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A B S T R A C T

Sound source localization (SLL), which is an area of multi-point acoustic detection, has always been an important
research topic since it has been employed in many applications. It has been notable to use fiber optic sensors in
the SSL due to the advantages compared to traditional sensors. In this paper, a fiber optic sensor array is ob-
tained with sensor tips formed with polymer-based diaphragm material, which is low cost and easy to manu-
facture. The SSL process has been experimentally verified in the measurement medium with a volume of 1 m3.
Both constant frequency sound signals and speech signals were used in experimental measurements. The signals
received from the sensors were processed by using the genetic algorithm, and the average distance to the source
was calculated in 3D with an error of 0.0248 m. In the measurements, results were obtained at very close
distances to the sound source, such as 0.0032 m, 0.0046 m, 0.0071 m.

1. Introduction

Acoustics is a popular science that deals with the study of sound
waves from infrasound to ultrasound [1]. Applications in acoustic sci-
ence can be listed as the detection and location of cracks, internal
stresses, evaluation of micro-displacements, earthquake prediction
analysis through the detection of pressure, velocity monitoring, depth,
sounding, submarine profiling, and non-destructive inspection of
structures [2]. Furthermore, acoustic sensing is used in medical sci-
ences, such as medical imaging, diagnosis, and detection of phase
transitions. An acoustic transducer is at the basis of the system to be
used in these applications [3]. Acoustic waves are mechanical pressure
waves therefore, microphones have the same principle as a pressure
sensor [4].

Some of the interesting features of fiber optic sensors (FOS) include
their real-time display, fast response, stability, wide dynamic range,
and remote access. Moreover, because the light is composed of photons,
it does not carry any electrical charge and is immune to electromagnetic
fields [5]. Due to these properties, FOS offer a completely passive (di-
electric) approach, which is often very important in successful appli-
cations, including electrical isolation of patients in medicine, elimina-
tion of conductive paths in high-voltage environments and simple ways
to adapt to existing materials. In addition, they are suitable for multi-
point detection with their ability to easily connect to sensor arrays.

New optical fiber sensor technologies are also developed in the

literature using different materials. One of these is a study that provides
a dynamic mechanical analysis of polymer optical fibers to obtain
Young’s modules in terms of voltage, temperature, humidity, and fre-
quency variation [6]. The multimode sensor for relative humidity is
fabricated by fusion splicing a coreless fiber section to a single mode
fiber [7]. Most of the FOS in dynamic pressure measurement are based
on the principle of Fabry-Perot (FP) interferometry [8,9]. In addition,
there are many current studies based on fiber Bragg grating technology
[10–13]. Many diaphragm-based studies with different geometric sizes
and materials are available in the literature [14,15]. Some of the studies
with these diaphragm-based sensors are gas detection [16], underwater
applications [17], partial discharge in power transformers [18] and
they have spread over a wide area based on their measurements.

Many applications based on sound source localization (SSL) have
been the focus of researchers for a long time. Among them, there are
researches about robotic applications [19,20], teleconferencing, search
and rescue activities, gunshot detection [21] and partial discharge [22].
Also, one crucial step for non-destructive testing technique and struc-
tural health monitoring is acoustic source localization in an anisotropic
plate without knowing its material properties [23]. Thanks to the ad-
vantages of the FOS, they are also used in SSL applications [24]. In
addition to the sensor equipment that forms the hardware structure of
SSL, there is also a software part based on the processing of the signals
obtained from this equipment. The main methods used for SSL are
cross-correlation [25], genetic algorithm (GA) [26], maximum-
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likelihood method [27], multiple signal classification (MUSIC) [28],
estimation of signal parameters via rotational invariant techniques
(ESPRIT) [28]. The GA, one of these methods, is commonly used to
solve both constrained and unconstrained optimization problems [29].
The most important advantage of the GA is that it has important fea-
tures such as researching possible multiple solutions due to its prob-
abilistic character and does not need to know the gradient of the ob-
jective function [30].

