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Abstract. In the shallow water environment, the water surface, and the seafloor
act as reflective boundaries for the sound waves. When a sound wave encounters
these boundaries, it undergoes reflection, bouncing back and forth between the
surface and the bottom. As a result, the sound energy is distributed among various
paths, leading to multipath arrivals at the receiver. The repeated reflections con-
tribute to the complexity of the sound propagation in shallow water. This multipath
propagation can cause interference and fading, making the received signals chal-
lenging to decode, interpret accurately, and transmission losses. Therefore, proper
modelling of channel is essential inoreder to deploy a network with high accuracy.
In this work, we have developed and analyzed an acoustic multipath channel model
to investigate the impact of mixed layer depth and near field anomaly on transmis-
sion losses in underwater environments. The main focus is on understanding how
various underwater medium parameters, such as temperature, salinity, depth, and
pH, affect the transmission losses. It is evident from simulation results; acoustic
velocity has increased by 30 m/s when the temperature reduced from 30 °C to
14 °C and 7 m/s when the salinity increased from 30 ppt to 35 ppt. Transmission
losses are increased by 58.8% when the mixed layer depth (MLD) increased from
10 m to 95 m. Whereas, these losses are reduced by 43.7% when the near field
anomaly (K} ) increased from 7 dB to 20 dB.

Keywords: Acoustic Channel - Multipath - Reflection - Sound Speed -
Temperature - Transmission Loss - Salinity

1 Introduction

Underwater Acoustic Sensor Networks (UASNs) are specialized networks that utilize
underwater acoustic communication for data gathering, monitoring, and collaboration
in underwater environments [1]. UASNSs consist of a collection of autonomous or semi-
autonomous underwater sensor nodes that work together to perform various tasks such
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as oceanographic data collection, environmental monitoring, underwater surveillance,
and underwater exploration [2]. UASNSs play a crucial role in expanding our understand-
ing of underwater ecosystems, oceanography, and marine resources. They enable real-
time monitoring of underwater phenomena, such as temperature, salinity, water quality,
marine life, and seabed conditions. By collecting and transmitting data from diverse
underwater locations, UASNs provide valuable insights into underwater processes and
enable timely decision-making for various applications [3]. The unique characteristics
of underwater environments pose significant challenges for UASNs [4, 5]. Underwater
acoustic communication is the primary means of data transmission in UASNs since radio
frequency signals do not propagate efficiently in water due to high absorption and attenu-
ation. Acoustic signals can travel long distances, but they suffer from limited bandwidth,
high propagation delays, multipath fading, and significant signal attenuation, which can
affect the performance and reliability of underwater communication systems [6, 7].

To address these challenges, UASNs require specialized hardware and networking
protocols [8]. Acoustic modems are used as communication interfaces, employing tech-
niques such as frequency modulation, spread spectrum, and advanced error correction
coding to enhance the reliability and data rate of underwater acoustic communication.
UASNSs also employ advanced signal processing algorithms and networking protocols
specifically designed for underwater environments to mitigate the effects of multipath
propagation, interference, and limited bandwidth. Multipath propagation is a significant
phenomenon that affects UASNs and their communication performance [9]. It is primar-
ily caused by the interaction of sound waves with the underwater environment, including
factors such as reflections, refractions, and scattering. Through a sequence of repeated
reflections from both the water’s surface and the seabed, sound travels vast distances
in shallow water. Due to these reflections, sound waves might propagate through many
routes before they are detected by a receiver.

The seabed and the water surface serve as sound waves reflecting limits in an envi-
ronment with shallow water. These barriers cause a sound wave to reflect, causing it to
bounce back and forth between the surface and the bottom. The sound energy is thus
dispersed along a number of routes, resulting in multipath arrivals to the receiver. Sound
transmission in shallow water is difficult due to the recurrent reflections. The arrival
timings, amplitudes, and phases of the signals that are received can vary depending on
the trajectories that the sound waves follow, as well as their lengths and travel periods
[10]. The interference and fading that might result from this multipath propagation make
it difficult to decode and correctly understand the signals that are received. Designing
and enhancing underwater communication systems and acoustic signal processing algo-
rithms requires an understanding of and consideration for the multipath propagation
phenomena in shallow water [11].

2 Related Work

The emergence of Underwater Acoustic Sensor Networks (UASNs) has garnered consid-
erable interest in various fields, thanks to their wide range of applications in underwater
monitoring, environmental sensing, marine exploration, and military surveillance. In
the context of UASNs, understanding and addressing transmission losses are vital for
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achieving reliable and efficient communication in underwater environments. Extensive
research papers and studies have been dedicated to exploring the factors that influence
transmission losses in UASNs. These include path loss models, absorption and scat-
tering effects, multipath propagation phenomena, channel estimation and equalization
techniques, as well as network topology and routing considerations. By investigating and
comprehending these factors, researchers aim to enhance the performance and effec-
tiveness of UASNs by mitigating transmission losses and optimizing communication
strategies.

