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Abstract: This study proposes a closed-form direction-of-arrival (DoA) solution derived from mul-
tilateration equations for microphone arrays of co-centered and orthogonal pairs. The generalized
cross-correlation phase transform (GCC-Phat) algorithm is used to obtain the time-difference-of-
arrival (TDoA) values. Simulation studies have shown the success of our proposed method compared
to existing DoA methods in the literature by varying the sampling frequency of the sound signal,
inter-microphone distances, and the source distance. The results from the simulation are validated
by the measurements from our experiments. Our proposed solution gives better results than the
far-field solution against the angle error, which is more pronounced at incidence angles smaller than
15°. These angle errors, which approach 3° using the far-field method, are reduced to less than
0.5 degrees using our proposed solution. Our solution also gives more stable results against TDoA
measurement errors. Our proposed solution achieves a 66% improvement for azimuth angle and
5.88% improvement for elevation angle compared to the simulation results in the absence of TDoA
measurement error, outperforming the far-field approach. When normally distributed sampling
error is added to TDoA measurements, with a standard deviation of three samples, our proposed
solution achieves a 41% improvement for azimuth angle and a 5.44% improvement for elevation
angle. In our field measurements, an absolute mean error of 0.94 degrees was observed with our
proposed method for azimuth angle. It is shown to be a more stable and faster solution method for
real-time applications.

Keywords: multilateration; DoA estimation; sound source localization; acoustic localization;

microphone array

1. Introduction

Acoustic DoA estimation is a common technique used in a variety of applications,
including indoor security systems, conference speaker tracking systems, mobile robot
positioning systems, outdoor security systems, and defense industry systems. DoA esti-
mation is performed by using microphone arrays with predefined distances between the
microphones. The accuracy and speed of DoA estimation directly affects the performance
of the systems.

Sound localization methods can be divided into two categories: direct and indirect
methods. Direct methods estimate the position of a sound source in a single step, while indi-
rect methods estimate the position of a sound source by calculating the TDoA times between
microphones and then using the known microphone array geometry [1]. Direct methods
are divided into two main classes: spectral-based and beamformer-based approaches. The
first class consists of studies that directly locate by filtering, weighting, and summing the
signals received from the microphone. The maximization of the steered response power
of a beamformer forms the basis of this class, and SRP-PHAT [2] is the most widely used
method in this class [3,4]. The second class includes applications of high-resolution spectral
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estimation based on the signal correlation matrix. The most widely used methods in this
class are MUSIC [5] and ESPRIT [6]. Indirect methods include approaches that perform
location estimation based on the TDoA information between microphones [7-9]. In recent
years, there has been a development of deep learning-based methods as well [10-12].

Direct localization methods are frequently used in applications where the location
of the sound is known and the sound source is one of the multiple candidate sound
sources. These methods are computationally demanding. The direction of arrival (DoA) of
a sound source with unknown location and whose distance to the reference point of the
microphone array is much greater than the inter-microphone distance of the microphone
array is calculated using the far-field approach. In the far-field approach, it is assumed
that the sound waves propagate to the microphones in parallel lines [1,13]. It is frequently
utilized to detect the DoA of sound sources with unknown locations. The far-field approach
method uses TDoA times between microphones. The most frequently used method in the
literature for obtaining TDoA values is the GCC method, which uses the PHAT weighting
function [14]. The details of the method will not be explained in this paper.

If the distance value between the sound source and the reference point of the micro-
phone array is close to the distance value between the microphones, the sound source
can be localized using the triangulation method or the multilateration method using the
TDoA values [15-18]. In the model used to detect the location of weapons that can fire
ammunition with a Mach number greater than one, the distance can be estimated using the
angle of arrival and the time difference between the shock wave and the muzzle burst, and
the location can thus be determined [19].