Both the geometry [31] and material properties [32] of the sensor
diaphragm affect the sensor performance. In our previous study in-
vestigating the effects of material properties of the diaphragm on sensor
performance, ethylene propylene diene terpolymer (EPDM) was used
for the first time in the literature [32]. EPDM has good electrical re-
sistance thanks to its non-polar structure, resistant to oxygen, ozone,
heat, and UV light [33]. Thanks to these features of EPDM, it is thought
that the sensors will provide an advantage by considering the variable
conditions in the working environments of SSL. In this study, a FOS
array was obtained using four EPDM diaphragm fiber sensors. Using
this sensor array, it was aimed to find the location of the sound source
in a test box which is the size of 1 m × 1 m × 1 m. 3D SSL was
performed with the GA using the time difference of arrival (TDOA)
based on fitness function to the signals received from the sensors. In
experimental studies carried out by changing the sound source location,
the average distance to the sound source was approximately 0.0248 m.
In addition, a large number of measurement results were obtained that
were below 0.02 m.

2. Materials and methods

2.1. Equipment of SSL system

The dimensions of the EPDM film and the aluminium (Al) surface
that is added to the center to increase optical reflectivity are shown in
Fig. 1. The mechanical and optical tests of the EPDM material used in
the sensor tip and the production of the sensor tip can be found in our
study [32].

The sensor system consists of a single sensor tip (Fig. 2), includes a
light source, the optic circulator that directs the light beam from the
light source to the sensor tip, a high-speed photodetector to convert the

reflected light beam from the FOS tip into an electrical signal, a data
acquisition unit to collect the electrical signal at the photodetector
output, and a PC for processing data.

The schematic representation of the sensor array composed of four
FOS tips is shown in Fig. 3. A laser diode with a wavelength of 1550 nm
is used as a light source in the measurement setup (Ideal Fiber Master
33-929). 1 × 4 wideband fiber optic coupler with 25:25:25:25 Split,
1550 ± 100 nm single mode fiber (SMF) (Thorlabs TWQ1550HF) is
used. Four 1525–1610 nm SMF with FC/PC (Thorlabs 6015-3-FC) are
used as the circulators. Using the Fusion splicing method, the coupler
outputs are connected to the circulators. FOS tips are placed on the four
corners of the test box, which has dimensions of 1 m × 1 m × 1 m.
Four highspeed fiber-coupled InGaAs biased photodetectors (Thorlabs
DET08CFC-M, 5 GHz) are chosen to measure the reflected optical signal
from the FOS tips. The photodetector responsivity is in the range of
800–1700 nm, and the peak wavelength is 1550 nm. Four channel PC
oscilloscope and data logger measure the signals received from the
photodetectors (Picoscope 5444D, 200 MHz analog bandwidth, 1 GS/s
real-time sampling, 512 MS capture memory). The PC oscilloscope also
includes a spectrum analyzer, and the frequency domain measurements
are carried out with this instrument. The spectrum analyzer in this in-
strument is of the fast Fourier transform (FFT) type. Signals received
from the data acquisition unit are transferred into a PC.

2.2. TDOA localization

Range measurements can be obtained from different techniques
such as the time of arrival (TOA), the angle of arrival (AOA), the re-
ceived signal strength (RSS) or the time difference of arrival (TDOA)
[34]. The location of a passive source can be determined using TDOA
measurements with high accuracy. TDOA is one of the most basic
methods used for SSL. The basic idea of SSL based on the TDOA tech-
nique is to use the observed time difference between the signals of an
audio source arriving at the two sensors [20]. With the TDOA tech-
nique, the sound source location is determined using a suitable method
(e.g. GA in our study) using time differences between each sensor.
Finding the sound source location accurately depends on the number of
sensors, the timing accuracy of the sensors (synchronization) and the
sensor locations by source [35]. Time delays based on the sensor and
source coordinates which are used for the TDOA method are given in
Fig. 4.

As can be seen from Fig. 4, each sensor receives the sound from the
sound source with a delay (τ1, τ2, τ3, and τ4). The signal received for the
i-th sensor is as follows [36].

