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Abstract This paper presents an algorithm for detecting wave packets in a circular waveguide. The
waveguide terminated with a concrete plug was used to test the method. The concrete was made in
accordance with the Eurocode standard. During the tests, a significant difference was observed between
the behavior of the speaker and the concrete plug. The pulse reflected from the plug maintained its shape
regardless of the sound level. The reflection of the pulse from the speaker's diaphragm resulted in a
significant change in the form and duration of the wave packet. These changes were dependent on the
sound level of the wave packet. As a result of these modifications was a significant difference between the
measurement uncertainty of detecting a pulse reflected from the concrete and the speaker. In the case of
reflection from the speaker, an uncertainty of 0.036% was obtained. The smallest measurement error
value for the pulse reflected from the speaker was 2.5%.
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1. Introduction

Research conducted in acoustic waveguides allows accurate observations of many phenomena related to
sound propagation. A common feature of those experiments is low measurement uncertainty [1, 2]. In
addition, it is possible to adapt measurement methods used in optical fibres [3-5]. The paper [6] presents
a method for measuring surface reflectance using Gaussian wave packets [6,7]. The measurement
uncertainty of the reflectance obtained by the authors was 0.23% [6]. This low measurement error value
meant that further research could be initiated. The primary goal would be to develop measurement
automation using the propagation of wave packets in the waveguide.

The study presented here concerns the automatic detection of the beginning of a wave packet, which
was generated using a loudspeaker. A pulse of this kind is repeatedly reflected from the waveguide's ends.
One is the test sample, while the other is the loudspeaker's diaphragm, which previously generated the
impulse. The speaker diaphragm absorbs part of the energy of the wave packet and introduces
characteristic distortions of the pulse. One of these is an increase in the duration of the wave packet,
which is similar to the dispersion observed in optical fibres [5, 6]. Thus, we decided to design and make a
suitable concrete plug to accurately monitor the incident reflections from two different ends of the
waveguide. In addition, the time accuracy of the measurements was significantly increased by using audio
interfaces operating at a sampling rate of 192 kHz. The high value of sampling frequency allowed us to
provide accurate measurements of Gaussian wave packet propagation. Based on these studies, an
algorithm for wave packet detection in the waveguide was developed and tested.

2. Measurement stand

To perform wave packet propagation experiments, we developed and built a measurement stand (Fig. 1).
The measurement stand was built with the following components: a loudspeaker in a closed enclosure
with a waveguide fragment (1), a waveguide made of PVC pipes (2), measurement microphones (flush
with the surface) (3 and 4), an audio power amplifier (5), two USB audio interfaces working (6), a laptop
computer (7), a concrete plug (8) and a universal meter (9), with a probe to measure the air temperature
inside the waveguide. We also used a first-class calibrator with a sound level of 94 dB and a frequency of
1 kHz.

The laptop (AMD Ryzen 7 4800 HQ, 32 GB RAM, RTX 3050Ti) ran under the control of Linux OpenSuSE
Tumbleweed. The tasks of the computer were pulse generation and recording. A Jack server [8] was used
to control the audio interfaces, allowing to control all parameters of the sound cards. USB audio interfaces
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operated at a sampling rate of 192 kHz with 24-bit encoding. We used measuring microphones with
omnidirectional polar characteristics, a 1 mV/Pa sensitivity, the equivalent noise level of 20 dBA, and a
passband of 12 Hz - 21 kHz (-3 dB relative to sensitivity at 1 kHz). The speaker enclosure (1) was suitably
damped inside. The speaker had a diaphragm with a diameter of 11 cm.

The signal from both the first microphone (3) and the second microphone (4) was recorded during the
measurement. We ensured that the sound level of the pulse in the waveguide did not exceed 120 dB. None
of the microphones recorded a signal greater than 118 dB.

®

Figure 1. Measurement stand.

The temperature inside the waveguide was measured with a meter having an accuracy of #0.1°C.
During all measurements, the temperature inside the waveguide was between 22.1°C and 22.8 °C. Inside
the laboratory, where the measuring station was located, the temperature was 22°C.

