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Abstract. Due to the difference in acoustic impedance between water and air, the water interface
becomes a natural barrier. Underwater sound waves will bounce when they propagate to the
water surface. Electromagnetic waves and light waves in the air will rapidly attenuate after
passing through the water surface and going underwater, making it difficult to complete air-water
cross-media information transmission. In this article, we first analyze the theoretical
characteristics and vibration model of the water surface after medium collision, and develop a
new full-duplex communication method across the air-ocean medium, which does not rely on
relay equipment and only uses three transmission media in the air. Propagate signals in the sea
channel physical field to achieve two-way communication, using the mutual conversion between
laser, acoustic, and radio frequency signals to fill the gap in cross-media communication
technology that can simultaneously achieve two-way, full-duplex and non-relay. It has been
verified through experimental installations carried out in laboratory water tanks and large
comprehensive anechoic pools that it is able to achieve full-duplex communication links across
the air-sea surface, indicating that the combination of laser acousticization and radio frequency-
acoustic wave conversion can be used across medium full-duplex wireless communication

provides a feasible method for communication that breaks through the water interface.

Content from this work may be used under the terms of the Creative Commons Attribution 4.0 licence. Any further distribution
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1. Introduction

Considering the particularity of the air-water interface, sound waves will encounter rebound when they
propagate to the water surface. Electromagnetic waves and light waves in the air will rapidly attenuate
after passing through the water surface and going underwater. It is difficult for a single medium to
complete air-water cross-media information transmission. In water, sound waves are the main medium
for transmitting information. As a kind of mechanical wave, sound waves can transmit thousands of
kilometers in water. They are by far the most mature method of signal transmission in water ['. However,
when sound waves propagate to the water surface, they will be affected by the interface Rebound greatly
reduces the energy of sound waves crossing the water surface, making it difficult to cross the air-water
interface alone. In the air, electromagnetic waves and optical fibers are the main media for transmitting
information ?. The alternating magnetic field and electric field in space excite each other to generate
electromagnetic waves to transmit information in the air. Since seawater is conductive, electromagnetic
waves will have greater propagation in seawater. attenuation. Autonomous underwater vehicles (AUVs)
are usually used for information exchange. AUVs use hydroacoustic communication underwater and
transmit information by surfacing at regular intervals. This method not only increases the energy
expenditure of AUVs, wastes equipment resources, but also poses great potential safety hazards. Most
of today's cross-domain communications still rely on relay equipment. Relay equipment can be divided
into dynamic relays and static relays, including surface ships, ships, submarines, and buoys. In order to
ensure smooth information exchange in the air and water, it is necessary to continuously deploy a large
number of surface repeaters in fixed waters. However, in harsh sea conditions, repeaters can easily
spread out or risk being caught, causing information transmission to be interrupted and posing safety
risks. In addition, people have begun to try to use light for cross-media information transmission.
Wireless light waves are affected by absorption and scattering in water, and can only be transmitted over
short distances [*!. The range of activities of wired carrier optical fibers is limited, and the ocean area is
vast, making it difficult to comprehensively Coverage, expensive, high cost, not suitable for long-
distance communication !, Later, someone discovered that when a laser is irradiated into a transparent
liquid, when the laser energy exceeds the scope of the liquid, a light breakdown will occur in the water.
During the breakdown, the plasma expansion will generate sound waves and then the cavitation bubbles
will burst to produce sound waves. This phenomenon Called laser acoustic wave technology ), the use
of laser-excited acoustic wave technology has a small environmental restriction range and strong
penetration ability, and is suitable for small attenuation and long-distance transmission. In addition,
research has found that underwater sound wave signals hit the water surface and stimulate the water
surface to generate microwaves. The echo signals detected using airborne radar or laser equipment
contain micro-amplitude wave vibration frequencies. The microwave vibration frequencies are
consistent with the vibration frequencies of the underwater sound sources!®), this feature can help achieve
air-water cross-media communication and target detection.

With the urgent demand for marine resources and the gradual development of the ocean field, people
urgently need to develop more reliable cross-media communication methods. In order to respond to this
demand, this paper proposes and experiments a method that can achieve two-way cross-air-sea The new
technical means of communication (the combination of laser acoustic and acoustic wave-to-radio
frequency conversion) can directly establish a two-way communication link between underwater nodes
and air nodes, allowing data to be transmitted in both directions simultaneously.
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This article first analyzes the theoretical characteristics and vibration model of the water surface after
medium collision, then studies the echo signal detection method, verifies it in the simulation
environment and experimental environment, and finally summarizes it.

