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Abstract: Smart sensors and networks have spread worldwide over the past few decades. In the
industry field, these concepts have found an increasing quantity of applications. The omnipresence
of smart sensor networks and smart devices, especially in the industrial world, has contributed
to the emergence of the concept of Industry 4.0. In a world where everything is interconnected,
communication among smart devices is critical to technological development in the field of smart
industry. To improve communication, many engineers and researchers implemented methods to
standardize communication along the various levels of the ISO-OSI model, from hardware design
to the implementation and standardization of different communication protocols. The objective of
this paper is to study and implement an unconventional type of communication, exploiting acoustic
wave propagation on metallic structures, starting from the state of the art, and highlighting the
advantages and disadvantages found in existing literature, trying to overcome them and describing
the progress beyond the state of the art. The proposed application for acoustic communication
targets the field of smart industries, where implementing signal transmission via wireless or wired
methods is challenging due to interference from the widespread presence of metallic structures.
This study explores an innovative approach to acoustic communication, with a particular focus
on the physical challenges related to acoustic wave propagation. Additionally, communication
performance is examined in terms of noise rejection, analyzing the impact of injected acoustic noise
on communication efficiency.

Keywords: smart sensors; smart networks; metallic structures; smart industry; acoustic communication

1. Introduction

Over the past century, research in metallurgy and the field of metal mechanics has
played a vital role. In recent years, many human workers have been replaced by advanced
machines capable of enhancing productivity and accelerating the pace of work and manu-
facturing [1]. However, the industrial world still faces difficulties implementing modern
technologies such as smart sensor networks and intelligent communications [2]. The main
problems in implementing smart factories and smart manufacturing in this field are com-
munication problems among different types of machinery. As an example, in the field
of metal welding, there are a lot of electrical and electromagnetic disturbances, such as
sparks or radiated and conducted noise, which implement innovative technologies that
are particularly challenging in such a difficult environment [3]. The main challenge is the
widespread presence of metal structures in these industries, which act as electromagnetic
shields and nearly block wireless communication. The shielding behavior of metal struc-
tures is explained by Equation (1), which provides the formula for the attenuation term of
an electric field propagating through a material characterized by conductivity o.

E(z) = Epe V' 2 1)
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where z is the distance traveled by the electromagnetic wave, w is the frequency of the
propagating field, and u is the magnetic permeability of the medium through which the
wave propagates. As can be seen from Equation (1), as ¢ increases, the wave attenuation
through the material increases. For this reason, wireless communication around metal
structures becomes almost impossible since metal is characterized by a high conductivity
and transmission paths become highly attenuating. In addition, regarding communication
through walls, some structures are characterized by steel structures present in concrete
walls. This aspect is thoroughly addressed in [4], where it is demonstrated that establishing
concrete communication at frequencies lower than conventional radio bands (such as
900 MHz or 2.4 GHz) is feasible.

Another potential approach is communication, using the conductivity of metal struc-
tures to send electrical signals through the metal surface. This strategy has been discussed
extensively in [5]. It has many advantages, such as a low signal attenuation and, mainly;,
the possibility of using an existing communication infrastructure. On the other hand, this
method is inefficient because it requires the presence of at least two electric conductors to
establish a current loop. For this reason, it is cost-effective in terms of installation costs.
However, it becomes ineffective in environments like smart welding or in communication
on exposed metal structures, where multiple smart sensors need to be installed on a shared
metal surface.

A suitable alternative is Visible Light Communication (VLC), as discussed in detail
in [6]. VLC has many advantages regarding invasiveness and installation costs. At the
same time, the productive process could disrupt the communication medium, as sparks
produced by some methods, such as welding, can occasionally obfuscate the photoelectric
transducers. However, it can be inconvenient because the space must be organized so that
there are no obstacles between the modulated lights and the light sensors.