The waveguide was constructed from PVC pipes with a diameter of 11 cm and a density of 1450 kg/m3.
The chosen PVC pipes had sufficient stiffness and did not vibrate during wave packet propagation. Both
1-meter-long and 2-meter-long pipes were used in the tests. However, no significant differences were
observed between the measurement results for a larger number of segments (every 1 m) and a smaller
number of elements (every 2 m). This effect is similar to observations from fiber optic measurements,
where fiber splices with a shorter length than the propagated wavelength do not significantly affect
measurement uncertainty [5].

3. Concrete plug

A concrete sample with a circular cross-section is designed for acoustic wave measurement. The specific
shape of the sample allows for limiting wave propagation and consider it without dispersion phenomena.
The sample has been designed using normal concrete with the following properties presented in Table 1.

The compressive strength of concrete, denoted as fc, is a measure of its ability to withstand maximum
load before failure. In the case of a concrete cube with dimensions of 15 cm x 15 cm x 15 cm, if it has
a compressive strength of 30 MPa after 28 days of curing, it means that it withstood a maximum load
corresponding to 30 MPa before failing.

In concrete mix design, the notation “C25/30” is used in accordance with the European standard
Eurocode 2 [9] or PN-EN 206 [10]. The letter “C” represents “Concrete” and it indicates the compressive
strength class. The “number” represents the characteristic cylinder strength/cube strength of the concrete
in megapascals [MPa]. Compressive strength testing of concrete is commonly performed at different
intervals, including 3, 7, 14 and 28 days. The specific intervals for early-age compressive strength testing
can be varied and specified in the relevant standard or project specifications. The early-age strength
measurement provides an indication of the concrete's early development and can be useful for assessing
the progress of construction activities. The standard specifies that the primary measurement for assessing
the compressive strength of concrete is at 28 days. This measurement is considered the standard
reference point for design calculations, quality control, and acceptance criteria. The compressive strength
at 28 days provides a reliable indication of the concrete's long-term strength and durability.
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Table 1. Concrete parameters.

Parameter Symbol Unit Value
Class C C25/30
Compressive strength after 28 days Sekeub MPa =30
Density p kg/ms3 2435.0
Average secant modulus of elasticity Ecm GPa 31
Plug thickness h m 0.08
Radius of plug R m 0.055

The modulus of elasticity, also known as Young's modulus, is a mechanical property that describes the
stiffness or rigidity of a material [11]. It quantifies how a material deforms when subjected to an applied
force or stress. Mathematically, the modulus of elasticity Ecm is defined as the ratio of stress to strain
within the elastic deformation range:

o
Eem = <’ (1)

where Ecm is an average secant modulus of elasticity (Young's modulus) of the material, o is the stress
applied to the material, ans ¢ is the strain of material.

In an earlier study [6], we used a plug made of PVC plastic. However, we found that this type of plastic
introduces additional distortion during the reflection of the wave packet [6]. So, we decided to make the
plug from concrete of a specific type to compare our results with those of other works.

4. Wave packet detection algorithm

4.1. Wave packet

From a previous study related to the propagation and generation of wave packets [6], it was found that
the best results were obtained for the Gaussian pulse [7]:

x(t) = exp(

2¢2

Z;izmp) sin(2mfyt), (2)
where x(t) is the Gaussian wave packet, Timp is the pulse duration, a is the width factor (default value is
2.5), tis the running time, and fo is the fundamental frequency of the wave packet.

In our study, as in the previous one [6], we used wave packets of 5 ms. The frequency fo must be
chosen so that dispersion due to multimodality does not appear in the waveguide [2, 6, 11-13]. As for the
minimum frequency, fo should be chosen so that at least one period falls within the pulse [7]. Assuming
that the pulse duration is 5 ms, the minimum value of the frequency fo is 200 Hz.

The wave packet (2) is its ideal form. In the case of a loudspeaker, the most significant distortion is its
elongation caused by the inertia of the transducer [6]. We called this elongation of the pulse duration
dispersion of the first kind.