= − + = …S t γ x t t n t i M( ) ( ) ( ), 1, 2, ,i i i i (1)

where x(t) is the sound signal, ni(t) is the noise signal, Si(t) is the signal
received by i-th sensor. γ is the sound pressure damping factor. TDOA
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values between the sensors can be written as follows:

= − = −τ τ τ d d
vri i r

i r
(2)

τi and τr are the arrival time of the sound signal from the source to
the i-th sensor and reference sensor, respectively. di and dr are the
distances of the i-th and reference sensors to the source, respectively. v
is the sound velocity in the air, which is 343 m/s. i-th sensor distance
(di) can be calculated as,

= + ×d d τ vi r ri (3)

when both sides are squared,

= − + − + − = + ×

= …

d x x y y z z d τ v

i M

( ) ( ) ( ) ( ) ( ) ,

1, 2, ..,
i i S i S i S r ri

2 2 2 2 2

(4)

is obtained. As a result of the necessary mathematical operations, Eq.
(4) can be converted into the following matrix form (Eq. (5)).
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Fig. 8. The time-domain responses of four FOSs when the 1 kHz sound source signal appears at the setting position of Source 1 (0.2 m, 0 m, 0.2 m): (a) time scale
from 0 to 310 ms; (b) time scale from 75 to 94.5 ms.
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Eq. (5) can be solved by the least squares method. The least squares

method provides the algebraic solution for SSL using TDOA measure-
ments and can be written in the following matrix form

=A Ax A bT T (6)

and,

̂ = −x A A A b( )T 1 T (7)

Since Eq. (5) contains four unknowns (xS, yS, zS, dr), M must be
higher than or equal to four (M≥ 4) to find a solution. That is, at least 3
sensors and 4 sensors are required for 2D and 3D detection, respectively
[36]. As can be seen in Fig. 5, three spherical shapes (Sensor 1, 2, and 3)
intersect at two points. These two points represent possible source co-
ordinates. One of these two possible points corresponds to the source
position. As a result, this source position is determined using a fourth
sensor (Sensor 4).

When the number of sensors is increased (M), the position of the
source can be found with less error. However, this situation increases
the computational complexity and computation time. With the least
squares method, the global solution cannot always be reached correctly.
Therefore, various optimization methods such as GA or particle swarm
optimization, which give better results in terms of reaching the global
solution, are preferred more.

2.3. Genetic algorithm (GA)

Genetic algorithm (GA) is a searching and optimization method that
works in a similar way to the evolutionary process observed in nature
[26]. The GA usually starts from a population of randomly generated
individuals, and is an iterative process, with the population in each
iteration called a generation [30]. GA has a fitness function that con-
tains the solution space. In each generation, the fitness of each in-
dividual in the population is evaluated, and this fitness value is the
value of the optimization function (fitness function). Then the new

Fig. 9. The time-domain responses of four FOS when the bi (bī) speech signal appears at the setting position of Source 4 (0.8 m, 0.2 m, 0.5 m): (a) time scale from 0 to
1250 ms; (b) time scale from 490 to 530 ms.

Fig. 10. Fitness values converging iteratively to zero.
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generation of candidate solutions is used in the next iteration of the
algorithm. The algorithm ends when a maximum number of genera-
tions are generated or when a valid fitness value for the population is
reached.

Generally, measurement errors and sensor location errors occur in
SSL applications. Therefore, a strong optimization method such as GA,
which can research many solution points, is needed. This optimization
process was carried out using the fitness function given below.

− + − + − − −

=

min
x y z x x y y z z vτ d

i M

, , | ( ) ( ) ( ) | ,

1, 2, ...,

i S i S i S ri r
2 2 2 2

(8)

where M is the number of sensors, (xS, yS, zS) is the coordinate of the
sound source, (xi, yi, zi) is the coordinate of the i-th sensor. In Eq. (8),
the genetic algorithm finds the optimal position that gives the minimum
value of the fitness function. The flow chart of the genetic algorithm
applied in experimental studies is given in Fig. 6. First of all, the fitness
function, constraints, and necessary parameters for the GA are de-
termined. Then, an initial population (a candidate solution set) is cre-
ated. This set generates random source locations for constraints used in
the study. The fitness function value is calculated for each chromosome
and the chromosome that gives the most suitable fitness value is se-
lected. This chromosome corresponds to the candidate source position.
This chromosome value is retained as a local solution, thereby testing
the stop criterion. In the algorithm, the process is terminated when a
value smaller than the fitness value is reached or when the desired
number of generations is reached. The local solution found is assigned
as a global solution and if the criteria is not fulfilled, the next step is
taken to continue looking for new solutions. In the population, the
roulette wheel method is used for crossover. The selected individuals
are subjected to crossover and mutation operators to create new

Table 1
Sound source location results.

