INTERSPEECH 2020
October 25-29, 2020, Shanghai, China

Subjective Quality Evaluation of Speech Signals Transmitted
via BPL-PLC Wired System

Przemyslaw Falkowski-Gilski', Grzegorz Debita?, Marcin Habrych®, Bogdan Miedzinski’,
Przemyslaw Jedlikowski*, Bartosz Polnik®, Jan Wandzio®, Xin Wang’

!Gdansk University of Technology, Faculty of Electronics, Telecommunications and Informatics,
Gdansk, Poland
2General Tadeusz Kosciuszko Military University of Land Forces, Wroclaw, Poland
3Wroclaw University of Science and Technology, Faculty of Electrical Engineering,
Wroclaw, Poland
*“Wroclaw University of Science and Technology, Faculty of Electronics, Wroclaw, Poland
SKOMAG Institute of Mining Technology, Gliwice, Poland
*KGHM Polska Miedz S.A., Lubin, Poland
’China Agriculture University, College of Engineering, Beijing, China
przemyslaw.falkowski@eti.pg.edu.pl

Abstract

The broadband over power line — power line communication
(BPL-PLC) cable is resistant to electricity stoppage and partial
damage of phase conductors. It maintains continuity of
transmission in case of an emergency. These features make it
an ideal solution for delivering data, e.g. in an underground
mine environment, especially clear and easily understandable
voice messages. This paper describes a subjective quality
evaluation of such a system. The solution was designed and
tested in real-time operating conditions. It consists of a one-way
transmission system, dedicated to delivering speech signals and
voice commands. The study involved signal samples in three
languages: English, German, and Polish, processed at different
bitrates: 8, 16, and 24 kbps. Obtained results confirmed the
usefulness of BPL-PLC technology for speech transmission
purposes. Even in a narrowband scenario, with bitrates smaller
than 1 Mbps, it proved to be a potentially life-saving
communication system. Results of this study may aid
researchers and parties from the mining and oil industry,
as well as professionals involved in rescue operations.

Index Terms: coding, communication applications,
compression, signal processing, speech processing, quality of
service

1. Introduction

Effective use of power line communication (PLC) technology,
in existing common power network infrastructure of both low
and high voltage, encouraged designers and users to verify its
performance, also under onerous and dangerous environmental
conditions. Reliable on-line data transmission is particularly
important, wherever hazards for health and/or life appear.
This is mainly the case in all mines, especially underground
ones. Considering the fact that power cable lines are the most
resistant to mechanical damage, during any crumps, after bursts
and/or mine goafs, authors decided to take advantage of it.

An attempt therefore was made, both theoretically and
practically, under real operating conditions of a selected copper
ore underground mine. Particular attention was focused on
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simultaneous use of broadband over power line (BPL)
technology, as a wire medium for voice communication in
medium voltage (6 kV) cable lines. For this purpose, a specially
developed system, composed of a digital transmitter and
receiver, was used. Of course, PLC communication should not
deteriorate the transmission of electricity in the power network
under any circumstances. On the other hand, deformations of
current and voltage waveforms in the cable line (due to non-
linear loads of the mine) should not degrade the efficiency of
PLC data transmission, including voice communication as well.

Accepting this challenge required to carry out a number of
laboratory tests, but most of all field tests under real working
conditions [1]. It should be emphasized that from a technical
point of view, meeting restrictive mine requirements,
this project was not easy. The effectiveness of unidirectional
voice transmission has been evaluated for two selected modes
working in the 2-7.5 MHz range, labeled as MODE 1
(3-7.5 MHz) and MODE 11 (2-7 MHz). The purpose of the
study was to demonstrate the usefulness of BPL-PLC
technology also for reliable voice communication.

2. BPL-PLC Wired Transmission System

Although BPL-PLC technology (compared to other wire-based,
e.g. fiber optic) is relatively cheap and easy to apply in power
networks, its transmission quality, to be honest, is not the best.
Its biggest deficiency is the sensitivity to electromagnetic
interference, both conductive and inductive [2]. However,
in low-voltage power networks, large disturbances in PLC
transmission (narrowband frequency range 3-148 kHz) are also
present, due to the so-called impedance shunting effect caused
by low-power non-linear electric receivers (e.g. hair dryers,
etc.) [3].

