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ABSTRACT:

The growth of the Internet of Things has increased demand for location information services, but existing indoor positioning
technology has limitations. The purpose of this paper is to discuss indoor positioning with a single audio base station and to
propose an indoor positioning method based on signal strength. The proposed method is simple to use on smart phones, and the
base station is straightforward to deploy. The base station transmits digital amplitude modulated signals in multiple directions using
this method. Prior to the test, a database is created with the signal strengths measured at multiple points throughout the area to
be evaluated. During the test, the terminal measures the signal strength and compares it to the database to determine the spatial
position. Indoor dynamic and static tests are conducted to evaluate the method’s performance. The test results demonstrate that the
positioning method is highly accurate and will meet the requirements for indoor location-based services.

1. INTRODUCTION

With the development of Internet of Things (IoT) technology,
there is a huge demand for positioning services of indoor and
outdoor (Chen et al., 2017). At present, outdoor position-
ing technology including Global Navigation Satellite System
(GNSS) (Shen et al., 2022) (Shen et al., 2021), low earth orbit
navigation augmentation (Chen et al., 2021a) and wireless po-
sitioning based on DVB-T (Liang et al., 2017) has been gradu-
ally improved. However, the development of indoor position-
ing technology is slow relatively (Chen and Chen, 2021). The
current popular indoor positioning technologies include posi-
tioning technologies based on inertial measurement unit (IMU),
geomagnetism(Al-homayani and Mahoor, 2018), electromag-
netic waves and acoustic waves (Song et al., 2020). The IMU
positioning technology has a drift problem. Without the assist-
ance of other positioning technologies, the IMU cannot inde-
pendently locate for a long time (Li et al., 2019). Geomagnetic
positioning is easily disturbed by metal objects, so it is more
difficult to use in practice . Electromagnetic field positioning
technology includes ultra-wideband (UWB) positioning tech-
nology (Yao et al., 2017) , wireless fidelity (WIFI) (Shilo et
al., 2020) (Yu et al., 2022), 5th Generation Mobile Communic-
ation Technology (5G) (Chen et al., 2021b) and Bluetooth low
energy (BLE) positioning technology (Pakanon et al., 2020)
(Ji et al., 2022). These electromagnetic wave-based positioning
technologies require special RF baseband chips for signal pro-
cessing (Farahsari et al., 2022), so these positioning methods
is limited to specific user terminals. The positioning techno-
logy based on audio waves has a wide range of applicability.
Various IoT devices including smartphones that can receive au-
dio signals directly. There are two main audio wave localiz-
ation technologies, one is based on the microphone array au-
dio source (Soda et al., 2011), and the other is based on the
multi-audio source anchor point (Wang et al., 2015). In micro-
phone array audio source localization technology system, The
user terminal under test continuously sends audio signals, the
microphone array receives the audio signals, and analyze and
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calculate the terminal position and other information. Such po-
sitioning systems are very susceptible to interference from com-
plex indoor environments. The multi-acoustic anchor position-
ing technology needs multiple base stations to transmit acoustic
anchors at different positions in the area to be measured, which
brings difficulties to the promotion of this technology.

In this paper, an indoor positioning method based on the sig-
nal strength of a single audio signal base station is proposed.
In Figure 1, a signal transmitting base station that can trans-
mit audio signals in different directions needs to be arranged
in the middle of the test area. The user terminal under test
receives audio signals in different directions sent by the base
station. When the direction in which the base station transmits
the audio signal is directly toward the terminal, the received au-
dio signal has a higher strength, and vice versa. Based on this
principle, the terminal processes the received signal from the
base station to transmit in different directions to obtain the sig-
nal strength. Finally, the calculated signal strength is mapped
to the spatial location information of the terminal. We will de-
scribe the proposed positioning method in terms of transmitter
hardware, signal format, receiver signal processing flow, and
indoor test results.

Figure 1. Indoor positioning method based on single base station
audio signal
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2. THE AUDIO SIGNAL TRANSMITTING BASE
STATION AND SIGNAL STRUCTURE

2.1 The Audio Signal Transmitting Base Station

Two pieces of hardware are required for the positioning system
proposed in this paper. The base station transmits the audio
signal, while the user terminal receives it. In this article, the
receiving terminal is a common smartphone (MI10). The base
station described in this paper has a total of seven audio direc-
tions, including one vertical and six oblique downward.

Figure 2. The topology of the hardware of the base station.

As depicted in Figure 2, the audio signal transmitting base sta-
tion adopts the zynq7020 chip as the main control chip, the
dac128s085 chip as the multi-channel signal output chip, and
the audio signal transmitting probe MZ191612TL as the voltage
audio converter. The zynq7020 is XILINX’s soc type fpga,
which has a dual-core ARM processor. The dac128s085 is a
multi-channel dac from TI, and the sampling frequency of base
station is 60Khz. MZ191612TL is a 19Khz acoustic piezoelec-
tric signal transmitting probe from Manzekegi Company. The
actual base station is presented in Figure 3.