Despite all these problems, applications in harsh environments have been under
research in recent years to implement smart technologies and communications to bring this
field to the same technological level as others [7]. The objective of this paper is to introduce
a groundbreaking method for enabling communication in extremely challenging industrial
environments: utilizing acoustic waves transmitted through metallic structures. This
approach directly addresses the key obstacles in the presented state of the art, including the
unique properties and challenges of metallic media, offering an in-depth characterization
of this unconventional communication channel.

Article Structure

An example of a harsh environment was provided, and the problems and challenges
related to implementing communication in the smart industry, the proposed solution of
acoustic waves, and the novelty introduced in this paper are discussed. Section 2 gives
a background of the literature and the authors’ previous works used as the foundation
for the current article. Section 2.1 focuses on the contribution of the present paper to the
existing literature and the different approaches to implementing communication among
smart nodes in metallic structures. Section 3 presents a set of experimental setups designed
to characterize typical acoustic communication through metallic structures. This section is
composed of Section 3.1 (acoustic characterization of aluminum bars and noise evaluation)
and Section 3.2 (implementation of improved acoustic communication). Section 4 presents
the evaluation of the noise influence on the transmitted bitstrings. After these tests, the
discussion and conclusion of this study will be drawn, and future directions will be
presented in Section 5.

2. Background

In recent years, several researchers have explored communication via acoustic waves.
Specifically, Ref. [8] offers a comprehensive study of the physical characteristics of metal
structures and their behavior under vibrations induced by acoustic waves, employing
Orthogonal Frequency-Division Multiplexing (OFDM) modulation. Additionally, Ref. [9]
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investigates the feasibility of data transmission by modulating an acoustic signal using
Multiple Frequency-Shift Keying (MFSK). Another example of acoustic communication is
presented in [10], where images are transmitted along a metallic pipe using Amplitude Shift
Keying (ASK) modulation to encrypt and packetize the transmitted data. These modulation
techniques offer advantages such as improved symbol encoding and compatibility with
fading channels. However, a key drawback is the increased computational complexity
required for modulation and demodulation.

Acoustic communication has been implemented in the past with various applications.
For example, the use of acoustic waves to communicate inside a nuclear facility is presented
in [11]. The advantage of using this method is that nuclear facilities are often characterized
by many steel structures and pipes, around which it is almost impossible to establish a
wireless connection between any smart node. Furthermore, other factors like obstacles,
multipath, and so on are investigated in [10], which shows how data transmission perfor-
mance is affected by signal-degrading factors such as those described above. The report
also discusses the slight influence of concrete walls on acoustic communication, noting that
the pipe is not in direct contact with concrete walls in some buildings and industries. If
this condition is not met, a concrete wall can represent a significant signal-damping factor,
making acoustic communication infeasible. In such cases, the signal must pass through
the walls via electric signals traveling in wires after conversion. Additionally, acoustic
signal reflections can degrade the signal quality since they can cause interference with the
direct waves. In this paper, reflections are present but are neglected in the initial stages of
the research.

Maritime transportation is another field where acoustic communication is favored [12].
In this application, wired communication is affected by many problems, especially cable
susceptibility and limited capacity.

Huang et al. [13] discusses the transmission of acoustic waves through solids. Specifi-
cally, wave transmission was implemented using an ElectroMagnetic Acoustic Transducer
(EMAT) transmitter in the ultrasonic frequency range (f > 20 kHz). In addition to data
transmission, a Wireless Power Transfer (WPT) through metallic structures has also been
implemented. In this regard, [14] presents the possibility of achieving power transmission
using acoustic mechanical vibrations, with a power transfer efficiency of 33%. Another
example of Wireless Power Transfer is dealt with in [15], where the transmission of power
is discussed together with the communication on metallic structures. The advantage of
this approach is the collection of energy even in places lacking electrical power sources.
In [16], in addition to a WPT in metallic structures via acoustic waves, optimizing was also
assessed by varying the transmission angle with respect to the channel. To achieve this,
a simulation of acoustic wave propagation in various cases is presented. This paper will
consider only data transmission by mechanical acoustic waves in metallic structures.