Location results (m) Distance results (m) Average distances
Experiment No. Experiment No.

Source 1 (Fig. 8) 1 2 3 4 5 1 2 3 4 5 Source 1
x(m) 0.2 0.204 0.21 0.216 0.215 0.201 0.0166 0.0424 0.0402 0.0279 0.0046 0.0264
y(m) 0 0.006 0.016 0.024 0.023 0.002
z(m) 0.2 0.215 0.238 0.228 0.205 0.204

Source 2 1 2 3 4 5 1 2 3 4 5 Source 2
x(m) 0.6 0.599 0.599 0.598 0.599 0.598 0.0142 0.0473 0.0503 0.0292 0.0316 0.0345
y(m) 0 0.002 0.005 0.005 0.003 0.006
z(m) 0.9 0.914 0.947 0.95 0.929 0.931

Source 3 1 2 3 4 5 1 2 3 4 5 Source 3
x(m) 0.3 0.303 0.301 0.3 0.303 0.302 0.0168 0.0071 0.0032 0.0228 0.0166 0.0133
y(m) 0.8 0.796 0.799 0.799 0.795 0.796
z(m) 0.1 0.116 0.107 0.103 0.122 0.116

Source 4 (Fig. 9) 1 2 3 4 5 1 2 3 4 5 Source 4
x(m) 0.8 0.814 0.808 0.792 0.788 0.814 0.0247 0.0330 0.0321 0.0481 0.0164 0.0309
y(m) 0.2 0.186 0.192 0.208 0.212 0.186
z(m) 0.5 0.45 0.469 0.53 0.545 0.449

Source 5 1 2 3 4 5 1 2 3 4 5 Source 5
x(m) 0.7 0.703 0.691 0.705 0.705 0.698 0.0192 0.0514 0.0301 0.0203 0.0128 0.0268
y(m) 0.1 0.094 0.116 0.09 0.119 0.104
z(m) 0.4 0.382 0.448 0.372 0.405 0.412

Source 6 1 2 3 4 5 1 2 3 4 5 Source 6
x(m) 0.8 0.81 0.805 0.789 0.791 0.794 0.0191 0.0153 0.0249 0.0122 0.0149 0.0173
y(m) 0.9 0.888 0.912 0.92 0.908 0.896
z(m) 0.6 0.589 0.608 0.61 0.598 0.613

Fig. 11. 3D sound source location results.
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individuals and Step 2 is taken. Finally, the algorithm ends and the
chromosome value that gives the best fitness value is selected. This
value corresponds to the source position in this study.

3. Experimental results and discussion

3.1. Frequency response of the FOS array

The four sensor tips are manufactured through identical fabrication
processes using diaphragm materials of the same standards. In the
single FOS system of Fig. 2, sound signals are applied to Sensor 1 in the
range of 100 Hz–20 kHz and the frequency response in Fig. 7(a) is
obtained. This process is repeated for other sensors (Sensor 2, Sensor 3,
and Sensor 4), and it is observed that the SNR values of each sensor are
very close to the values obtained for Sensor 1. Therefore, it is under-
stood from these results that the sensors have similar sensitivity. In
addition, the sensors are located 10 cm away from the source that
produces a constant frequency sound signal. Then, time delays are
measured for each sensor and values very close to the speed of sound
are obtained. As a result of this process, the calibration of the sensors is
ensured. After these operations, we use the 1 kHz frequency signal,
which has one of the higher SNR values, in the SSL system in Fig. 3.
Frequency and time domain representation of the signal is given in
Fig. 7(b).

