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seawater medium is presented in this paper applying THz frequencies. A transmitter
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(circular with a diameter of 14 mm, a thickness of 3 mm) and a rectangular receiver
(20x10x0.5 mm3) are designed to trace the variations in the propagation mediums. A
propagation medium of seawater (70x40x60 mm3) with ice and softwood is modelled.
A scale of frequencies (1 kHz to 1 THz) is applied to trace the impact on the propagation
pattern. It is found that THz range frequencies provide a very small wavelength. As a
result, the potential propagation distance is very small. As such, the sound pressure

Keywords: level, displacements of the receiver and pressure field shows very rapid drops in the
Acoustic wave propagation; ZnO; magnitude. This work considers only 70 mm as propagation distance, yet the sharp
Seawater Medium; Impedance decrement of performance parameters suggests that it is rather inconvenient to
Mismatch; Finite Element Analysis achieve useful efficiency using THz frequencies for acoustic propagation.

1. Introduction

Underwater wireless communication is very important for several scientific aspects. One of the
most important interests is that 95% of the ocean is still unexplored. Yet, the ocean is the largest
source of natural resources with billions of unknown inhabitants in it. Hence, oceanic research and
explorations have the attraction from modern research and industrial agencies from all over the
world. In approach, various underwater vehicles (unmanned (UUVs) and autonomous underwater
vehicles (AUVs)) are widely deployed to monitor the possible energy resources, underwater
environment, marine life and seafloor activities [1, 2]. As the number of these underwater vehicles
or monitoring agents are growing, a vast amount of data needs to be collected as well, to filter and
analyze for further decision employments of the exploration.

To establish an effective communication channel, it is required to have a stable power module.
However, wired powering is not convenient for an underwater vehicle. As such, wireless powering of
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these vehicles is well desired. Among several wireless power transfer (WPT) modules, inductive,
optical and acoustic WPTs are most promising for underwater WPT. However, all of them possess
positive and negative remarks [3, 4]. Acoustic energy transfer (AET), unlike the aforementioned
WPTs, transfers power by propagating energy like sound or vibration waves which can be converted
to useful electrical energy [5, 6]. In underwater, the generation of electricity mainly depends on the
acoustic wave propagations, direction and intensity. Moreover, studies on the presence of iceberg
and underwater plants in the water requires further investigation. Apart from the underwater
inhabitants, ice and plants can influence wave propagation as well [8-11]. Unfortunately, there is no
study available to conclude the influence in this particular area. Hence, in this paper, we have
designed a seawater medium with ice and softwood as obstacle mediums to address the impact on
acoustic propagations.

Additionally, the application of THz frequencies for acoustic waves requires additional
investigation to trace the compatibility for underwater mediums. Yet, to date, studies on the impact
of THz frequencies are not available. So, to achieve this, the designs need to be operated using a wide
range of frequencies. To do so, a finite element analysis of the acoustic wave propagation in a
seawater medium is presented in this work. The medium is designed to consider 3 cases; case 1 as
fresh seawater, case 2 for seawater with an ice block and in case 3 seawater with ice and softwood.
Ice and softwood are added to compromise the presence of iceberg and seawater plants in the
seawater medium. It is worthy to investigate the impact of the different medium designs with
different material characteristics. Additionally, the impact of applying THz level frequencies for a
given acoustic medium requires further investigation. As such, the 1 GHz to 1 THz range of
frequencies are considered as one of the scopes to indicate the initial impacts before we proceed for
higher THz frequencies.

The rest of the paper is organized as; Section 2 presents details of the medium design and
descriptions while Section 3 presents the evaluation of the high-frequency impacts. Lastly, Section 4
concludes this paper with some prospective future agendas.

2. Modeling of Transmitter, Receiver and Mediums in Finite Element Analysis

Acoustic propagation can be analyzed under a simulated finite element environment. To do so, a
transmitter and a receiver pair can be used to study the influence. As such, a transmitter and a
receiver pair are designed in this study. The transmitter is a simple circular transceiver with a Zinc
Oxide (Zn0O) and an aluminum (Al) layer. It is 14 mm in diameter and 3 mm in thickness (thickness of
Al layer is 1 mm and ZnO is 2 mm). In contrast, the receiver is a simple ZnO rectangle block with a
20x10x0.5 mm?3 dimension. The reason to keep the transmitter in a circular shape is to use the benefit
of the directional acoustic beams. Also, a rectangular configuration is more beneficial as a receiver
[7]. The transmitter and receiver are depicted in Figure 1. Figure 1(d) illustrates the mesh generation
of the design. We have applied the maximum element size of 7.35 mm whereas the maximum
element size of 1.32 mm. Maximum element growth rate and curvature factors are 1.5 and 0.6
respectively. Resolution for narrow regions is set as 0.5. These settings are selected to achieve the
compromise between the structure and the simulation time.