Schaechtle et al. [17] present an implementation of data transmission using passive
mechanical sensors, exploiting their natural resonance frequency and communicating in
the ultrasonic frequency band. It also presents the results of acoustic communication at
lower frequencies.

Data transmission over metallic structures using acoustic waves is described in [18],
which particularly deals with the software to drive the output signal with an ARM-based
Application-Specific Integrated Circuit (ASIC) processor. A discussion about acoustic
communication using On—Off Keying (OOK) modulation is also reported in [19], where data
transmission is established on metallic pipelines. This work describes data transmission
through Chirp-OOK modulation and demodulation on an ASIC architecture, while the
authors aim to realize communication using a Field-Programmable Gate Array (FPGA).

2.1. Article Contributions and Novelty

An important contribution is the hardware design of the acoustic transmitter and
receiver via FPGA, using a RISC-V architecture [20], which makes the implementation,
unlike the ASIC version, more versatile and adaptable to the user’s needs. It also allows
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the creation of modules via a Verilog description of the hardware. An additional novelty
is the creation of a conditioning circuit printed on a board, considering the boundary
conditions. The Printed Circuit Board (PCB), placed between the FPGA and the acoustic
actuator/transducer, has been developed to communicate efficiently on a metal bar using
acoustic waves on the transmit and receive sides. It includes filters and amplifiers to
optimize signal transmission. The description of the transmitted and received signal,
the reasoning, and the mathematical considerations behind the design of the modulation
and demodulation circuits and the conditioning PCB are described in Section 3. The
advantage of the approach proposed in this application is to avoid wired or wireless
communication in an environment generally characterized by metallic structures, a critical
factor for electromagnetic interference.

3. Experimental Tests and Results

Before implementing acoustic communication, the boundary conditions must be
defined to design the communication circuit properly. To this end, the three aspects of the
proposed approach, presented in Section 3.1, are analyzed. Their discussion is provided in
three different experiments in this section.

3.1. Study of the Acoustic Noise Response of a Metal Structure

Although acoustic communication can avoid problems related to electromagnetism,
acoustic noise is also present in the industrial environment. This subsection aims to simulate
and measure acoustic noise levels and construct a noise profile along a metallic bar by
varying its length.

As a first step, a frequency analysis was simulated with the software SolidWorks to
evaluate the expected frequency response of the metallic bar and, thereby, understand the
most suitable frequency value for the carrier wave. The simulations were performed on
three aluminum bars as metallic structures, which were 70 cm-, 140 cm-, and 280 cm-long,
respectively. The bar was excited from one edge with a force magnitude of 1 N, and the
acceleration at the other edge was evaluated at different frequencies. The results of the
simulations are reported in Figure 1, which shows that, for the 70 cm-long bar, there is a
high-pass response with a peak at almost 2 kHz that becomes almost flat for frequency
values higher than 4 kHz. Regarding the simulation of the 140 cm- and 280 cm-long bars,
the frequency response is also characterized by a low-pass response. On the y-axis in
Figure 1, the curves report the mean frequency behavior of the accelerations relative to
the maximum acceleration value. The simulations present the behavior of the system
with several bar length values. The simulations are based on the theory of propagation
of elastic waves, supported by Lagrange’s equations of motion, Euler-Bernoulli’s beam
theory, and Rayleigh and Timoshenko’s beam theory, which leads to partial differential
equations [21,22], which are not solvable in a closed form but only through numerical
solutions given by a finite element method. After the simulations, a complete frequency
characterization of the whole system (acoustic transducers + 70 cm aluminum bar) was
performed in a real scenario to choose the optimal carrier frequency for communication
and the noise profile construction. A 70 cm-long aluminum bar has been used to arrange
an experimental setup. Two SCM-401R acoustic piezoelectric devices have been placed
on the metal bar. The SCM-401R can be used as a sensor and actuator of acoustic waves.
The frequency analysis was performed with a fixed distance, placing the actuator and the
transducers at the opposite edges of the hanging bar. In this experiment, one device is
connected to a waveform generator [23], which applies the acoustic waves on the metal bar
and functions as an actuator. The other, connected to an oscilloscope, acts as a transducer,
converting the acoustic signal into a voltage level.
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Figure 1. Simulation results of the frequency response for the 70 cm- (black curve), 140 cm-
(blue curve), and 280 cm-long (red curve) aluminum bars.