Figure 3. (a)Internal circuit of the base station. (b) Outside of
the base station.

2.2 Transmitting Signal Structure

When the user terminal is in the direct path of the signal, the
signal strength will be greater, and vice versa. The user terminal
receives and demodulates the audio signal transmitted by the
base station, determines the strength of the audio signals, and
finally determines the location of the user terminal.

To avoid interfering with audio signals transmitted in differ-
ent directions, the base station’s audio signals are specially de-
signed.

In terms of baseband signals, the base station is equipped with
a total of seven audio transmitters that transmit seven distinct
8-bit frames continuously. Each frame contains seven data bits
and one stop bit. The frames are expressed as follows:

Dn =



[1, 0, 0, 0, 0, 0, 0, 0]T , n = 1;

[0, 1, 0, 0, 0, 0, 0, 0]T , n = 2;

[0, 0, 1, 0, 0, 0, 0, 0]T , n = 3;

[0, 0, 0, 1, 0, 0, 0, 0]T , n = 4;

[0, 0, 0, 0, 1, 0, 0, 0]T , n = 5;

[0, 0, 0, 0, 0, 1, 0, 0]T , n = 6;

[0, 0, 0, 0, 0, 0, 1, 0]T , n = 7.

(1)

where n = the number of the audio transmitter
Dn = signal frame emitted by the nth audio transmitter.

Regarding signal modulation, the audio signal transmitted by
the base station is binary amplitude keying (2ASK). Its center
frequency is 19khz, and the baud rate is 4bit/s.

In time domain, the time length of each frame is 2 s, while the
length of each bit is 0.25 s. According to Equation 1, the time
domain representation of the frame is as follows:

Xn(t) =

{
sin(2 · pi · fo · t), t ∈ (tbit · n, tbit · n+ tbit);

0, t ∈ [0, tbit · n] ∪ [tbit · n+ tbit, tframe].

(2)

where t is time in seconds;
Xn(t) = A frame waveform from transmitter n;
tbit = 0.25;
tframe = 2.0;
fo = 19e3 .

According to Equations 1 and 2, as presented in Figure 4, when
the bit sent by a transmitter in the data bit is 1 (that is, an audio
signal is transmitted), the bits transmitted by the other trans-
mitters are 0 (that is, no audio signal is transmitted). Such a
signal structure ensures that the signals transmitted between the
audio transmitters do not interfere with each other. The sig-
nals obtained by the receiver can be regarded as an amplitude-
modulated (AM) waveform.

Figure 4. Audio signal transmission and reception.

3. THE SIGNAL PROCESSING FLOW OF THE USER
TERMINAL FOR RECEIVING THE AUDIO

SIGNAL

This section introduces the signal processing flow of the signal
receiving user terminal, as illustrated in Figure 5. The process
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includes calculating the spectrogram, framing,obtaining the sig-
nal strength, calculating the vector difference, and mapping.

Figure 5. The signal processing flow of the user terminal.

3.1 Calculate the Audio Signal Spectrum

Spectrograms were generated from a short-time Fourier trans-
form (STFT) using a 48Khz sampling rate, a window length
of 2,048 samples, and an overlap of 1,748 sample points. The
magnitude of the STFT produces a linear frequency S(m, t),
where k is the frequency interval between 1 and 1,025. In
this work, frequency from kmin = 807 to kmax = 819 cov-
ering 19Khz were used for signal processing. Figure 6 shows
the time-domain waveform and corresponding spectrogram of
a signal that includes a complete frame and background noise.

Figure 6. A segment of time-domain waveform and spectrum
containing a complete frame of signal.

3.2 Audio Signal Framing

The framing step depends on the stop bit of each frame. The
spectrum is processed by a sliding average window. When the
result of the sliding average is less than the threshold thss, the
stop bit starts. According to Sections 2.2 and 3.1 of this paper,
the formula for finding when the stop bit starts is as follows:

R(t) =
1

(kmax − kmin) · tbit
·
t+tbit∑
t0=t

kmax∑
k0=kmin

S(k0, t0);R(ts) < thss.

(3)

where t = time in seconds
R(t) = the moving average result
S = Spectrograms
ts = time coordinate of the stop bit
thss = stop bit threshold.

According to Section 2.2 of this paper, the stop bit occupies the
last 0.25 s of the 2 s of a complete frame. It means that the start
time of a complete frame is tfs = ts − 1.75, while the end is
tfe = ts + 0.25

3.3 Obtaining the Strength of the Signal from Different
Emission Angles

The 7-bit data bits of the signal at the receiver were provided by
seven audio transmitters, respectively. According to Sections
3.1 and 3.2, the logarithmic expression of the signal strength
of the audio from the seven transmitters can be obtained as fol-
lows:

Pn = lg[
1

(kmax − kmin) · tbit
·

tfs+tbit·n∑
t=tfs+0.25·(n−1)

kmax∑
k0=kmin

S(k, t)]

(4)

where t = time in seconds
P (n) = strength of the signal from transmitter n,n = 1, 2, ..., 7
S = spectrograms
tfs = start of a full frame.