As pictured in Figure 1, we have designed the model in a simulated environment with finite
elements and later evaluated it as the same. The propagating medium is defined by a 70x40x60 mm?3
liguid block. A pair of a transmitter and a receiver are placed on the two boundary ends of the
medium so that the vibration from the transmitter can be collected by the receiver on the other end
of the medium boundary. Three types of designs are considered in this study for acoustic evaluations.
The first design includes seawater only, as of the medium, which is a 70x40x60 mm?3 block as depicted
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in Figure 1(a). The second design split the medium into two modules of seawater and ice. Each of
them has a 35x40x60 mm?3 dimension, so the actual medium dimension remains the same, as
pictured in Figure 1(b). Another material, softwood, is included in the medium for the third design.
This material has similar properties to underwater plants in general. That results in the medium to
be distributed as 30x40x60 mm?3 for seawater, 20x40x60 mm? for ice and softwood each, keeping
the medium to be of the same dimension. Figure 1(c) and 1(d) presents the third design and model
meshing, respectively. The transmitter and receiver dimension and position remain the same for all
three designs. The material descriptions of the mediums are shown in Table 1.
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Fig. 1. Propagation medium model and mesh of (a) Seawater only, (b)
Seawater and Ice, (c) Seawater, Softwood and Ice, (d) Mesh of the model

Table 1

Medium descriptions

Medium Dimension (mm3)  Density (kg/m?3) Speed of Sound (m/s)

Seawater 70x40x60 1027.3 1500
35x40x60

Ice 35x40x60 920 1402
20x40x60

Softwood 35x40x60 300 2000
20x40x60

Zinc Oxide 20x10x0.5 5680 6090

Aluminium 2730 6320

3. Results and Analysis of Underwater Acoustic Propagation
3.1 Sound Pressure Level

Figure 2, 3 and Table 2 explains the sound pressure level (SPL) against applied frequencies in the

carrier mediums. In brief, Figure 2 informs SPL against the medium dimensions at 1 GHz and 1 THz
whereas Figure 3 depicts SPL against the applied frequencies of 1 GHz to 1 THz. Table 2 summarizes
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the received SPL by the receiver. From Figures 2 and 3, we can observe that the received SPL gets
significantly affected by the incremental change in applied frequencies. As evident from Figures 2(a)
and 2(b), the maximum and minimum SPL received at 1 GHz for the seawater medium is 72.2 dB and
-82.6 dB, respectively. However, when the 1 THz frequencies are applied, the maximum and
minimum SPL dropped down to 12.6 dB and -135 dB, which results in 59.9 dB and -52.4 dB SPL of
difference for the 1 GHz to 1 THz range. Similarly, 72.8 dB to 12.5 dB and -80.9 dB to -129 dB SPL drop
are found for the two mediums model, as in Figures 2(c) and 2(d). In relation, 74 dB to 12.8 dB and -
79 dB to -132 dB SPL of difference are available for 3 mediums model as depicted in Figures 2(e) and
2(f).
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Fig. 2. Sound Pressure Level (SPL) (a) Seawater only at 1 GHz (b) Seawater only at 1
THz (c) Seawater and Ice at 1 GHz (d) Seawater and Ice at 1 THz (e) Seawater,
Softwood and Ice at 1 GHz (f) Seawater, Softwood and Ice at 1 THz
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A clearer pattern can be observed in Figure 3. Figures 3(a), 3(b) and 3(c) are illustrating the
summarized effect of applied frequencies in single, dual and triple mediumes. It is very clear from all
3 Figures that, received SPL has an inverse relationship with the applied frequencies [12, 13]. Higher
frequencies result in smaller wavelengths (by applying A=v/f where A is the wavelength, v is the speed
of sound and f is the applied frequency). Smaller wavelengths offer lower energy density, thus,
smaller propagation area. As such, rapid decrements are found in the received SPL which are
provided by the higher frequencies. The summary of these findings is available in Table 2.