In medium voltage applications interference, caused by
non-linear loads, are usually not harmful. Of course, they may
increase under emergency situations (earth fault, phase break,
etc.). However, the effective operation of BPL-PLC (wideband
frequency range) requires appropriate matching of the
transmission channel parameters (cable characteristic
impedance, attenuation, frequency mode, etc.).
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Furthermore, it is also necessary to use the appropriate type
of coupling (inductive or capacitive) of modems with the
utilized cable [4]. It should be noted that in mine shafts,
only inductive couplers can be installed. However, it can be
disadvantageous, when increasing the range of BPL-PLC
transmission [5, 6, 7]. The frequency bands allocated to PLC
networks are shown in Fig. 1.
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Figure 1: Frequency bands allocated to PLC networks
7]

The main advantage of the BPL (2-32 MHz) technology
is the additional possibility of implementing voice
communication, which is of great importance in case of any
mine rescue operation. The cable can work as a transmission
medium, even when being partly (mechanically) damaged.
The signals are then conducted through the phase shields and
cable armor. In such cases, the modems must be battery-
powered. It should be noted that the BPL-PLC technology
can be also useful for voice communication in urban
agglomerations, where power cables are laid underground
in tunnels. This enables to set a secure voice transmission,
both peer-to-peer and/or master-slave, in case of a power
stoppage (e.g. blackout).

3. Speech Processing and Coding

In order to provide clear and understandable voice information
in the BPL-PLC wired system, one needs to know how many
bits are sufficient to convey quality content. When it comes to
voice transmission systems, the key issue is to provide high-
quality audio services over varying bandwidth conditions and
heterogeneous networks. In this case packets may be lost or
delayed, which is not acceptable for real-time applications.
This may cause degradation in quality, observed as either
network Quality of Service (QoS) or perceived user Quality of
Experience (QoE) [8].

The use of network communication imposes serious
restrictions, including bandwidth limitations, associated with
available bitrates. In the last two decades, many research efforts
have been devoted to the problem of audio compression.
Particularly, two different compression categories, namely high
performance and low bitrate audio coding [9]. The first one is
aimed to achieve the audio quality as high as possible at a
certain bitrate. On the other hand, lossless compression always
ensures the highest possible quality, in which the objective
redundancy in the multimedia content is the only source of
compression.

Of course, each coding algorithm has a limit for lowest
acceptable bitrate. Nevertheless, this limit may be sometimes
hard to determine [10]. In most cases, the higher the bitrate,
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the higher the quality. However, this increase in quality does
not resemble a linear scale. In every coding algorithm there is
always a break point, when further increase in bitrate does not
imply further raise in perceived quality [11]. This breakpoint is
highly dependable on the type of transmitted content, as well as
type of medium. In our case, we investigate different couplings
(inductive and capacitive), transmission modes (MODE 1 and
MODE 11), and speech samples (English, German, and Polish).

4. Related Work

In a recent study [12], researchers investigated the audio quality
of speech and music signals, including mono and stereo, using
the Perceptual Evaluation of Audio Quality (PEAQ) algorithm.
In this case, audio samples were processed using 2 codecs at
different bitrates, from 24 to 320 kbps. Their analysis showed a
break point for each codec, where objective scores did not raise
significantly with increasing bitrate.

In [13] authors investigated the impact of different audio
codecs, including Ogg Vorbis. The bitrate ranged from 24 to
320 kbps, depending on the particular codec. Studies involved
both subjective and objective metrics, including Perceptual
Evaluation of Audio Quality (PEAQ) and Perceptual Objective
Listening Quality Assessment (POLQA) algorithms. The study
provides a good introduction to currently utilized commercial
services, including pros and cons of different coding
algorithms.

After a careful examination, authors did not encounter other
scientific publications regarding the utilization of BPL-PLC
technology for transmitting additional data services, e.g. audio
or audio-video signals, particularly for communication
purposes. That is why this investigation was carried out.

5. About the Study

The main aim of the study was to determine the feasibility of
utilizing a given BPL-PLC line for voice communication
services. In this scenario, the wired medium was located in
an underground mine environment, operating in real-time
conditions. In this case, we have selected a 3-phase cable,
about 300 m long, located in the mine shaft headroom.
This cable was a part of the tested medium voltage radial
network of 6 kV, its total length was equal to approx. 1300 m.
This study is a direct continuation of previous work described
in [14, 15].

5.1. Environment and test conditions

In order to simulate an emergency situation, the tested cable,
shown in Fig. 2, was disconnected from the power supply and
shorted as well as earthed at both ends. A specially developed
digital transmitter and receiver were connected respectively
to BPL-PLC modems.

The best quality of BPL-PLC transmission was obtained
within the frequency range of 2-7.5 MHz. That is why we have
selected two different transmission modes, namely MODE 1
(3-7.5 MHz) and MODE 11 (2-7 MHz). However, it should
be emphasized that the BPL-PLC transmission is asymmetrical,
showing different values of both capacity (bitrate) and signal-
to-noise ratio (SNR), as well as channel frequency response
(CFR) factors, for different transmission directions (either from
point A to B, or vice versa). In this case, the measured capacity
from point B to A, related with the transmission of speech signal
samples, was equal to approx. 27 Mbps.
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Figure 2: Tested wired medium in an underground
mine shaft.