2. Basic principles of cross-domain communication

The communication technology used in this article makes use of the existing mature technology-laser
acoustic co-operation, so that air network nodes and water network nodes can complete two-way
communication without the use of relay equipment. This basic communication principle is to transmit
modulated signals underwater and transmit them through the energizer or speaker sends sound waves.
Due to the mechanical characteristics of sound waves, the sound waves hit the water surface and cause
slight vibrations on the water surface. The microwave amplitude is usually at the micron level. Research
shows that the frequency of underwater sound sources is inversely proportional to the amplitude of water
surface vibrations ©1. Above the water surface the placed millimetre-wave radar illuminates the slight
vibration of the water surface, decodes and analyses the detected echo signals to obtain underwater target
transmission information, and completes one-way communication from underwater to air across media
71, The air node modulates the laser with an external modulator and emits a laser beam containing coded
information to the water surface. The laser irradiates the water surface to generate sound waves. After
being received by the underwater hydrophone, the signal is analyzed and decoded to obtain the target
information, completing the one-way cross-media communication to the water communication.

Airbrone node(plane) F

Radio Frequency(RF)

A\ Afs

g

7\ acoustic wave
C o

Figure 1. Underwater sound sources impact the water surface to produce vibrations
A variety of principles are used in this communication method, including the propagation of sound
waves under water, micro-amplitude perturbation of the air-water soft interface, and electromagnetic
wave-radio frequency propagation in the air channel.

2.1 Sound wave propagation attenuation model in water

Compared with light waves and electromagnetic waves, sound waves have the smallest attenuation in
the ocean. There are three reasons for the attenuation of sound wave propagation: expansion loss, which
refers to the loss caused by the continuous expansion of the wave front during the propagation of sound
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waves in the medium; absorption loss, which is the sound wave propagation loss. Sound intensity
attenuation in a uniform medium; scattering is the scattering and attenuation of sound waves caused by
the inhomogeneity of the ocean medium. There is also the scattering of sound waves from the seawater
interface, which can also cause sound attenuation 1, Generally speaking, the density of ocean bubbles
is very small, and the impact of scattering losses is negligible. The Transmission loss (TL) of the sound
source in water is related to the distance.

I
TL=10Ig-* (1)
II’
In the formula, is the sound intensity 1m away from the centre of the sound source, and is the sound
intensity r away from the centre of the sound source.

| oc g /r? (2)

Is the fixed plane wave sound pressure amplitude, and r is the sound wave propagation distance.

The energy transmitted from the sound source to the water surface satisfies the formula.

In the formula, is the energy transmitted from the sound source to the water surface, is the absorption
coefficient, and is the actual transmission distance.

In the above formula, the empirical formula of absorption coefficient « is.

. 0.102f% 40717

= dB/km (3)
1+ f2 +4100+ f?

The value of the absorption coefficient will decrease as the pressure increases. For every 1000m increase
in depth, the absorption coefficient decreases by 6.7%.

The sound source level in this experiment is calibrated to 140dB after being monitored by a standard
hydrophone. As the water depth decreases, the sound wave attenuation is much less than 1dB, and the
sound absorption loss is negligible. The density of ocean bubbles is very small, and the impact of
scattering loss can also be ignored.

2.2 Sound wave excited water surface vibration model

Waves are one of the main forms of material motion that widely exist in nature. Water surface waves
are one of the most common fluctuations in nature. Wave motion occurs after being disturbed by ships,
marine life, wind, snow, and rain. The particles at the water-air interface leave the equilibrium position,
showing one after another motion on the water surface; the sound disturbance is caused by the
microwave vibration of the water surface caused by the impact of underwater sound sources . The
echo signals received by the airborne sensor nodes when illuminating the water surface include water
surface waves and acoustic disturbance-microamplitude waves. This section will focus on describing
microamplitude waves, microamplitude waves are water surface waves with amplitudes below the
micron or submicron level. In this direct cross-domain communication system, the amplitude of particle
motion caused by acoustic wave excitation on the water surface is in the nanometre to micron level. The
mathematical model of water surface waves can be defined as.
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In the formula, is the amplitude of sound-induced water surface fluctuations, is the energy/sound
pressure transmitted to the air-water interface, is the angular frequency of the sound wave, is the density
of water, is the sound speed in water, is the wave amplitude attenuation coefficient, is the wave number
of water surface fluctuations . In equation (4), the central amplitude of the micro-amplitude wave excited
by the incident sound wave on the water surface is proportional to the incident sound pressure and
inversely proportional to the vibration frequency. The amplitude of the micro-amplitude wave excited
by the point source disturbance on the water surface shows an exponential attenuation law as the lateral
propagation distance increases*”l. The figure 2 shows the relationship between the interface particle
amplitude, incident sound pressure level and vibration frequency ®4,

