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Abstract The main idea of the measurement presented in this paper was to separate the incident wave from
the reflected wave. For this purpose, short wave packets and a sufficiently long waveguide with a circular
cross-section were used. Several types of wave packets were developed and used in the experiment. We
found that a wave packet of 5 ms duration could be propagated in a waveguide of length 5.6 meters without
significant sound level losses. We used an audio interface operating at a sampling rate of 96 kHz in the
measurements. The limit of wave propagation without dispersion phenomenon was determined. The
developed measurement methodology made it possible to maintain the same air temperature along the
entire length of the tested waveguide since short pulses did not cause the speaker temperature to rise.
Avoiding this effect reduced the measurement uncertainty of the reflection coefficient.
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1. Introduction

Currently, several standards are related to measuring reflectance and sound absorption. Two of them [1,2]
are related to measuring using the standing wave phenomenon in a pipe. The third method is related to
building acoustics [3]. However, despite measurement standards, there is a relatively considerable
measurement uncertainty [4,5]. This fact prompted us to look for more accurate measurement methods.
Our inspiration came from reflectometric measurement methods in optical fibers.

Our method is similar to optical time-domain reflectometry (OTDR). So let's recall the basics of the latter
[6-8]. OTDR has been established for analyzing reflectivities and losses in optical fibers according to the
following scheme. First, a short light pulse is generated by a single-mode laser diode and injected into the
tested optical fiber through a launch cable. Then, the reflected beam, extracted with a directional fiber
coupler and collected by a fast and sensitive photodetector, becomes the subject of the analysis.

Two physical phenomena underlie OTDR. First, Fresnel reflection occurs at the interface between two
transparent media with different refractive indices. In optical fibers, those places are at connectors, breaks,
mechanical splices, or ends. Second, Rayleigh scattering is an effect of the interaction of electromagnetic
waves with objects much smaller than the wavelength. In optical fibers, these objects are microscopic
irregularities of the glass structure. Once the light pulse is injected into the tested fiber, the reflectometer
sets a timer. At the input end, the dedicated analyzer records the power of the returned light versus time.
The slope of the plot allows for assessing the propagation losses, while the sudden discontinuities are for
localizing defects of a different type.

Transferring the OTDR methodology to acoustic applications required development and experiments
related to various types of acoustic pulses. Our research focuses on the propagation of pulses in the
waveguide, observation of the behavior of the sound source, and the dispersion phenomenon.

2. Acoustic experimental waveguide

The primary design consideration was the ability to generate pulses and observe their propagation. Thus,
the essential design elements were a sound source: a loudspeaker, a circular pipe with smooth inner walls,
and a system of two measurement microphones. We used a PVC pipe with an inner diameter of 110 mm and
a length of 5.6 m. The waveguide [9] was constructed from five segments of 1 m length and one segment of
0.6 m length. We used rigid PVC pipes that did not vibrate during measurements. We mounted two ECM
8000 measurement microphones in the middle segment, with a distance of 0.6 m between the microphones.
The sound source was a speaker mounted in a damped enclosure, controlled by a power amplifier and the
U-PHORIA UMC1820 audio interface. The audio interface was configured to operate at a sampling rate of
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96 kHz. We calibrated the audio system according to the sound level of 94 dB at a frequency of 1 kHz using
the SONOPAN KA-50 calibrator. To measure the air temperature inside the waveguide, we used a UT58C
universal meter. The figures (see Fig.1 and Fig.2) show the implementation of the experimental system. The
microphone designations (see Fig. 2) are used throughout our experiments. Microphone no. 1 is closer to
the sound source than microphone no. 2.

Figure 1. The experimental waveguide. The left side Figure 2. The arrangement of microphones.
of the photo shows the speaker enclosure. Microphone no. 1 is on the left side of the photo.