The signal strength vector of user terminal Vu can be obtained

Vu = [P1, P2, P3, ..., P7]
T (5)

3.4 Calculating the Vector Difference with the Database

The signal strength vector Vu can be calculated according to
Section 3.3. In order to identify the signal characteristics of
different regions. Database is collected and obtained from mul-
tiple locations within the test area.

D = {V
′
d,f |d = 1, 2, ...dmax; f = 1, 2, ...fmax} (6)

where V
′
d,f =the f-th data at the d-th position;

dmax = the number of measurement positions;
in this paper, this value is equal to 35;
fmax = the amount of data at the same location;
in this paper, this value is equal to 7.

The difference between the signal strength vector and the data-
base is measured as follows:

Md =
1

fmax
·
fmax∑
i=1

|Vu − V
′
d,i|2 (7)

where Vu =the signal strength vector from the user terminal;
Md is the mean distance between the vector ;
obtained by the user terminaland and the vector at
the dth position in the database;
dmax is the number of measurement positions;
In this paper, this value is equal to 35;
fmax is the amounts of data at the same location;
In this paper, this value is equal to 7;
|X| = the norm of the vector X;
d = 1,2,...dmax.
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3.5 Mapping

The purpose of the mapping step is to convert the vector dif-
ference 3.4 to the actual spatial position coordinates. Based
on the vector differences M1,M2, ...,Mdmax , the two smal-
lest values Mmina,Mminb were calculated. The correspond-
ing two-dimensional spatial coordinates (xmina, ymina) and
(xminb, yminb) were used for the following calculations The
location of the user terminal is calculated with the following
formula:

xu =
B

A+B
· xmina +

A

A+B
· xminb;

yu =
B

A+B
· ymina +

A

A+B
· yminb.

(8)

where Vu is the signal strength vector from the user terminal
Md is the mean distance between the vector
obtained by the user terminal and the vector at
the d th position in the library
|X| = the norm of the vector X
d = 1,2,...dmax

A = 10Mmina

B = 10Mminb

4. INDOOR FIELD TESTS

4.1 Indoor Environment

The location for indoor field testing in this paper was a lounge.
As shown in Figure 7, the test area was a rectangle 6.4 m long
and 4.8 m wide. The audio signal base station was in the middle
of the rectangle and was 2.3 m high. The user terminal was
placed at a height of 1.2 m and evaluated. The different launch
directions of the base stations were also indicated in Figure 7.

Figure 7. Indoor environment and base station deployment

According to Section 3.4, it is necessary to collect data from
multiple sampling points in the test area and build a library
database. Figure 8 depicts the location of the sampling point
and the test area.

Since the audio signal strengths from different audio transmit-
ters are the same but the transmission directions are different,
the audio signal strengths from the same audio transmitter will
vary in diverse locations. The distributions of 19Khz audio sig-
nal strength from the transmitter and background noise at dis-
tinct locations in the test area are shown in Figure 9.

Figure 8. The location of the sampling point and the test area.

Figure 9. The distribution of 19Khz signal strength in the test
area (a) The background noises

(b) - (h) The signal from the No.1- No.7 transmitters.
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4.2 Static Tests

In the static tests, twenty-five points in the area were evaluated.
Parts of real point and measured point and the CDF of error are
shown in Figure 10. In the static test, RMSE is 0.82m and MAE
is 0.51m.

Figure 10. Static positioning and the CDF of error.

4.3 Dynamic Tests

The data processing flow of dynamic testing is the same as
that of static processing. The first step is to divide a piece of
data collected during continuous dynamic motion into multiple
frames. The second step is to process and position the data of
different frames. The last step is to acquire the path between
multiple locations as the measurement path. In the dynamic
test, RMSE is 0.86m and MAE is 0.70m. The dynamic test
path in this article is a “L”-shaped path. Figure 11 shows the
real path and the measured path of the dynamic test and the
CDF of positioning error.

Figure 11. Dynamic positioning and the CDF of error.

5. CONCLUSION

The purpose of this paper is to propose an audio positioning
method based on a single base station audio signal for solv-
ing the indoor positioning problem in current technology. The
signal receiver analyzes the strength of the audio signal eman-
ating from the base station’s various directions. For difference
calculations, the audio signal strengths are viewed as a vector
and compared to the database vector. Finally, the receiver’s spa-
tial position information is determined using the spatial position
mapping relationship. In the future, we will investigate the rela-
tionship between the number of signal transmitters on the base
station and the positioning accuracy, as well as the large area
positioning scheme, using the findings from this paper.
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