All figures in 2 and 3 are showing the impact of the multiple obstacles and applied frequencies on
the propagation medium. When no obstacles are present in the medium, the SPL distribution is even,
which follows the standard propagation pattern. However, once obstacles are added, the basic
propagation (reflection, diffraction, and scattering) modes come to the picture. Hence, more added
obstacles provide more disturbed propagation. This impact can be detected in Figures 2(a), 2(c) and
2(e). In addition to that, the range of frequency will determine the size of the wavelength. Higher
frequencies will result in smaller wavelengths while lower frequencies result in longer wavelengths.
Smaller wavelengths possess less energy density compared to longer wavelengths. Hence, smaller
wavelengths restrict the propagation to a smaller area. Thus, a rapid drop in the SPL can be seen
when higher frequencies are applied. These impacts are available in Figures 2(b), 2(d) and 2(f)
(compared to Figures 2(a), 2(c) and 2(e)) and in Figure 3 as well.

Fig. 3. Sound Pressure Level (SPL) at 1 GHz — 1 THz (a) Seawater only (b) Seawater and Ice (c) Seawater,
Softwood and Ice
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Table 2

Received SPL in the layered mediums [Medium 1 (Seawater),
Medium 2 (Seawater & Ice), Medium 1 (Seawater, Softwood & Ice)]

Medium Max SPL (dB) Min SPL (dB)
Medium 1 56.25 (1 GHz) -32.4 (902 GHz)
Medium 2, layer 1 47 (1 GHz) -64 (954 GHz)
Medium 2, layer 2 63.3 (1 GHz) -33 (896 GHz)
Medium 3, Layer 1 55.4 (1 GHz) -47.9 (537 GHz)
Medium 3, Layer 2 46.5 (1 GHz) -43.1 (866 GHz)
Medium 3, Layer 3 64.1 (1 GHz) -38.9 (811 GHz)

3.2 Displacements at the Receiver

Figure 4 and Table 3 summarize the displacement profile received by the receiver. The root means
square (RMS) of displacements are presented in Figure 4 while the total displacements are shown in
Figure 5. It is obvious from the figures that, increased frequencies have decreased the received
displacements on the receiver. The THz frequency provides a very small wavelength, hence, the
displacements are decreased as the propagated waves are losing power. Table 3 presents the
summary of the RMS displacements at the receiver. From Table 3 and Figure 4 we can see that 8.38e-
28 mm displacements are found at 533 GHz whereas 9.8e-31 mm displacements are found at 801
GHz for the seawater medium. In comparison, 1.6e-28 mm at 502 GHz and 7e-31 mm at 915 GHz
displacements are observed for 1 GHz to 1 THz applied frequency for the dual medium of seawater
and ice. The medium containing 3 materials will experience 1.93e-28 mm at 502 GHz and 1.29e-30

mm at 655 GHz frequencies.

Fig. 4. Displacements RMS at 1 GHz — 1 THz (a) Seawater only (b) Seawater and Ice (c)

Seawater, Softwood and Ice
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Table 3

Displacements collected by the receiver [Medium 1 (Seawater), Medium 2
(Seawater & Ice), Medium 1 (Seawater, Softwood & Ice)]

Medium Max Displacement (mm) Min Displacement (mm)
Medium 1 8.38e-28 (533 GHz) 9.8e-31 (801 GHz)
Medium 2 1.6e-28 (502 GHz) 7e-31 (915 GHz)
Medium 3 1.93e-28 (502 GHz) 1.29e-30 (655 GHz)

Additionally, Figure 5 presents the total displacements against the applied frequencies in the
reference to the ark length. A similar effect of frequencies is found as RMS displacements. It is very
clear that the highest displacements are found when the lower frequencies are applied.
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Fig. 5. Total Displacements at 1 GHz — 1 THz (a) Seawater only (b) Seawater and Ice (c) Seawater,

Softwood and Ice

3.3 Acoustic Pressure Field

Figure 6 and Table 4 depict the impact of THz frequencies on an acoustic medium in the context
of acoustic pressure field (APF). It is evident from the figure that, a maximum of 0.4 pPa APF is
observed with the applied frequency of 3 GHz at the receiving boundary. Again, 1.7e-7 uPa is found
at 552 GHz which is minimum for the single medium model. A similar impact is found when the
medium includes both seawater and ice material properties, as referred to as medium 2 in Table 4.
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From the table, we can see that a maximum APF of 2.85e-2 uPa (at 47 GHz) and a minimum of 6.1e-
6 uPa (at 818 GHz) APF is available. However, when 3 materials are added to the propagation
medium, the found APF seems to be closer to the seawater medium impacts. In fact, a maximum of
0.3 uPa APF is observed at 3 GHz whereas a minimum of 2.64e-5 uPa is found at 795 GHz of the
applied frequency. The generalized descriptions are provided as in Figure 6.