5.2. Signal samples

The tested speech samples were sourced from ITU-T P.501
[16]. In this recommendation, available signal samples consist
of two sentences spoken by two female and two male
individuals, in different languages. Due to the international
character of the oil and mining industry, we have selected
samples from 4 sets, namely: American English (AE), British
English (EN), German (GE), and Polish (PL).

The original signal samples were available in the WAV
16-bit PCM format, with sampling frequency set to 32 kHz.
Next, each sample was coded using the Ogg Vorbis format.
The degraded signal samples were processed and then
transmitted through the wired medium at 3 bitrates: 8, 16,
and 24 kbps, whereas the sampling frequency was changed to
44.1 kHz. All transmitted signal samples were recorded at the
end for further processing and evaluation purposes, namely a
subjective quality assessment study. Previous studies, including
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preliminary ones, shown that further raising the bitrate did not
relate with higher grades. That is why the threshold of 24 kbps
was considered as a breakpoint for this codec. Additional
information on signal processing, especially low bitrate audio
coding, may be found in [17, 18, 19, 20].

5.3. Listeners and listening equipment

When it comes to the background of tested individuals, namely
a group of 16 people aged between 25-35 years old, it is worth
mentioning that for each one Polish was the mother tongue,
whereas both English and German were the second language
of choice (advanced language skills without a significant
difference). Of course none of them had hearing disorders.

The subjective assessment was carried out using
Beyerdynamic Custom One headphones in a 5-step Mean
Opinion Score (MOS) Absolute Category Rating (ACR) scale,
with no reference, ranging from 1 (bad quality) to 5 (excellent
quality). Each individual evaluated the quality individually,
one by one, according to [21]. The speech samples were
presented in a randomized way, separated by a 1 s interval.
Of course listeners were not informed about the bitrate of
the current sample, labeled as either female or male lector.
Furthermore, every person took a training phase before starting
the essential test, in order to acquaint with the aim of the study
and become familiar with the listening equipment.

Moreover, during the training phase, participants pointed
out that sentences spoken by a male lector seemed more
appealing. In our case, due to the profile of the mining industry,
this feedback becomes an important factor.

6. Results

In this test, the goal was to investigate how does a BPL-PLC
cable operate, when it comes to providing voice services.
How does the type of coupling, transmission mode, as well as
varying bandwidth conditions, affect the perceived speech
quality.

The results of the subjective quality evaluation, including
both types of coupling (inductive and capacitive) as well as
transmission modes (MODE 1 within 3-7.5 MHz and
MODE 11 within 2-7 MHz) of the cable network, are shown
in Figs. 3-10. Grades for inductive coupling are shown in
Figs. 3-6, whereas those for capacitive coupling in Figs. 7-10.

Obtained data were processed using the Analysis of
Variance (ANOVA) statistical method. The confidence
intervals were set to 95% (a = 0.05). The dispersion was less
than 10%. Additional information on improving the quality of
acoustic signals in the presence of noise, interference, etc.,
are available in [22, 23, 24].
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Figure 3: Inductive coupling — speech signals in
American English.
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Figure 4: Inductive coupling — speech signals in
British English.
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Figure 5: Inductive coupling — speech signals in
German.
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Figure 6: Inductive coupling — speech signals in
Polish.

As shown, the lowest bitrate equal to 8 kbps proved to
be insufficient when it comes to delivering clear and
understandable voice messages. The medium bitrate of 16 kbps
was ranked evidently better. Nevertheless, not all samples were
perceived as of high quality. In case of the highest bitrate of
24 kbps, all voice messages, whether spoken by a male or
female lector, were clear and easily understandable.
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Figure 7: Capacitive coupling — speech signals in
American English.
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Figure 8: Capacitive coupling — speech signals in

British English.
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Figure 9: Capacitive coupling — speech signals in
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Figure 10: Capacitive coupling — speech signals in
Polish.

7. Conclusions

As shown, the BPL-PLC wired medium, thanks to its high
resistance to mechanical damage and other physical properties,
can provide a reliable voice transmission system.
This technology, even in a narrowband scenario (bitrates of
less than 1 Mbps), e.g. caused by bandwidth limitations,
severe damage, etc., ensures a stable and reliable connection.
Whenever an emergency situation occurs, voice commands,
i.e. from a supervisor or paramedic, can help provide
instructions and ease during any rescue operation.

Furthermore, according to obtained results, sentences
spoken by a male lector were ranked most often higher.
Moreover, transmission MODE 11 proved to be superior
compared to MODE 1, resulting in higher MOS scores.
This becomes an important feedback, as similar results were
formulated regardless of the type of coupling. Outcomes of
carried out work may be of aid for parties related with the
mining and oil industry, as well as researchers and professionals
active in the aforementioned and related fields of study.
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