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Abstract
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Speech broadcasting via loudspeakers is widely used in public
transportation to send broadcast notifications. However, listeners often fail to catch spoken context from speech broadcasts
due to excessive environmental noise. We propose an ultrasonic
communication method that can be applied to loudspeakerbased speech broadcasting to cope with this issue. In other
words, text notifications are modulated and carried over lowfrequency ultrasonic waves through loudspeakers to the microphones of each potential listener’s mobile device. Then, the received ultrasonic stream is demodulated back into the text and
the listener hears the notification context by a text-to-speech
engine embedded in each mobile device. Such a transmission
system is realized with a 20 kHz carrier frequency because it is
inaudible to most listeners but capable of being used in communication between a loudspeaker and microphone. In addition,
the performance of the proposed ultrasonic communication
method is evaluated by measuring the success rate of transmitted words under various signal-to-noise ratio conditions.
Index Terms: low-frequency ultrasonic communication,
speech broadcasting, text-to-speech
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Figure 1: Procedure of speech broadcasting using the
proposed LFU communication.
noise signals [2]. Thus, LFU communication has been applied
in numerous applications such as near-field data transmission
[2], TV-based advertisement systems [3], and acoustic markers
for augmented reality (AR) devices [4].
This paper proposes an LFU communication method for
speech broadcasting in excessively noisy public transportation
environments. Figure 1 shows the procedure of speech broadcasting using the LFU communication method. The proposed
method first modulates a text notification using a differential
phase shift keying (DPSK) scheme with forward error correction (FEC). The modulated text sequence is then transmitted
through loudspeakers with a chirp-shaped preamble. The transmitted signals are recorded under the environmental noise by
each passenger’s smart device microphone. Next, the recorded
signals are synchronized with a chirp-shaped preamble template
in a residual domain. After synchronization, FEC decoding and
DPSK demodulation are performed to restore the text notification. Finally, the text notification is synthesized into a speech
signal by a text-to-speech (TTS) engine embedded in the smart
device. Finally, the passenger can hear the notification, even in
an excessively noisy transportation environment.

1. Introduction
Speech broadcasting is widely used in modes of public transportation such as buses, subways, and airplanes to send notifications to passengers in the form of a spoken message [1]. In
general, speech broadcasting is simply conducted by playing a
pre-recorded or spoken message through the loudspeakers embedded in the vehicle. However, various types of noise during
transportation and/or passengers might degrade the intelligibility of the broadcast notifications for those who need to hear it.
Such issues might be overcome by providing hearing devices
such as noise canceling headphones for each passenger, but this
could be a limited solution because 1) the cost of providing such
hearing devices to every passenger is exceedingly high for most
cases; 2) hearing devices cannot filter out speech-like noises
that some passengers might make. Therefore, another solution
is demanded to improve the intelligibility of spoken notifications in noisy environments.
Recently, low-frequency ultrasonic (LFU) communication,
which utilizes the 19–22 kHz frequency band, has been applied
in various indoor services [2]–[4]. This LFU frequency range is
inaudible and can be generated by commercial off-the-shelf
(COTS) loudspeakers and microphones [2]. Therefore, no additional hardware or operating system is required because lowfrequency ultrasound is utilized in any audio interface–
equipped device. Moreover, LFU communication is highly robust to various kinds of noise because the carrier frequency of
LFU communication is rarely overlapped by bandwidth of
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2. Notification transceiver
2.1. Notification transmitter
The notification transmitter in the proposed LFU communication method sends a text sequence in a binary format though the
LFU wave via three processing steps: FEC encoding, DPSK
modulation, and preamble embedding. First of all, the P binary
bits to be transmitted at the i-th symbol are grouped as 𝐛𝐛𝑖𝑖 =
𝑝𝑝
[𝑏𝑏𝑖𝑖1 ⋯ 𝑏𝑏𝑖𝑖 ⋯ 𝑏𝑏𝑖𝑖𝑃𝑃 ], where P is set to 24 in this paper. Next, 𝐛𝐛𝑖𝑖 is
encoded by a FEC scheme, and additional error correction bits
are attached. Specifically, a perfect binary Golay code, 𝐺𝐺23 , is
applied as the FEC scheme [5]. In other words, 𝐛𝐛𝑖𝑖 is reshaped
into an 𝑂𝑂 × 12 matrix and is encoded by the (23, 12) Golay
block code; thus, the 𝑂𝑂 × 23 encoded block for the i-th symbol,
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̃ 𝑖𝑖 , is generated. After FEC encoding is completed, each en𝐛𝐛
̃ 𝑖𝑖 is modulated by a DPSK scheme. Next, differcoded bit of 𝐛𝐛
𝑞𝑞
ential encoding is conducted on each 𝑏𝑏�𝑖𝑖 as in [6]:
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where
is the q-th differentially encoded bit at the i-th symbol. Moreover, ∇ in (1) indicates the bitwise exclusive or XOR
𝑞𝑞
operation. Next, 𝑑𝑑𝑖𝑖 is then modulated in the form of sinusoidal
signals by the windowed DPSK 𝑐𝑐𝑖𝑖 (𝑛𝑛), given by
𝑞𝑞

