-power wide area networks for IoT applications.

Telecommun. Syst. 2019, 79, 249–274. [CrossRef]
43. Greitans, M.; Gaigals, G.; Levinskis, A. Implementation of LoRa TDMA-Based Mobile Cell Broadcast Protocol for Vehicular

Networks. Information 2025, 16, 447. [CrossRef]
44. Lin, K.; Hao, T. Experimental Link Quality Analysis for LoRa-Based Wireless Underground Sensor Networks. IEEE Internet

Things J. 2021, 8, 6565–6577. [CrossRef]
45. Mironov, V.L.; Kosolapova, L.G.; Fomin, S.V. Physically and mineralogically based spectroscopic dielectric model for moist soils.

IEEE Trans. Geosci. Remote Sens. 2009, 47, 2059–2070. [CrossRef]
46. Salam, A. An Underground Radio Wave Propagation Prediction Model for Digital Agriculture. Information 2019, 10, 147.

[CrossRef]
47. Peplinski, N.; Ulaby, F.; Dobson, M. Corrections to ‘dielectric properties of soils in the 0.3-1.3-GHz range. IEEE Trans. Geosci.

Remote Sens. 1995, 33, 1340. [CrossRef]
48. Mironov, V.L.; Dobson, M.C.; Kaupp, V.H.; Komarov, S.A.; Kleshchenko, V.N. Generalized refractive mixing dielectric model for

moist soils. IEEE Trans. Geosci. Remote Sens. 2004, 42, 773–785. [CrossRef]
49. Sadeghioon, A.M.; Chapman, D.N.; Metje, N.; Anthony, C.J. A New Approach to Estimating the Path Loss in Underground

Wireless Sensor Networks. J. Sens. Actuator Netw. 2017, 6, 18. [CrossRef]
50. Jha, P.K.; Xanthakis, E.; Jury, V.; Le-Bail, A. An Overview on Magnetic Field and Electric Field Interactions with Ice Crystallisation;

Application in the Case of Frozen Food. Crystals 2017, 7, 299. [CrossRef]
51. Meissner, T.; Wentz, F.J. The complex dielectric constant of pure and sea water from microwave satellite observations. IEEE Trans.

Geosci. Remote Sens. 2004, 42, 1836–1849. [CrossRef]

http://dx.doi.org/10.1109/ACCESS.2018.2835477
http://dx.doi.org/10.1109/TVT.2024.3377666
http://dx.doi.org/10.3390/designs8060127
http://dx.doi.org/10.3390/s25030593
http://dx.doi.org/10.1109/JSAC.2011.111211
http://dx.doi.org/10.1007/s11277-020-07883-1
http://dx.doi.org/10.1007/s11277-021-09068-w
http://dx.doi.org/10.3390/s16060890
http://www.ncbi.nlm.nih.gov/pubmed/27322263
http://dx.doi.org/10.1155/2013/508708
http://dx.doi.org/10.1080/02522667.2022.2092061
http://dx.doi.org/10.1007/s11277-023-10256-z
http://dx.doi.org/10.1109/JSEN.2020.2968351
http://dx.doi.org/10.1109/TWC.2011.093011.110632
http://dx.doi.org/10.3390/info11110541
http://dx.doi.org/10.3390/info12020087
http://dx.doi.org/10.1007/s11235-019-00557-9
http://dx.doi.org/10.3390/info16060447
http://dx.doi.org/10.1109/JIOT.2020.3044647
http://dx.doi.org/10.1109/TGRS.2008.2011631
http://dx.doi.org/10.3390/info10040147
http://dx.doi.org/10.1109/TGRS.1995.477193
http://dx.doi.org/10.1109/TGRS.2003.823288
http://dx.doi.org/10.3390/jsan6030018
http://dx.doi.org/10.3390/cryst7100299
http://dx.doi.org/10.1109/TGRS.2004.831888


Information 2025, 16, 1019 22 of 22

52. Toro-Castillo, C.; Cervantes-Lozano, J.; Serrano-García, D.I.; González-Ochoa, H.O. Derivation of the Ray Equation from Snell’s
Law. Physics 2025, 7, 26. [CrossRef]

53. Georgouli, K.; Plati, C. Dielectric Response of Asphalt Mixtures and Relationship to Air Voids and Stiffness. Constr. Mater. 2024,
4, 566–580. [CrossRef]

54. Bourdi, T.; Rhazi, J.E.; Boone, F.; Ballivy, G. Modelling dielectric constant values of concrete: An aid to shielding effectiveness
prediction and ground-penetrating radar wave technique interpretation. J. Phys. Appl. Phys. 2012, 45, 405401. [CrossRef]

55. Ben Temim, M.A.; Ferré, G.; Laporte-Fauret, B.; Dallet, D.; Minger, B.; Fuché, L. An enhanced receiver to decode superposed
LoRa-like signals. IEEE Internet Things J. 2020, 7, 7419–7431. [CrossRef]

56. Bartolomé, J.; del Río, I.; Martínez, A.; Aranguren, A.; Laña, I.; Alloza, S. Game On: Exploring the Potential for Soft Skill
Development Through Video Games. Information 2025, 16, 918. [CrossRef]

57. Adefemi Alimi, K.O.; Ouahada, K.; Abu-Mahfouz, A.M.; Rimer, S. A Survey on the Security of Low Power Wide Area Networks:
Threats, Challenges, and Potential Solutions. Sensors 2020, 20, 5800. [CrossRef]

58. Islam, M.; Jamil, H.M.M.; Pranto, S.A.; Das, R.K.; Amin, A.; Khan, A. Future Industrial Applications: Exploring LPWAN-Driven
IoT Protocols. Sensors 2024, 24, 2509. [CrossRef]

59. Ippolito, L.J. Satellite Communications Systems Engineering-Atmospheric Effects Satellite Link Design and System Performance; Wiley:
West Sussex, UK, 2008; pp. 363–365.

60. Busacca, F.; Mangione, S.; Palazzo, S.; Restuccia, F.; Tinnirello, I. SDR-LoRa, an open-source, full-fledged implementation of LoRa
on Software-Defined-Radios: Design and potential exploitation. Comput. Netw. 2024, 241, 110194. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.3390/physics7030026
http://dx.doi.org/10.3390/constrmater4030030
http://dx.doi.org/10.1088/0022-3727/45/40/405401
http://dx.doi.org/10.1109/JIOT.2020.2986164
http://dx.doi.org/10.3390/info16100918
http://dx.doi.org/10.3390/s20205800
http://dx.doi.org/10.3390/s24082509
http://dx.doi.org/10.1016/j.comnet.2024.110194

	Introduction
	Related Works
	Proposed Path-Loss Model
	Signal Attenuation Due to the Direct Route
	Signal Attenuation Due to the Reflected Route

	Experimental Setup
	Framework
	Communication Process
	Experimental Procedure

	Results and Discussion
	Effects of Horizontal Inter-Node Separation and Water Level Variation
	Effects of Horizontal Inter-Node Separation and Soil Level Variation
	Effects of Bridge Height Variation
	Effects of Signal Frequency Variation
	Effects of Seasonal Variation

	Conclusions
	References