3. Wave packets

A wave packet is a short pulse of a specific duration [10]. By shaping the wave packet, it is possible to
observe the behavior of broadband pulses, such as sinc(x) type, or narrowband pulses, such as sinusoidal
pulses. In our experiment, we used pulses with a duration of 5 ms. During this time, the sound pulse travels
a distance of about 1.72 meters (at 20°C). This value is comparable to the distance between microphone 2
(see Fig. 2) and the end of the waveguide. Thus, separation of the incident and reflected pulse is feasible
without dispersion. We used wave packets described by formulas (1), (2), and as below:

® = () ane (22, o
x,(t) = 1 (t;fnfs) sinQ2nfyt), 2)
x3(t) = exp (_Z;;Z) sin(2mfyt), (3)
where:
sin(x) forx#0
sinc(x) = { x , (4)
1 forx=0
[0 for |t| > g
t 1 T
n(z) = 45 sorie =5 )
1forlt| < g
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Formula (1) describes an impulsive wave packet. Equation (2) defines a wave packet in a rectangular
window (5). Next, formula (3) is a Gaussian wave packet. In formulas (1-3), and (5), the variable t represents
time, and fo is the fundamental frequency. In formula (3), coefficient a is a positive constant that determines
the width of the Gaussian function. Formula (4) describes the sinc function. Formula (5) defines the
rectangle window, where T represents its duration. Finally, the quantity Ts in formula (3) is the sampling
period of the digital signal.

Formulas (1-2) include a wave packet duration of 5 ms. This duration is sufficient time to separate the
incident and reflected waves in our experiment. We created formulas (1-5) based on the literature on wave
packets [10] and digital signal processing [11].

All pulses were generated using the Octave program. Wave packet (3) used the default value of a, which
is 2.5. We used standard acoustic thirds frequencies to test windows (2-3). Each of the above defined wave
packets: (1-3) were tested to see which of them allows separation of the incident and reflected pulse.

Using two microphones placed relatively far from each other (60 cm), we could check what type of wave
propagated in the waveguide. Controlling the type of wave is very important because, for a correct
measurement, it is necessary to be sure that the wave is flat [1, 2] and the transmission is single-mode.

4. Wave packet test results

During testing, the waveguide was closed with a PVC plug. The plug had a mass of 0.068 kg, while the density
of the PVC was 1450 kg/m3. The pulsed wave packet (1) provided inconclusive results. As critical problems
we can specify capturing the beginning of the pulse and significant difference between the waveform and
original signal (see Fig. 3).
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Figure 3. Propagation of an impulsive wave packet. The upper waveform is from microphone no. 1, and
the lower is from microphone no. 2. The figure shows the incident wave
and one reflection from the end of the waveguide.

The result was already qualitatively better for the wave packet (2). However, the harmonic distortion
introduced into the system by the speaker is visible (see Fig. 4). The incident pulse (the first) is separated
from the reflected one (second). Both are almost identical.
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Figure 4. Propagation of a sinusoidal wave packet for fo = 1 kHz. The upper waveform is from microphone

1, and the lower is from microphone no. 2. The figure shows the incident wave
and one reflection from the end of the waveguide.

In a wave packet with a Gauss envelope (3), the signal differs a little from the original (in the absence of
dispersion). This phenomenon occurs because the incident and reflected pulses are separated. However,
the mechanical inertia of the speaker diaphragm is also noticeable (see Fig. 5).
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Figure 5. Propagation of a Gaussian wave packet for fo = 1 kHz. The upper waveform is from microphone
no. 1, and the lower from microphone 2. The figure shows the incident wave and one reflection from the

end of the waveguide.
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In the tested system, the sent pulse repeatedly bounced off the end of the waveguide and off the speaker.
In single-mode transmission, the individual wave packets are separated from each other. However,
dispersion impedes separation when the wavelength associated with the transmitted wave packet allows
subsequent modes [11,12] to excite (see Fig. 6).
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Figure 6. Propagation of a Gaussian wave packet with fo = 1600 Hz. The corresponding colors mark the
incident pulse, the reflected pulses, and the wandering second mode pulse.

In addition, in the case of significant dispersion, we noticed an increase in the temperature of the speaker
control amplifier enclosure, from 20°C (ambient temperature) to 35°C.