In this way, the intensity of acoustic waves at the receiver side can be measured.
To perform this test, the bar has been hung at the ends using a nylon thread so as not
to affect sound propagation. In addition, a thin layer (<1 mm) of beeswax has been
interposed between each acoustic device and the bar under test to ensure electrical isolation
between the piezoelectric devices and the metallic bar. Furthermore, as demonstrated in its
datasheet [24], the piezoelectric device is characterized by a maximum directional radiation
pattern in the direction orthogonal to the frontal surface of the device itself. This maximizes
the acoustic impedance matching, making the acoustic wave fraction that propagates in the
air as negligible as possible with respect to the fraction that propagates in the metal rod.

The results of the frequency analysis are shown in the graph in Figure 2 (blue curve).
The frequency response in the real scenario aligns with the simulation in Figure 1 results,
showing a flat frequency response in the second part of the characteristic. The difference
in the real case with respect to the simulation is the higher cutoff frequency, which results
in around 5 kHz. The frequency response of the transducer causes this effect. In fact, the
received signal is low in the 1-5 kHz range because the piezoelectric device is too small to
support vibrations in such a range of frequencies. By considering the results of the previous
experiments, the carrier frequency for the communication between the acoustic devices
should be chosen to be as low as possible since, as presented in [25] and also shown in this
paper in Figure 1, if the communication distance increases and the material is the same, the
metallic structure behaves as a low-pass filter with respect to the elastic waves. Based on
the results obtained, the carrier frequency for the OOK modulation has been chosen to be
equal to 5 kHz for the following reasons:

e itis the lowest frequency in the band of the transducer;
e it is the farthest frequency from the transducer resonance, which, according to the
datasheet, is 40 kHz.
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Figure 2. Frequency response of the communication system.
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Although the transducer resonance frequency can be used as the carrier wave fre-
quency in some cases, the resonance effect represents a disturbing factor in this case because,
in the OOK modulation, even when the transmitted bit is a logical zero, the demodulated
signal is superimposed with the resonance signal. Moreover, it is important to choose a
carrier frequency far from the resonance because, in this way, the resonance can be easily
removed using a first-order RC filter.

Evaluating the transducer frequency was also useful for setting up the study of the
noise profile along the bar. The characterization of the noise profile on the bar was carried
out with an injected sinusoidal noise of 5 kHz and 5 V amplitude. The experiment was
conducted by implementing the measurement setup shown in Figure 3, moving the sensor
in the direction opposite to the source along the bar and evaluating the received noise
every 3 cm. To minimize the influence of high-frequency noise on the measured values,
30 measurements were taken at each point along the bar to calculate the mean and the
standard deviation of the received voltage signal.

SIGNAL
GENERATOR OSCILLOSCOPE
SCM- SCM- Moving sensor
401R 401R >
Beeswax layer —>» [ | [
| ——

— METALLIC BAR |

<
<

70cm

Figure 3. Schematic diagram of the noise measurement experiment.