Each reflection of the wave packet from the edge of the waveguide causes a decrease in its energy.
As a consequence, its amplitude decreases in proportion to this change. In addition, the speaker
introduces a different distortion in the wave packet than is the case with a plug made of concrete. The
greater the sound level of the incident wave, the reflected wave packet undergoes another elongation.
When designing the algorithm, therefore, it was necessary to consider the nonlinear changes in the wave
packet arising during reflection from the speaker diaphragm. We separated the reflection analysis into
two parts to assess the mentioned phenomena. The first part describes phenomena with minimal
nonlinear distortion content. There are the first wave packet and its reflection from the concrete. The
second part analyzes the wave packet reflected from the loudspeaker diaphragm.

4.2. Consideration of wave phase changes

During the reflection of the wave packet from the test sample, a change in the signal's phase can occur
[2, 11], which is associated with various wave phenomena. These phenomena are, of course, considered in
standards [12, 13]. In the case of detection based solely on changes in dynamic pressure inside the
waveguide, this can lead to significant measurement uncertainty. A similar problem exists for
measurements in an optical fiber [5]. This type of measurement [5] uses pulse detection using light
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intensity levels. It can be similarly implemented in an acoustic waveguide. Then the pulse detection will be
independent of the phase change of the signal during reflection. For discrete signals, the signal power is
defined by equation [14]:

P = %Zﬁ;élf(nTs)lz = %Zﬁ;é |f (fls)r = %Zﬁ;f}lf(n)ﬁ, 3)

where P is the power of the signal, Ts is the sampling period, N is the number of samples of the signal, fs is
the sampling frequency, f(nTs), f{n/fo), f(n) are designations for the same signal. The power is independent
of the signal's phase [14], so relation (3) can be used for pulse detection.

4.3. Wave packet power

To determine the power of a wave packet, calculated according to definition (3), we need its duration and
information on possible dispersion. Assuming that we know the pulse time Timp, the amount of dispersion
can be calculated as a proportional extension of the wave packet duration:
Treal
D =——, (4)
Timp
where D is the dispersion coefficient, Trea is the pulse duration, Timp is the original wave packet duration (2).
In the case of a single wave packet, its duration for the discrete form of the signal will have the
following form:

M = DTimpfs, (5)

where M is the number of samples of the discrete wave packet, f;is the sampling frequency.

In addition to relation (5), it is also essential that the wave packet can start at any time during the
entire measurement. Thus, when defining the power of the wave packet subject to detection, it is
necessary to include in the reasoning the discrete instant at which the wave packet starts. After taking this
into account and using relations (3) - (5), we obtain:

Pous(k) = —ZEHHUF()|? for 0<k <N-—M, (6)

where Ppuis is the power of the wave packet, N is the number of samples of the entire recorded signal, f{n)
is the recorded signal.

4.4. Wave packet sound level

Determining the level of the wave packet is essential because it is relatively easy to exceed the 130 dB
limit [2, 11-13]. So, in addition to calculating the power of the wave packet (6), the actual sound level must
also be calculated.

The values of the sampled signal are usually given in two ways: as integer binary values or normalized
to values between -1 and 1. We do not have directly available information about the actual sound pressure
in both situations. To solve this problem, we have to do two things: to have a recorded signal with
a known level and the invariability of the audio path settings after registering such a signal.

A signal with a known level can be obtained from an acoustic calibrator. In the case of the
measurement microphones used in the experiment, we had no problems applying a first-class calibrator.
Such a signal was recorded, and the correction factor was calculated based on it. We labeled the recording
of the calibrator signal as g(n). The recording time was a few seconds, as this solution can minimize the
measurement uncertainty of such a measurement. The calibrator we had generated a sinusoidal sound
with a level of 94 dB and a frequency of 1 kHz. For this reason, this value was taken as a reference. The
calculation of the correction was described as follows:

N-1
1
Lyorm = 10logq, (ﬁZlg(n)P)
n=0

94 = Leorr + Lnorm
Leorr = 94 — Lyorm

(7)

where Lnorm is the level of the reference signal [dB] sampled normalized in the calculation system, g(n) is
the recorded signal from the 94 dB calibrator, Lcorr is the measurement correction.
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Using relation (7) and expression (6), we created an expression to calculate the sound level of the wave
packet:

Limp(k) = 1010g10 (Ppuls(k)) + Leorr (8)

where Limp(k) is the sound level [dB] at time k, Ppuis(k) is the power of the wave packet at time k, Lcorr is the
calibration correction.