𝑐𝑐𝑖𝑖 (𝑛𝑛) = 𝑤𝑤(𝑛𝑛)𝑐𝑐𝑐𝑐𝑐𝑐�2𝜋𝜋𝑓𝑓𝑐𝑐 𝑛𝑛⁄𝑓𝑓𝑠𝑠 + 𝜋𝜋(1 − 𝑑𝑑𝑖𝑖 )�
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Figure 2: WER of the notification transceiver.
signal, where the average SNR of the LFU frequency band
(LFU-SNR) as set to -10, -5, 0, 5, and 10 dB. Note that the LFU
transmission signal was generated by modulating a 100-word
sequence and the WER under each LFU-SNR condition was
evaluated by repeating the transmission 10 times; thus, the total
number of transmitted words was 1000 for each LFU-SNR.
Figure 2 shows the WER of the proposed LFU-based notification transceiver according to different LFU-SNRs. As
shown in the figure, the proposed method could transmit text
notification at a 0 dB LFU-SNR with average WER of 1.9%.

(2)

where n indicates the sample index from 1 to the symbol length,
𝑇𝑇𝑏𝑏 . Moreover, 𝑓𝑓𝑐𝑐 and 𝑓𝑓𝑠𝑠 are the carrier and sampling frequencies, respectively. Here, 𝑓𝑓𝑠𝑠 is set to 44.1 kHz to support the frequency range of most commercial microphones and speakers.
Accordingly, 𝑓𝑓𝑐𝑐 can be set any frequency in the rage of 18–
22.05 kHz; it is set to 20 kHz in this paper. In addition, 𝑤𝑤(𝑛𝑛) is
a squared Hanning window that can smooth discontinuity between subsequent symbols to avoid unwanted impulsive noise
at the modulated signal. Note that 𝑇𝑇𝑏𝑏 is set to 810 for reliable
communication in excessively noisy environments.
After that, the chirp-shaped preamble, 𝑝𝑝(𝑛𝑛), is designed as
a concave form of 166 ms length and with the frequency range
of 18–22.05 kHz. Next, the transmission stream is defined as
𝐬𝐬 = [𝐩𝐩, 𝐜𝐜], where 𝐩𝐩 and 𝐜𝐜 are the vectors of 𝑝𝑝(𝑛𝑛) and 𝑐𝑐𝑖𝑖 (𝑛𝑛) for
every n and i. Finally, 𝐬𝐬 is transformed into analogue signals by
a digital-to-analogue converter (DAC), and these signals are
then spread into the aerial medium.

4. Demonstration and conclusion
We designed a demonstration system for the proposed speech
broadcasting method that consisted of a notification transmitter
with channel simulation functionality and notification receiver.
The notification transmitter was developed to have the graphical user interface (GUI) so that it could operate on a low-end
laptop with a commercial loudspeaker. Moreover, the notification receiver was developed with the Android platform to run
on mid-end smartphones with embedded microphones. The
demonstration system is planned to be introduced in a Show and
Tell session.

2.2. Notification receiver
In the notification receiver, the input signal recorded by the microphone equipped with the smart device of each passenger,
𝑦𝑦𝑖𝑖 (𝑛𝑛), is the superposition of 𝑠𝑠𝑖𝑖 (𝑛𝑛), where the elements of 𝒔𝒔,
and additive environmental noise 𝑧𝑧𝑖𝑖 (𝑛𝑛), such as
𝑦𝑦𝑖𝑖 (𝑛𝑛) = ℎ(𝑛𝑛) ∗ 𝑠𝑠𝑖𝑖 (𝑛𝑛) + 𝑧𝑧𝑖𝑖 (𝑛𝑛)
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(3)

where ℎ(𝑛𝑛) indicates the impulse response of the propagation
channel from the LFU transmitter to the receiver. The 𝑠𝑠𝑖𝑖 (𝑛𝑛) in
(3) can be estimated from 𝑦𝑦𝑖𝑖 (𝑛𝑛) by again applying the carrier
frequency band-pass filter. That is, 𝑧𝑧𝑖𝑖 (𝑛𝑛) in 𝑦𝑦𝑖𝑖 (𝑛𝑛) is filtered out
because 𝑧𝑧𝑖𝑖 (𝑛𝑛) rarely overlaps with 𝑠𝑠𝑖𝑖 (𝑛𝑛) at the carrier frequency band [2]. Next, the filtered receiver signal, 𝑠𝑠̂𝑖𝑖 (𝑛𝑛), is
synchronized with the preamble template, 𝑝𝑝(𝑛𝑛). Here, the impulsive signal detection in a residual domain, which is proposed
in [7], is conducted on the cross correlation between 𝑝𝑝(𝑛𝑛) and
𝑠𝑠̂𝑖𝑖 (𝑛𝑛) to determine the lag, 𝐿𝐿𝑝𝑝 , for the synchronization. After
synchronization is finished, 𝑠𝑠̂𝑖𝑖 (𝑛𝑛 − 𝐿𝐿𝑝𝑝 ) = 𝑐𝑐̂𝑖𝑖 (𝑛𝑛) and demodulation and decoding is conducted on 𝑐𝑐̂𝑖𝑖 (𝑛𝑛) to recover the binary
sequence of the text notification, 𝐛𝐛𝑖𝑖 . Finally, the recovered text
notification is synthesized into speech by a TTS engine implemented in the mobile device, which provides spoken notification to each passenger.
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