Figure 4 presents the findings from the noise profile experiment. As depicted in
the figure, the highest noise level is recorded at a position 27 cm from the source, which
represents the most problematic location in terms of acoustic interference. Once this point
was identified, a frequency analysis was carried out with the receiver at this position, and
the results are shown in Figure 2 (red curve). As predicted, the frequency response in this
scenario shifts slightly upwards. Although the noise profile was assessed, as demonstrated
in Figure 4, by measuring the voltage at all 22 positions along the metallic bar, the two
locations (27 cm and the end of the bar) are, under the current setup, the most relevant
when evaluating acoustic communication and noise impact.
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Figure 4. Results of the noise profile analysis.

This result is significant because it will be used to evaluate the impact of noise on
acoustic communication in Section 4.
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3.2. Communication Using Acoustic Waves

The communication attempt was also conducted using the “hanging bar” configura-
tion, with the acoustic transducers positioned at the ends of the bar. This time, sinusoidal
signals modulated with OOK were transmitted. There are several reasons for choosing
OOK modulation. Firstly, this modulation is straightforward and is commonly used in
short-range wireless applications, such as home automation, remote keyless entry, and
wireless base stations. One noteworthy application of this modulation pertains to indus-
trial networks, which is the focus of this paper. Unlike other protocols (such as FSK and
ASK), OOK modulation is notably energy-efficient because it does not transmit a signal
when sending a bit “0”. This characteristic results in lower power consumption, which is
demonstrated in [26], through a battery discharge study.

On the other hand, more complex modulations generally require more power, which
can be a significant disadvantage in energy-sensitive applications. For instance, in [27] an
experiment of signal transmission on the pipeline surface illustrates this issue. In such
an environment, energy saving is crucial to ensure a long-life node; thus, a low-power
communication protocol is required.

Additionally, energy-harvesting solutions can be incorporated alongside a Power
Management System (PMS) and powered with several techniques, such as solar cells [28],
Microbial Fuel Cells [29], or small wind turbines [30]. For these reasons, and due to
its relative simplicity compared to other techniques, OOK modulation is the preferred
choice for this initial stage of research. The signal processing has been implemented on an
FPGA using the RISC-V architecture. An FPGA was selected due to its greater flexibility
compared to ASIC circuits and the ability to add modules, such as a custom-designed OOK
modulation and demodulation module. Additionally, an FPGA architecture provides a
set of registers that can be easily accessed externally via software once the hardware is
described on the FPGA.

For the transmission, an Artix7 FPGA mounted on a Digilent NexysA7 Board is
used. Since it only includes digital pins, the signal must be modulated using Pulse Width
Modulation (PWM), requiring a Digital-to-Analog Converter (DAC) in the modulation
circuit. The formula defining the PWM operation is shown in Equation (2).

Vour = DVin (2)

where V;, represents the high logic level of the FPGA (3.3 V), V, is the output voltage,
and D is the duty cycle of the digital square wave. To create a square wave with a variable
duty cycle on the FPGA, a counter increments with each positive edge of the internal clock.
The counter is initially set to 0, and the output signal starts at a high logic level. When the
counter reaches a specified value, the output signal switches to low for the remainder of the
square wave period; at the end of the period, the counter resets to 0, and the cycle restarts.
This process generates a square wave with a variable duty cycle. To produce a sinusoidal
signal at the output, the duty cycle D must vary in a sinusoidal pattern. This condition is
expressed in Equation (3).

Vout(£) = D(8)V;y, = Viusin(27tf1), 3)

where f is the frequency of the output sinusoidal signal. For a given clock frequency—50
MHz for the RISC-V architecture—the total count N required to produce a sinusoidal signal
at the desired frequency is given by Equation (4).

_ [ felock
N= fout (4)

The f.jocx limit in the FPGA does not allow it to reach a too-high output signal fre-
quency. A schematic explanation of the sine wave generation is shown in Figure 5.
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Figure 5. Trend over time of the Vout duty cycle “D”.

As shown in the figure, the sinusoidally varying duty cycle implies a Voyt with a
variable duty cycle, which is the waveform that comes out from the FPGA board. This
results in a clean sinusoidal wave after the RC filter.