<10°®
5.

4 .

Amplitude/m

. Figure 2. Relationship between
200 160 interface particle amplitude and
100 12@ e incident sound pressure and vibration
wave frequecy/Hz 0 100 SPL/dB frequency.

The figure 3 below is a three-dimensional schematic diagram of the micro-amplitude waves on the
water surface caused by an underwater sound source of 120Hz[*1,

Figure 3. Three-dimensional schematic
diagram of microamplitude waves on the
water surface



2023 International Congress on Ultrasonics (2023 ICU BEIJING) IOP Publishing
Journal of Physics: Conference Series 2822 (2024) 012066 doi:10.1088/1742-6596/2822/1/012066

2.3 RF and echo signal analysis
Traveling through the air, a standard radar signal attenuates as is 1/2do. In communication systems, the

distance between radar and water surface is usually between 10-150cm, and electromagnetic wave
attenuation can be ignored.

The Frequency Modulated Continuous Wave (FMCW) millimetre wave radar has the ability to identify
reflective targets at different distances, and the signal whose frequency continuously changes over time
within a specific frequency range is called chirp. In fact, when radar transmits signals to measure micro-
amplitude waves on the water surface, the target signal can be simply separated from other interference
signals in the environment through different ‘range gates’, specific range gates are extracted respectively,
and the range gate correspondence is obtained using Fourier transform Phase. At this time, the phase
will be wrapped. Unwind the phase to obtain the phase change of the acoustically disturbed water surface
fluctuation 3, finally, Analyse the target frequency information. The following figure is the radar echo
signal processing flow chart.

Acoustic disturbance+water

Radar echo signal -
surface wave

High-pass filtering -

Extraction ‘distance

Acoustic disturbance
microwwaves

- Fourier transform
door
Extraction of water | Function forward and inverse
surface phase tangent

Phase unwinding and winding

'

Filtering,frequency point extraction

Figure 4. Radar echo signal processing flow chart

Since the microwave amplitude changes on the water surface are at the micron level, direct measurement
of the distance changes caused by the change requires terahertz level bandwidth, which is unrealistic for
the design requirements of pulse radar. Therefore, this technology uses millimetre-wave radar to
illuminate the water surface to obtain the phase changes after mixed filtering of the received signal and
the transmitted signal, and estimate the wave height change of the micro-amplitude waves on the water
surface.

The phase change ¢(t) of the signal can be expressed as.

A(t)+d
= 4y 202 5)
A
d is the distance between the radar and the water surface when there is no vibration, is the amplitude of

the micron-level fluctuation of the acoustic disturbance, and is the wavelength of the radar emitted signal.
Equation (5) can explain the reason why the initial phase change extracted from the echo signal is
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wrapped. In the actual measurement process, the phase is obtained by summing the tangent function of
the In-Phase and Quadrature (1Q) two-way signal combination of the millimetre wave radar. The value

range is between (—7, ) ,When the vibration amplitude of the water surface is greater than half of the

wavelength, the actual phase amplitude will exceed it, and the phase will jump, that is, winding occurs,
as shown in the figure. To be obtained later the target phase information must undergo an unwinding
step.