5. Reflectance measurement

After conducting measurement tests of the waveguide, we calculated the reflection coefficient only when
we could separate the individual wave packets. This phenomenon occurs when a single mode is propagated,
or we could split the wave packets of an individual wave from each other. After testing the wave packets,
we chose the Gaussian type (3). This pulse is well reproduced by the speaker, unlike the other two (1) and
(2). To determine the reflection coefficient R, we used the relationship between the energy of the incident
and the reflected pulse (6):
ER

R =2 (6)
where R is the reflection coefficient, E; is the energy of the incident wave packet, Er represents the energy
of the reflected packet. For a wave packet, represented in discrete form by a sequence of N samples, the
energy is expressed by (7):

N-1 N-1
E= Y If00” = ) IfFGI)I )
k=0 k=0

In formula (7), N is the number of samples, f{k) is the discrete signal, and Ts is the sampling period of the
signal. The letter E represents energy. In the absence of dispersion, the length of the incident wave packet
and the reflected wave packet are the same. Otherwise both wave packets are elongated. Thus dispersion
increases the measurement uncertainty and hinders or even makes impossible separation of two wave
packets. Using formulas (6) and (7), we calculate the reflection coefficient as (8):

_ ErR _ ZR=olfRUOI?

Ejp SN2 f1k0)12’

(8)

where fi(k) denotes the incident wave packet, and fz(k) is the reflected one.

The R factor defined in formulas (6) and (8) neglects the phase changes that occur during reflection. The
purpose of this paper was to present the main principles of measuring the reflection coefficient using wave
packets. Consideration of phase changes is planned for further research.

Due to the presence of multiple reflections of the wave packet, we can estimate the measurement
uncertainty for the R factor. For this purpose, we used two methods. First, we evaluated the spread of energy
values of individual wave packets by assessing the change in sound level at different values of N. The second
method involved comparing the values of the R factor determined separately for microphone no. 1 and
microphone no. 2.

50f8



Vibrations in Physical Systems, 2022, 33(2), 2022218 DOI: 10.21008/j.0860-6897.2022.2.18

For a sampling frequency of 96 kHz and single-mode transmission, the differences obtained when
increasing or decreasing the number of samples by one did not exceed 0.03 dB. The number of samples of a
5 ms wave packet at the fs=96 kHz is 480. Changing the sampling frequency to 48 kHz increased the tested
uncertainty to 0.1 dB. Thus, the higher the sampling frequency, the smaller the error in estimating the sound
level of the wave packet. The calculation of the described differences was defined by formula (9):

€rng = |1010g10( = ) , (9)

ERN+1

where emg [dB] is the difference between the reflected signal energy calculated for a window of length N
and the reflected signal energy calculated for a window of length N+1. Ern represents the reflected wave
energy calculated for a window of length N, and Ern+1 is the reflected wave energy for a window of size N+1.

For the second method of determining the measurement uncertainty, the arithmetic mean of the two R
factors for microphone no. 1 and no. 2 measured for a given wave packet was used. The standard deviation
of the determined coefficients was chosen as the relative measurement uncertainty. The mentioned above
method of calculating measurement uncertainty is described by formula (10):

_ Rq4+Rp

Ry = > (10)
100 ,
€r12 = ﬁTAV\/(RAV —R1)? + (Ryy — R,)?

where R; is the reflection coefficient calculated for microphone no. 1, Rz is the reflection coefficient
calculated for microphone no. 2, erz2 is the relative measurement uncertainty of calculating R using both
microphones, expressed as a percentage.

Reflectance measurements were carried out for frequencies of musical thirds [9]. However, due to
multimodality, we presented the results only for the separable wave packets (Table 1).

Table 1. Results of R calculation.