According to Equation (4), the higher the frequency of the generated carrier wave, the
lower its output quality is. In fact, as fo,+ increases, for the same £, value, the number
N of points per period decreases, resulting in an output signal with a worse quality with
respect to an output signal with a lower frequency.

If this consideration is added to the factors listed in Section 3.1, the chosen carrier
frequency is set to 5 kHz. To produce a 5 kHz sinusoidal signal, the counter must reset
to 0 after a total of 100 counts. Meanwhile, the predetermined value where the output
signal switches to 0 is determined by the desired instantaneous amplitude of the sinusoidal
output at that moment. This approach creates a 500 kHz square wave with 100 distinct duty
cycle values. To achieve a clean sinusoidal signal free of any DC component, the resulting
square wave is filtered through a band-pass circuit, which is built by cascading a low-pass
filter and a high-pass filter, positioned on the “modulator side” of the PCB, as shown in
Figure 6a. To further minimize the effects of the 500 kHz PWM, the low-pass filter’s cutoff
frequency should be placed just above the 5 kHz carrier frequency.

@) (b)

Figure 6. Custom-made PCB with two layers: (a) modulation layer; (b) demodulation layer.

OOK modulation is used to encode the analog signal as a bitstring. To transmit a “1”,
eight cycles of the sinusoidal signal are sent to the output. To transmit a logical “0”, a
constant voltage is applied by setting the PWM duty cycle to 50% for the entire bit duration.
With these settings, the bit duration is 1600 ps. The conditioning circuit includes a band-
pass filter and an amplifier to remove the DC component and suppress the actuator’s
resonance frequency (40 kHz), as well as an amplifier to boost the signal before transmitting
it along the metal bar via the acoustic actuator.

After presenting the modulation process, it is necessary to explain the demodulation
process that occurs after the signal travels along the metal bar. The received signal is
amplified through an operational amplifier in a non-inverting configuration. Oscilloscope
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measurements show that the output of the receiving amplifier reaches an amplitude of
6 V. To demodulate the received signal, an OOK demodulation circuit is used, consisting
of a quasi-peak detector circuit followed by a comparator with an adjustable threshold.
Both circuits are located on the bottom layer of the PCB. The “demodulation layer” of
the PCB is shown in Figure 6b. The peak detector and comparator must be configured
so that when a “1” is transmitted the output of the peak detector remains consistently
above the comparator’s threshold. Conversely, when a “0” is transmitted the peak detector
output must stay fully below the comparator threshold. The advantage of this approach
is that it enables efficient demodulation of the signal and ensures accurate reception of
the transmitted bitstring. However, this method has some drawbacks. Firstly, there are
delays in the switching of the demodulated signal relative to the carrier wave caused by the
comparator’s threshold level. The delay in transitioning from 0 to 1 is given by Equation (5).

1 . /W
Aty = wsm 1<fo;> (5)

where Vry is the voltage threshold for the comparator, which triggers the output to switch
from 0 to 1 when this level is exceeded, Vpg represents the peak amplitude of the received
sine wave (6 V), and f is its frequency. Equation (5) holds as long as f is within the frequency
range that the peak detector can handle while the capacitor is charging. This range is quite
broad because the capacitor charges through a low-resistance path when the diode is active
(ON). Therefore, the assumption f < 1/(207 X R 4,4, % C) is easily satisfied. This is why
Aty_,1 can be expressed only in terms of the signal’s characteristics and the comparator
threshold, making the effects of the diode’s resistance and the capacitor’s value negligible.
The delay for switching from 1 back to 0 is given by Equation (6).