This research contributes to the advancement of underwater communication systems,
enabling them to operate successfully in challenging underwater conditions and fulfill
their potential in diverse applications. In [12], the authors have investigated the funda-
mental physics of wave propagation, specifically focusing on acoustic, electromagnetic
(EM), and optical communication carriers. In [13], the authors have extensively studied
the impact of propagation characteristics on underwater communication. In [14], the
authors have focused on the relationship between propagation loss, ambient noise, and
channel capacity in underwater communication. To address inaccuracies in sound speed
estimation in oceans and seas, a mathematical model [15] has been proposed. This model
provides a conversion framework between atmospheric pressure and depth, as well as
depth and atmospheric pressure, aiding in sound speed determination. In [16], the authors
have presented an experimental setup that investigates the impact of underwater medium
parameters.

A method [17] has been proposed to enhance localization accuracy in underwater
environments. To simulate underwater networks effectively, a specifically developed
acoustic channel model [18] is employed. In [19], researchers have conducted real-time
measurements of route loss in underwater acoustic channels. In [20], a deep learning-
based framework has been introduced to enhance accuracy and throughput in channel
modeling. The authors have provided a detailed account of the statistical properties of
the channel model in [21]. Moreover, a novel technique for frame boundary estimation in
UASN has been proposed in [22]. In [23], the authors especially address the clustering in
UASN by focusing on the integration of three essential approaches in the context of IoT
applications. In [24], the authors investigated how water absorption affected the hybrid
phenol formaldehyde (PF) composites’ mechanical characteristics.

3 Methodology

This comprehensive approach provides valuable insights into the complex acoustic envi-
ronment of shallow and deep water, and enabling better understanding and modeling of
underwater acoustic propagation.

3.1 Sound Speed

The transmission of sound through water differs significantly from electromagnetic (EM)
waves, primarily due to its slow speed [25, 26]. Mackenzie’s empirical formula, denoted
by (1), provides a means to calculate sound velocity.

e(T,S,2) =ay + arT + a3T? + asT> + as(S — 35) + agz + a7z + agT (S — 35)agTz> (1)
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3.2 Acoustic Propagation loss

Propagation loss of sound refers to the reduction in the strength or intensity of sound
waves as they travel through a medium or propagate in a given environment [27]. The
loss associated with cylindrical spreading is expressed using Eq. (2), while spherical
spreading loss is represented by Eq. (3).

Les = 10 x log(R,) @)

Lgs = 20 x log(R;) 3

3.3 Absorption Loss

Sound waves in a medium, such as air or water, experience absorption, where the energy
of the sound wave is converted into heat [28]. The absorption is frequency-dependent,
with higher frequencies generally being absorbed more rapidly which is represented
using (4). Where, « is absorption coefficient in underwater, it represents the rate at
which sound energy is converted into other forms, such as heat, due to the inherent prop-
erties of the water medium. The absorption coefficient is frequency-dependent, meaning
that different frequencies of sound waves are absorbed to varying degrees. Higher fre-
quencies generally experience greater absorption than lower frequencies. The absorption
coefficient is represented using (5). Where, A; and A, represent the contributions of boric
acid and magnesium sulphate components, respectively, in sea water. Similarly, P;, P2,
and P3 denote the depth pressure components for boric acid, magnesium sulphate, and
pure water, respectively. The relaxation frequency for boric acid, denoted as f; (in kHz),
is given by Eq. (6). In Eq. (6), S represents salinity (in parts per 1000), and T repre-
sents temperature in degrees Celsius. The relaxation frequency for magnesium sulfate,
denoted as f> (in kHz), is given by Eq. (7).

Loy = (@ x R) x 1073 4)

AIPIfif? | AaPofof?
o=——5t o2
f2+1 f2+f5

S 0.5
fi= 2.8(§> x 10[4—1245/(273+T)] (6)

+ A3P3f? (5)

8.17 x 10[8—1990/(273+T)]

=7 0.0018(S — 35) )

3.4 Transmission Loss

In shallow water, sound travels a long way by repeatedly reflecting off the bottom and
surface, a process known as multipath propagation [29]. This phenomenon introduces
transmission losses. The equation employed in this analysis accounts for the horizontal
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separation distance (r) between the sound source and receiver, specifically when r is
within a range of up to 1 times H (skip distance). In this context, H represents the
average water depth of the acoustic study area, which serves as a conservative definition
for the purposes of this analysis (skip distance). The skip distance H can be defined by
using (8). The transmission losses due to multipath in shallow water is defined using (9)
for the case, when r is within the range of H, (10) for the case when H < r < 8H and
(11) when r > 8H. Where, d is the mixed layer depth, z is the scenario depth, K, is the
near field anomaly, a7 is the shallow water attenuation coefficient [30].