4.5. Method

Having worked out all the relationships described earlier, we could define the algorithm and formally
perform its implementation and testing. The description is as follows:

e Input data: calibrator recordings Rcal (N1 samples), wave packet recordings R_wav(N2 samples),

dispersion coefficient D, ideal wave packet duration, Ntnread — the number of a processor's threads.
e OQutput data: array with indexes of samples with recognized wave packets.
e Method:
1. Calculate Lcorr-

Calculate the number of samples per wave packet: M (considering D).
Calculate Limp(k) for the value of M calculated in step 2.
Set index_maximum to 0, and the number of maxima found K to 0.
Find the maximum of Limp(k) and store the index value of the sample for which the maximum
was found. Additionally, store it as max_last. Start the search with index_maximum. Increase the
number of found wave packets by 1 (K:= K+ 1).
Is the value of max_last + M greater than N27?
7. If it is less, assign a new value to index_maximum := max_last + M. and return to step 5.
otherwise, go to step.
Output the stored indexes of the maximum.

9. Terminate the program.
e Computational complexity:

— In the single-threaded case: o((M * N2) + (K * N2)), which is of type o(n2)
— Inthe multithreaded case: o((M * N2)/Nthread) + (K * N2))

Ui W

o

®

4.6. Implementation

The program that implements the method (see Section 4.5) was written in the scripting language for the
Octave environment. It is a multi-threaded application run from the command line. A repository
containing the entire program code, its description, and the data used in this work was placed on GitHub
at: https://github.com/pwrzecl/Wave-packets-detection.git.

5. Results

5.1. Testing the wave packet detection program

A Gaussian wave packet (2) with Timp = 5 ms and fundamental frequency fo = 660 Hz was used during the
testing. For these data, only single-mode transmission occurs in the waveguide built on the test bench
(Fig. 1). In addition, the frequency of 660 Hz is higher than the resonant frequency of the speaker, which
also affects the minimization of nonlinear distortion [15]. However, the increase in pulse time, which is
caused by the inertia of the transmitter, cannot be avoided. For example, the results calculated by the
program are presented in Fig. 2. The signal was recorded with a first microphone (item 3 in Fig. 1).

The first wave packet (counting from the left) is the incident wave, while the subsequent represents
reflections. Odd reflections (the first is the second wave packet) come from the concrete plug. The even
reflections come from the speaker's diaphragm. In the figure, several essential phenomena related to the
measurement of wave packet propagation can be observed. The first phenomenon is the pulse
modification during reflection from the speaker's diaphragm. It is greater the more significant the sound
level of the wave packet. With the sound level for the third pulse, dispersion due to the operation of the
speaker as a mechanical system is visible.
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Wave packages in the circular waveguide
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Figure 2. The results of the wave packet detection test calculated for D = 1.
Vertical (red) dashes indicate the detection of a wave packet.

The apparent relatively high background sound level, from 0.28 seconds onward, is mainly due to the
presence of infrasound. Unfortunately, the measurement system (Fig. 1) could not be completely isolated
from this type of interference. However, it can be filtered out before calculations are performed.

5.2. Measurement uncertainty of wave packet detection

The detection of wave packet onsets is correct. However, to determine the measurement uncertainty
associated with pulse detection, two cases had to be separated for analysis. The first case is a set of
reflections from concrete (odd reflections) and from a speaker (even reflections). In addition, it was
necessary to study how the algorithm works for different dispersion (D-factor) values and the presence of
infrasound in the signal spectrum.

Due to the speaker's distortion in the system, we had to limit the analysis to determining time
differences for three pairs from each case (speaker, concrete). In total, this recognizes seven pulses and
six-time intervals between them. During the experiment, the temperature in the waveguide and the
distances between the ends of the tube and the microphones were kept constant. Thus, in the ideal case,
the time interval between pulses should be the same within the same group. In this case, there should be
only two-time intervals: Tconcrete and Tspeaker. In reality, however, this is not the case, as there are at least
two sources of measurement error. The first is the timing inaccuracy of the analog-to-digital converter,
which is +1 sample. The second is the distortion of the measured pulses caused by the nonlinear operation
of the speaker. Thus, dispersion must also be taken into account in the estimation of measurement
uncertainty.