Vpk 3
Af1_>0 RCIn ( VTH ) 4f y (6)
where R and C are the peak detector’s resistance and capacitance values, respectively.
These components have been dimensioned with 36 k() and 6 nF, respectively. These
components have been configured with 36 k(2 and 6 nF, respectively. These values were
chosen empirically to achieve a balanced compromise between the two delays. As can be
observed, the two delays exhibit opposite characteristics:

e Aty increases as the signal frequency decreases and becomes smaller when the
comparator threshold is smaller.

e  Atj_,gincreases as the comparator threshold decreases and becomes smaller when the
signal frequency is smaller.

In addition, to avoid commutations at the wrong times, Vry must be included in the

interval 0 < Vg < VpKe_ﬁ, where t* is the first non-zero solution of Equation (7).

Vpx eilt%C = Vpk COS(ZT[ft*) (7)

If this condition is not met, multiple crossings occur at the comparator threshold
during the high logic level of the peak detector output, leading to incorrect switching when
transmitting a “1” bit. A voltage divider was used to make Vry adjustable by dividing the
3.3 V from the FPGA pin.

Considering the switching delays in Equations (5) and (6), the worst-case scenario,
where most switching events occur, is the bit sequence 10101010, corresponding to OxAA.
Along with the message, on the transmission side, the FPGA is programmed to generate
a start bit and a stop bit around the transmitted byte. Once the required hardware is
described on the FPGA, the message can be created by interfacing the FPGA with the
PlatformlO software and programming it in C.

Conditioning circuits were implemented to modulate and demodulate the signals,
allowing the FPGA to interface with the acoustic actuator. The practical setup for the entire
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communication system is shown in Figure 7. As illustrated, communication takes place
through the implemented PCBs, which transmit the signal to the acoustic actuator. The
actuator on the other end of the bar receives the signal and sends it to the FPGA. As shown
in Figure 7, the oscilloscope displays the signal along the metal bar (depicted as the yellow
track) and, after demodulation, the output of the peak detector (cyan track). The FPGA
processes the bitstring and converts it into a 1-byte hexadecimal message on the receiving
end. This decoding is managed by a Finite State Machine (FSM), implemented on the
FPGA, which is triggered by the rising edge of the start bit from the comparator. This
ensures that the FPGA is synchronized with the incoming bit stream. To sample the next
bit correctly, the FSM waits for 1.5 bit times (2400 ps), aligning it with the center of the bit.
After the first bit, it samples every subsequent bit at the center (1600 us per bit). Once eight
bits are received, the entire byte is stored as the decoded message. In conclusion, it has
been shown that OOK modulation for data transmission via acoustic waves over metallic
structures is a viable method. With the actual conditions, the bit rate in communication
results to be 6.25 kbit/s.

=
)

S "
|~~~ NYLONgIHREADS T
! e

Figure 7. Experimental setup for acoustic communication.

4. Evaluation of the Noise Influence on the Sent Bitstrings

This subsection builds upon the findings from Sections 3.1 and 3.2 to assess the
performance of the acoustic communication system described in Section 3.2 within a noisy
environment. As illustrated in Figure 8, in addition to the experimental setup detailed
in Section 3.2, a noise factor is introduced in this case. The noise generator in Figure 8 is
configured to emit sinusoidal noise at various frequencies, with a maximum amplitude of
6 V, which matches the amplitude of the received signal after amplification, as explained
in Section 3.2. The noise source is positioned 27 cm from the transmitter, as this distance
represents the worst-case scenario for communication interference, as shown in Section 3.1.
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Under these conditions, packet loss (PL), defined by Equation (8), is used as the key
metric to evaluate the quality of the communication.

(8)

PLy, = (1 _ bytes correctly recezved) « 100

total bytes

The message transmitted consisted of 1 byte, corresponding to the hexadecimal value
0xAA. To achieve this, a sequence of 1000 packets was sent, and the packet loss was evalu-
ated based on the frequency and amplitude of the noise. The packets were transmitted and
received using MATLAB'’s “serial plot” command. By knowing the number of transmitted
packets, a comparison between the sent and received data was made, and the packet loss
was calculated using Equation (8).