/1
TLyuttiparn = 20 x log(r) +a x r + 60 — Kp. 9)
TLyuitiparn = 15 x log(r) + o x r +ar(r/H — 1) + 5 x log(H) + 60 — K, (10)

TLyuitiparh = 10 x log(r) +a x r +ar(r/H — 1) + 10 x log(H) + 60 — K, (11)

4 Simulation Parameters

To simulate the transmission losses of an UASN, several parameters need to be con-
sidered for the simulation model which helps in accurately predicting the transmission
losses. Table 1 provides the detailed list of parameters used for simulation along with
their ranges.

Table 1. Execution Parameters

Parameter Range
Depth (meters) 0-100
Temperature (°C) 30-12
Salinity (ppt) 30-35
Frequency(kHz) 0.1-100
pH 7.8

R; (meters) 100
MLD (meters) 10-95
Ky (dB) 7-20
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S Simulation Results

The transmission of underwater acoustics is significantly influenced by the acoustic
velocity in shallow water. The speed at which sound travels through water varies with
temperature changes. Figure 1 illustrates this relationship, showing that sound speed
increases with greater depth but decreases as the water temperature decreases. For
instance, at a specific depth of 10 m and a temperature of 30 °C, the initial sound speed
is measured to be 1510 m/s. However, when the temperature is lowered to 14 °C while
keeping the depth constant, the sound speed increases to 1540 m/s, as shown in Fig. 1.
Interestingly, as the depth increases, the sound speed becomes more closely associated
with changes in water salinity rather than changes in temperature.
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Fig. 1. Acoustic velocity disparities in accordance with temperature in shallow water.

It is observed from Fig. 2, that the salinity variations are also directly proportional to
sound speed variations. Higher salinity levels typically result in increased sound speed,
while lower salinity levels correspond to decreased sound speed. As the depth increases
and salinity levels rise, the sound speed also increases. At a specific salinity (S = 33ppt),
different sound speed profiles are observed along the depth, ranging from 1534 m/s to
1542 m/s, as depicted in Fig. 2.

The presence of different chemicals in underwater environments can lead to sound
absorption. Chemical components such as dissolved gases, salts, and organic matter have
distinctive absorption characteristics, influencing the propagation of sound waves in the
water medium. These chemicals interact with sound waves, absorbing energy at specific
frequencies and resulting in a reduction in sound intensity over distance (see Fig. 3).
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Fig. 2. Acoustic velocity disparities in accordance with salinity in deep water.
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Fig. 3. Frequency vs attenuation due to various chemical compositions.

When the mixed layer depth is shallow, it can lead to transmission losses due to high
attenuation. Specific impact of mixed layer depth on transmission losses depends on
various factors, such as the frequency of the sound waves, the composition of the mixed
layer, the characteristics of the seafloor, and the environmental conditions. It is depicted
from Fig. 4, that the impact of mixed layer depth on transmission losses under various
medium parameters. As the mixed layer depth increase, the transmission losses are also
increase for the case of H < r < 8H.
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Fig. 4. Transmission Losses in shallow water for multipath model by varying MLD.

Near field anomalies occur when sound waves interact with abrupt changes in the
water column, such as changes in depth, temperature, salinity, or bottom topography.
These anomalies can cause the sound waves to deviate from their expected behav-
ior, resulting in transmission losses. As the value of near field anomaly increase, the
transmission losses are reducing gradually (see Fig. 5).
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Fig. 5. Transmission Losses in shallow water for multipath model by varying Ky,



296 Y. Durgachandramouli et al.
6 Conclusion

In this study, we have formulated and examined an acoustic multipath channel model to
explore how the mixed layer depth and near field anomaly impact transmission losses
in underwater environments. The primary objective is to comprehend the influence of
various parameters of the underwater medium, including temperature, salinity, depth,
and pH, on transmission losses. Our simulation results reveal intriguing findings. When
the temperature decreased from 30 °C to 14 °C, the acoustic velocity increased by 30 m/s.
Similarly, a salinity increases from 30 ppt to 35 ppt led to a 7 m/s rise in acoustic velocity.
Furthermore, transmission losses surged by 58.8% with an increase in mixed layer depth
(MLD) from 10 m to 95 m. Conversely, when the near field anomaly (K1) increased from
7 dB to 20 dB, these losses decreased significantly by 43.7%.
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