Frequency [Hz] R - Microphone no. 1 R - Microphone no. 2 Average R Uncertainty [%]
200 0.86 0.94 0.90 4.72
250 0.88 0.98 0.93 5.52
315 0.85 0.92 0.88 3.57
400 0.85 0.86 0.85 0.81
500 0.78 0.77 0.78 0.46
630 0.695 0.698 0.70 0.23
800 0.64 0.67 0.65 2.65
1000 0.70 0.78 0.74 4.95
1250 0.74 0.72 0.73 1.15
1600 0.67 0.73 0.70 4.14

2000 0.85 0.68 0.76 11.46

The values of the coefficients obtained separately for microphones no. 1 and no. 2 differ a little from each
other. However, a significant increase in the spread of values appears with the appearance of the second
mode. The graph (see Fig. 7) presents the obtained results.

During the measurements, we observed the vibrations of our chosen waveguide closure plug. The
consequence of this phenomenon is a reduction in the value of the reflection coefficient R (see Table 1).
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Figure 7. The graph of the measured reflection coefficient R for a closed waveguide.

6. Discussion

While conducting experiments with the described measurement system, we observed several problems that
affect the overall quality of the measurement. The first was the inaccurate generation of the desired pulse,
as shown in the figures (see Figs 1-2). The speaker membrane vibrated even after the pulse ended.
Minimizing this phenomenon can be achieved by increasing the amplifier's damping factor [9]. Thus, to
improve sound generation by the speaker, the power amplifier's quality must also be considered.

The second phenomenon was the amplifier's power transistors temperature rise while a strong pulse
dispersion occurs. This effect is a consequence of electrical current generation by the speaker coil moved
by the vibrating diaphragm and can cause an increase of measurement uncertainty for the described system.
Therefore, a power amplifier with higher damping factor should be recommended [9].

When additional modes in the waveguide appear, the difference between the R coefficients obtained
from the two microphones increases. Therefore, for single-mode transmission, the mentioned differences
require further study.

The above mentioned issues can also affect the measurement uncertainty of the methods described in
standards [1,2] and other works using waveguides [12,13]. However, the standards themselves [1,2] do not
mention changes in the thermal conditions of the loudspeaker as a factor that worsens measurement
uncertainty since the temperature of the air near the loudspeaker may increase during the measurement.
Consequently, in pipes described in the standards [1, 2], inhomogeneous temperature distributions may
appear causing, in turn, local speed of sound variations inside the waveguide [9].

Using short wave packets under single-mode transmission conditions does not change the temperature
inside the waveguide, as we observed when conducting the experiments. Thus, compared to other methods
[1-3,9,12-13], the measurement uncertainty obtained should be better or comparable. The minimum
measurement error obtained in our experiment is 0.2%. For a few selected frequencies, it is about 5%. The
measurement error obtained in methods using waveguides [12,13] was about 3.7%. In comparison, the
measurement uncertainty of the method used in building acoustics [3] is estimated at 30% [4,5]. As for the
measurement error of the methods described in the standards [1,2] is observed as discrepancies in
measurement results obtained in different laboratories [5,12,13]. The variety of results can be as wide as
20% [5]. However, it is not clear why the difference is so significant. In conclusion, the measurement
uncertainty of the method we presented is at least as small as in other methods using waveguides [12,13].
However, a prerequisite for the good performance of our system is the single-mode transmission.

Timing accuracy is important in measurements using wave packets [6-8]. Our system uses digital signals
and thus depends primarily on the sampling frequency. The fundamental condition is the Nyquist sampling
theorem [9]. However, the higher the sampling frequency, the lower the measurement uncertainty.

7. Conclusion

The method of measuring the reflection coefficient using wave packets presented in this paper enables the
effective separation of the incident and reflected wave. In the case of single-mode transmission,
a measurement uncertainty of about 0.5% can be obtained, which is small compared to other methods,
especially the results obtained according to the standard designed for building acoustics. Furthermore, the
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observed thermal phenomena associated with the speaker's work can be considered during different
reflectance or absorption measurements to minimize the measurement uncertainty. In further work, we
plan to take into account the phase shift and analyze the propagation of the wave packet when multiple
modes exist. Future work will also involve the development of an acoustically suitable rigid plug for the
waveguide, which will have a reflection coefficient R close to unity for the entire measurement bandwidth.
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