The results of this test are shown in Figure 9, where the frequency responses of PLs at
different noise amplitudes are normalized with respect to the 6 V maximum value of 6 V
injected noise and expressed in dB.

100 - o
—-7.6dB
‘ -6dB
| -4.7dB
80 | —-3.5dB
< -2.5dB
= -1.6dB
§ 60 —-0.8dB
-l 0dB
°
Xx 40
[T
©
o
20 - a
o- /-\ |
0 2 8 10 12

Frequency [kHz]

Figure 9. Frequency vs. packet loss at various noise amplitude levels.

As can be seen, the response matches the expected behavior. In fact, it exhibits a
peak around the frequency of 5 kHz, which is the frequency of the modulated carrier
wave used for acoustic communication. In addition, the PL increases for higher noise
amplitudes (purple and yellow curves). In contrast, at lower noise levels (blue curve), the
noise becomes significantly disturbing for injected noise amplitudes above —6 dB (3 V). As
can also be seen, there is a small value of PL around the frequency of 10 kHz, which is a
multiple of the carrier wave of 5 kHz. This effect is due to the non-ideality of the sinusoidal
noise applied to the bar. In general, the PL contribution after 10 kHz is greatly attenuated
due to the low-pass filter inserted in the modulation circuit to reduce the PWM effect and
in the demodulator after the aluminum bar to decrease the resonance effect of the acoustic
transducer. It can be concluded that the noise rejection test showed promising results, as
communication becomes inefficient only at higher frequencies compared with the usual
industrial applications since, in most cases, acoustic noise does not occur at frequencies
higher than a few hundred hertz. An evaluation process and frequency analysis of acoustic
noise in the industry field are reported in [31].

This makes communication through acoustic waves an interesting research topic that
will be further studied and improved in future work.

5. Discussion and Conclusions

Based on the contents presented, the following considerations can be drawn. Im-
plementing wireless communication among metallic structures is almost impossible due
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to their high conductivity and, consequently, high reflection coefficient. This can cause
multipath and interference between direct and multiple reflected electromagnetic waves.
Therefore, an alternative way to establish communication in these environments is needed.
This work demonstrated the feasibility of communicating through acoustic waves from
piezoelectric materials and applying mechanical waves on metal structures. Based on
the literature, the initial analog front-end was implemented, and, as a novel approach,
the physical characteristics of a metal bar under acoustic wave excitation were studied to
construct a noise profile response along the length of the bar. This study was important in
defining the boundary conditions of communication and digital modulations, which was
the next experiment (carrier frequency, distance from the source, and so on). The study of
physical characteristics was also crucial to assess the communication packet loss. In fact,
in this experiment, it was seen that at a frequency of about 5 kHz, the carrier frequency
of the data sent, the communication is characterized by the highest number of erroneous
messages received, and thus the highest percentage of packet loss (93.8%).

Future developments in this field will involve WPT with FPGA by applying acoustic
waves and trying to communicate at higher frequencies by choosing another acoustic
device with a different resonance frequency. A higher carrier frequency implies a shorter
bit time and a higher transmission speed. Better communication performances can also be
reached by implementing another more complicated but better-performing modulation
than the OOK one. Other improvements may concern the demodulation circuit. In partic-
ular, an adjustable-gain amplifier with variable resistors has been implemented to adapt
the received amplified level to a chosen fixed level, regardless of the distance from the
signal source. In addition, the comparator can be implemented in a non-inverting Schmitt
trigger configuration, which introduces a hysteresis band, allowing for a reduction in the
delays present in the peak detector circuit. Finally, communication standardization can
be implemented: for example, by using the IEEE 1451 protocol to build smart networks
capable of exchanging data on metallic structures using acoustic waves. With this aim,
future work involves implementing a network of sensors and their communication, assign-
ing an address to each sensor, and using metal structures as the propagation medium and
modulated acoustic signals to transmit data.
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