Figure 5. Extracting vibration phase of water surface
3. Experiment

3.1 Experimental verification

Cross-domain communication system construction experiments were conducted in the laboratory and
the comprehensive anechoic pool. As shown in the figure, the blue plastic water tank used in the
laboratory is 100cm long, 58cm wide, 35cm high, and covers 30cm of water surface. The underwater
speaker LT-015 is used as the sound source, the frequency range is 80~20000Hz, the broadcast range is
1807-180< placed at the bottom of the water tank, it can achieve full coverage of the water tank. The
water tank is as shown below; the anechoic pool is 43m long, 20m wide, and 12m deep. As shown in
the picture below, the water surface is completely covered with conical rubber sound-absorbing wedge
panels, which are used to absorb various sound waves and form a free sound field environment. The
millimetre-wave radar used in this article is supported by a self-made bracket to keep it on the same
vertical line as the transducer. The radar irradiation distance is between 0.215m-0.400m on the water
surface, and the irradiation range is between 132.5cm?2-170.5¢cm?. The sound source used in the anechoic
pool is a transducer with a working frequency range of 2KHz-8KHz, which is suspended 40cm
underwater through a nylon rope. During the experiment, keep the oscilloscope connected to the
standard hydrophone to monitor the signal transmission of the underwater sound source signal, and keep
the parameters of the received signal and the transmitted signal highly consistent. During the experiment,
the surrounding environment was quiet, no one was moving around, and the test driving lift was not
working.
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Figure 6. The experimental site includes (a) water tank and (b) anechoic pool

Figure 7. (a) is the experimental design diagram, Figure (b) is using a speaker as a sound source in a
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quiet laboratory environment, Figure (c) is using a transducer with an operating frequency range of 2k-
8Kk in the anechoic pool of Harbin Engineering University sound source

Speakers and transducers are used underwater to emit low-frequency signals and high-frequency signals
respectively. In the laboratory water tank, speakers are used to emit several single-frequency signals of
different frequencies, including 130Hz and 140Hz. The speakers are placed 28cm underwater, and the
radar The sensing device is placed 35cm above the water tank, as shown in Figure 7(b); in the anechoic
pool, a transducer is used to emit a single frequency signal of 2kHz, and the transducer is placed 40cm
underwater, the millimetre wave radar and data acquisition card are suspended 35cm above the pool
through a self-made bracket, and a standard hydrophone is used to collect underwater sound source
signals, as shown in Figure 7(c).

The computer is connected to the power amplifier and the transmitting device to send a single-frequency
signal. The speaker sends a 130hz single-frequency signal to the calm water surface. At the same time,
the radar sensor transmits 25 frames of 400 chirps. Each chirp lasts 400us and has 128 sampling points.
The frequency is 4MHz, and the echo signal is obtained. First, judge the distance gate, find the data
corresponding to the distance, extract the phase, and perform subsequent processing in Figure 6 to obtain
the result in Figure 8. Figure 9 is a 140hz single-frequency signal sent by the speaker to the undulating
water surface. The fluctuations are obtained by manually shaking the water tank, trying to simulate the
real underwater environment. After the same processing, the target results are obtained. Figure 8(b)
shows the phase of the water surface after winding. The range of water surface fluctuations collected by
the radar is larger than that of the radar 2 times the wavelength of the emitted wave. The signal with
continuous frequency variation over time within a specific frequency range is called chirps. As can be
clearly seen from Figure 8, the speaker emits a single frequency signal of 130Hz towards a calm water
surface. After processing with this method, the result graph shown in Figure 8 (d) is obtained; The
speaker emits a 140Hz single frequency signal towards the fluctuating water surface (with a fluctuation
range of approximately 1-3 cm), and after processing with this method, the result graph shown in Figure
9 (d) is obtained.

Range-Time Plot
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Deconvolution phase diagram of radar echo
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Figure 9. The echo signal after the radar irradiates the underwater sound source at 140hz to excite the
fluctuating water surface (manual fluctuation is 1-3cm). (a) is the initial phase of the water surface that
is solved, (b) is the phase after unwinding, (c)is after filtering, the target frequency obtained after
completing Fourier transform, (d) amplify the target frequency.

4. Conclusion

This paper theoretically analyses and introduces the principle of one of the communication links of the
full duplex communication system, that is, the communication link from underwater to air, and builds a
complete communication model in the water tank and pool to carry out experimental verification. Under
water, we emit multiple single-frequency signals, which output sound waves through the transducer and
speaker respectively. The sound waves hit the water surface to generate fluctuations. The millimetre
wave radar on the water surface Measure and decode water surface waves; use existing mature
technology to generate laser sound from the air to underwater, and combine the two technologies to
achieve relay-free two-way full-duplex cross-media communication 4. The proposal and description
of this system provide theoretical and experimental basis for future cross-media communication between
underwater nodes and air nodes.
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