Table 4
Total Acoustic Pressure Field (APF) on the receiver [Medium 1 (Seawater),
Medium 2 (Seawater & Ice), Medium 1 (Seawater, Softwood & Ice)]

Medium Max APF (uPa) Min APF (uPa)
Medium 1 0.4 (3 GHz) 1.74e-7 (552 GHz)
Medium 2 2.85e-2 (47 GHz) 6.1e-6 (818 GHz)
Medium 3 0.3 (3 GHz) 2.64e-5 (795 GHz)

Fig. 6. Total Acoustic Pressure Field at 1GHz to 1 THz (a) Seawater only (b) Seawater and Ice (c)
Seawater, Softwood and Ice

In summary, the received SPL can vary from as low as -32.4 dB (at 902 GHz, max 56.25 dB at 1 GHz)
for seawater, -64 dB (at 954 GHz, max 63.3 dB at 1 GHz); for seawater with ice and -47.9 dB (at 537
GHz, max 64.1 dB at 1 GHz); and for seawater with ice and softwood. Hence, the SPL distribution is
linearly decremental with the applied frequencies. The RMS displacements in the receiver are found
to be a maximum of 8.38e-28 mm (at 533 GHz) and a minimum of 9.8e-31 mm (at 801 GHz) for
seawater medium. Acoustic pressure fields (APF) found to be lies within the pPa range. In fact,
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maximum APF found for the medium 1, 0.4 pPa at 3 GHz while it also shows a significant drop to
1.74e-7 pPa at 552 GHz. A closer pattern is found for the triple medium with 0.3 puPa at 3 GHz and
minimum APF of 2.64e-5 puPa at 795 GHz. However, the worst case is found for the case of dual
mediums. It exhibits a maximum APF of 2.85e-2 pPa at 47 GHz while drops to 6.1e-6 puPa at 818 GHz.

Now, the acoustic wavelength produced by the THz frequencies are extremely small, 0.3430 um
for 1 THz. In comparison, 343 um wavelength for 1 GHz, and 343 mm wavelength for 1 MHz
frequency. Hence, the energy density is lower for THz frequencies compared to that of MHz or even
GHz frequencies [14, 15]. As a result, high frequencies seem to be suitable for near field applications
only. Actually, our design considers only a 70 mm distance from the transmitter to receiver, yet,
significant drops are found in SPL, APF and receiver displacements. Hence, higher energy density will
be required for a longer distance (>100 m) underwater [16, 17]. This reason supports the KHz range
frequencies for underwater wireless power transfer [18]. However, high frequencies can further be
investigated for near field applications (<10 m) in order to estimate the guided wave and their
applications [19, 20].

4. Conclusions

Finite element analysis of acoustic wave propagation with THz frequencies is evaluated in this
paper. Sound pressure level (SPL), receiver displacements and acoustic pressure fields (APF) are
particularly focused to trace the effect of wide-scale applied frequencies. The propagation medium
considered is seawater with two added materials in it, ice and softwood. Softwood is added to the
medium as the underwater plants. A set of frequencies (1 kHz - 1 THz) are applied to direct the
propagation of the acoustic wave. From the results, it can be found that THz frequencies result in an
extremely smaller wavelength as small as 1.5e-9 m. This wavelength results in very weak acoustic
wave propagation in seawater medium. It is found from the results that the SPL can vary from as low
as -32.4 dB (at 902 GHz) to -64 dB (at 954 GHz). In addition, the SPL distribution is not linearly
incremental with the applied frequencies, rather it is decremental. Similar effects are found for
displacements as well. The RMS displacements in the receiver are found to be a maximum of 8.38e-
28 mm (at 533 GHz) and a minimum of 9.8e-31 mm (at 801 GHz) for seawater medium which is very
low to detect any changes. Acoustic pressure fields (APF) found to be lies within the puPa range as
well. Hence, we can conclude, the increased frequency decreases the SPL and the displacements in
the receiving end. It has the inverse impact on the APF too. As the displacement magnitude is the
major parameter to evaluate the strength of the received power at the receiver end i.e. underwater
wireless applications, it is required to be as high as possible. However, it is conclusive that, THz
frequencies cannot benefit the underwater acoustic propagation for long-range. Hence, we will
mainly focus on the near field acoustic propagation for future research.
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