We used the mean value and the standard deviation of the time interval to estimate the measurement
uncertainty, calculated separately for each subset. The relationships used are shown in the following
formulas:

1
ur = 3 Xi=1Ne 9)
or = JRERa (N — ), (10)
or
rr = —-100, (11)
Hr

where uris the mean number of samples between detected pulses, Nk is the number of samples in the k-th
interval between pulses, o7 is the standard deviation of the number of samples between detected pulses, rr
is the relative error of detection of the wave packet [%].

Using formulas (9) - (11), the measurement uncertainty was estimated for D in the range of 0.5 to 2.0,
with a step of 0.01. The calculations were carried out for a signal containing infrasound and with
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infrasound removed using a high-pass filter. Infrasound was also removed from the calibrator signal
recording in the latter case. Figures 3 and 4 show the obtained results.

Relative error of wave packet detection (with infrasound)
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Figure 3. Estimating measurement uncertainty for wave packet detection
(recording with infrasound).

Relative error of wave packet detection (after infrasound filtered)
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Figure 4. Estimating measurement uncertainty for wave packet detection
(recording without infrasound).

Removing infrasound from the signal has increased the ranges for which the measurement uncertainty
value is minimal. The minimum error obtained for pulses reflected from a concrete plug was 0.018%
(D = 0.62), regardless of the presence of ultrasound in the signal. In the case of wave packets reflected
from the speaker, the minimum uncertainty value of 0.34% was achieved for D = 0.67 (without filtering
out the ultrasound). After infrasound filtering, a minimum error of 0.32% was achieved for D = 0.66.
However, such accuracy is only possible for a single value of D. For dispersion in the range (1;1.5), several
"windows" are observed in which the error of pulse recognition is little more than minimal. The error
values for detecting wave packets reflected from concrete correspond to a discrete sampling error of +1
sample.
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6. Discussion

In the results obtained, it is noticeable that there is a significant disparity between the detection error of
the pulse reflected from the concrete and that reflected from the speaker. The most important factor here
is the nonlinear operation of the speaker. Increasing the duration of the pulse, as well as modifying its
shape, have a significant impact on the accuracy of the measurement. In the study presented in this paper,
the influence of infrasound present in the signal does not significantly affect the measurement results.
Regardless of the presence of infrasound, the minimum detection error achieved is within +1 sample. This
is the absolute limit of the error achievable in discrete systems.

It should be considered whether, due to the error contributed by the speaker to the measurement
system, the standards [12, 13] should not be supplemented with a calibration that considers the
nonlinearity of the behavior of this transducer. The scatter in the values of reflection and absorption
coefficients [6] may be due to the different behavior of the speaker depending on the sound level of the
incident wave. However, this is a problem that requires further comparative research.

7. Conclusions

The detection of wave packets in the waveguide presented by us is a solution that enables achieving high
confidence in the result possible. This mainly relates to obtaining a very low measurement uncertainty in
wave packet recognition (0.02%). This value was achieved for a dispersion coefficient D in the (1.45; 1.5)
range. It is a unique solution and will likely make it possible to construct very accurate devices for
measuring reflection and absorption coefficients in the future.

Setting up an experimental stand with appropriate samples was necessary to obtain the presented
results. The laboratory equipment is also suitable for use in other studies. An additional advantage of the
proposed algorithm is that the entire measurement process can be automated and integrated with
scientific calculation software, such as Octave or Matlab.

The properties of the concrete, such as density, porosity, and composition, play a role in determining
the amount of energy reflected and absorbed. Different materials have varying abilities to reflect or
absorb wave energy. The mentioned method exhibits very high accuracy in measurement, as illustrated in
Fig. 3 and Fig. 4, which can subsequently be employed to measure concrete with a mixture of different
materials, as shown in Fig. 1 (item 8).
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