3.2. Sound source localization (SSL)

The sound source of 1 kHz is placed in the coordinate Source 1
(x = 0.2 m, y = 0 m, z = 0.2 m), and the signal obtained simulta-
neously from the FOS tips is shown in Fig. 8(a). In Fig. 8(b), the time
difference (TDOA) values are given according to the reference sensor
(Sensor 1) selected. Also, a total of 15 measurements were performed
by changing the source position to Source 2 (x = 0.6 m, y = 0 m,
z = 0.9 m) and Source 3 (x = 0.3 m, y = 0.8 m, z = 0.1 m) to be 5
measurements for each location.

In our experimental study, in addition to the constant frequency
sound signal, we also used a variable frequency speech signal (bī) to test
the FOS array dynamic field performance. The sound source of the
speech signal is placed in the coordinate Source 4 (x = 0.8 m,
y= 0.2 m, z= 0.5 m), and the signal obtained simultaneously from the
FOS tips is shown in Fig. 9(a). In Fig. 9(b), the time difference (TDOA)
values are given based on the reference sensor (Sensor 1) selected.
Besides, the measurements were repeated by changing the source po-
sition as Source 5 (x = 0.7 m, y = 0.1 m, z = 0.4 m) and Source 6
(x = 0.8 m, y = 0.9 m, z = 0.6 m). Similarly, multiple measurements
were implemented for each location.

The fitness function Eq. (8) is minimized by using TDOA data ob-
tained as a result of multiple measurements as well as sensor co-
ordinates information. In the processes, the sound velocity value was
taken as v = 343 m/s and the test operations were carried out at room
temperature suitable for the sound velocity MATLAB’s GA tool (genetic
algorithm optimization toolbox (GAOT)) was used in calculations. The
number of population (chromosome) is chosen as 100, the crossover
constant is 0.85 and the number of generation (=number of iteration)
is 100. Roulette wheel method was used to determine individuals to be
crossed for the next generation to be created. In Fig. 10, when calcu-
lating Source 1 position, fitness value is converted iteratively to zero.
Fig. 10 shows that the mean fitness value stably converges to zero after
the 26th iteration.

A summary of the experimental studies can be found in Table 1.
Measurement results for Source 1 and Source 4 are detailed in Figs. 8
and 9, respectively. Table 1 gives location results, distance results, and
average distances. When 30 measurements were evaluated, it was
found that 50 percent of the measurements remained below 0.02 m. In
only two of these measurements, distances to the source were measured
around 0.05 m and the average of all measurements was calculated as

0.0248 m. Also, the average distance to the source points was 0.0345 m,
with the maximum error, while the minimum was 0.0133 m. The causes
of errors can include sensor sensitivity, different sensor and source
positions from actual positions, and small measurement errors in syn-
chronization. As the distance between the sensors decreases, the TDOA
values will be very close to each other and the error rate in the mea-
surements will increase. For this reason, sensor positions have been
chosen as far distance as possible.

Fig. 11 shows the measurement results for variable source points in
3D space, here, the green, red, and cyan points show the sensor, sound
source, and localization results, respectively. Measurements were re-
peated 5 times for each source position and a total of 30 measurements
were performed for 6 source positions. In the first three of these source
positions, a constant frequency (1 kHz) signal was used, and in others, a
speech (bī) signal was used.

4. Conclusion

In this study, sensing tips were performed by using EPDM, a ma-
terial that is easy to manufacture and resistant to heavy working con-
ditions. A 4-element sensor array was obtained from these sensor tips.
The signal acquisition and processing unit is designed simply and cost-
effectively. A test box with a size of 1 m3 was chosen as the measure-
ment area. The location of the sound source placed in the test box was
changed to 3D and multiple SSL measurements were implemented for
each of these locations. In the study, both constant frequency and a
speech signal were used. The signals obtained from the sensor array are
processed with a genetic algorithm that scans the global solution space
multiple and can find the global solution effectively. The largest of the
average distances to the source points was 0.0345 m, while the smallest
was 0.0133 m. In addition, the distance to the source point in 14 of 30
measurements remained below about 0.02 m. Our next study will be
carried out to determine the source position using the 5th sensor in the
cases where TDOA values are very close to each other, that is when the
distance of the sensors is equal to the source.
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