Although different microphone geometries have been used in studies, uniform linear
(ULA) [13] and uniform circular (UCA) [20] distributed, L-shaped, and spherical micro-
phone arrays are more common. Among these microphone arrays, the L-shaped [21,22]
microphone arrays and the circular [3,23], spherical [24-27], and spatial [23] microphone
arrays with a multiple of four co-dispersed microphones in the same plane have co-centered
and orthogonal pairs of microphones.

This study presents closed-form azimuth and elevation angle solutions for microphone
arrays with co-centered and orthogonally placed microphone pairs using TDoA times. The
obtained solution provides accurate angle and quadrant estimation in a single step using
the same microphone array geometry as in the far-field approach. Additionally, in our
simulation studies, it is observed that the zero-angle error in the far-field approach can
be reduced to near-zero values with the proposed method with appropriate microphone
aperture and more accurate results are produced against TDoA measurement errors. The
success of our method is demonstrated with the experimental results.

The paper is organized as follows: In Section 2, we review the existing DoA methods
based on the far-field approach and explain the multilateration method. In Section 3,
we explain the observation that forms the basis of the solution we obtained. Then, we
obtain the arrival angle detection method we propose from the multilateration equations.
In Section 4, we report the simulation results of the proposed method with the existing
methods. In Section 5, we report the experimental study and the results obtained. In the
final section, we discuss the success of the proposed method compared to the existing
methods and conclude the paper.

2. General Properties of Method

The azimuth and elevation angles of a point defined with respect to the origin in
three-dimensional space are shown in Figure 1. The azimuth and elevation angles of the p;
vector with known coordinates are therefore as follows:

0 = atan2(y, xi) (1)

¢ = atan2 (zk, WERES ykz) )
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Figure 1. The azimuth (6) and elevation ( ¢) angles of a vector defined in Cartesian space.
The elevation angle of a p;. vector defined in a plane is zero.

2.1. Far-Field Approximation

The model for detecting an explosion sound occurring at a distance of dy using a
sensor array consisting of microphones placed at intervals of dy, is illustrated in Figure 2,

where dy: the distance of the source to the origin, d;: the distance vector of the source to m;,
— - -
and d,,;: distance vector between m7 and m; and observe that d1 = dy + d .

Figure 2. Direction-of-arrival (DoA) estimation and microphone array structure.
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In the case where dj > d;;, the sound wave is assumed to propagate as a linear beam
(61 = 62). Therefore, with vs being the speed of sound, the distance difference (Ad) and the
DoA that form the time delay between the microphones (172) are given:

Ad = Vs X T12 (3)
0, = acos(vs;m> 4)
m

When the DoA is calculated with two microphones, two symmetrical angle values
are obtained along the direction of the microphones. To avoid this, a third microphone is
placed perpendicular to the direction of the two microphones, as shown in Figure 3a. The
result obtained with the other two microphones also produces two angle values. However,
the intersection of the two solutions gives the correct angle of arrival. If the elevation angle
is also to be calculated, a fourth microphone is placed perpendicular to the plane formed
by the three microphones, as shown in Figure 3b, and both the lateral and elevation angles
are detected, but the distance cannot be estimated [28].

Figure 3. (a) Microphone array utilized in the plane and (b) microphone array utilized in the
Cartesian space.

In one study, the origin was considered to be the midpoint of the microphones shown
in Figure 2, the DoA was calculated relative to the origin, and the half scale of the right
triangle obtained in Figure 2 was used to model it [29]. According to this model, the DoA
formula is given by Parsayan and Ahadi as follows:

2
0 =90 — acos \/1—<USXT12> (5)
dm

2.2. Multilateration Method

In order to perform localization in a two-dimensional Cartesian plane, a sensor array
consisting of at least three microphones placed at different positions is required. For

the three-microphone sensor array shown in Figure 3a, let the planar position of the
T
]

microphones be denoted by p; = [xi, i
1"

, i =1, 2, 3 and the position of the sound source
be denoted by p;. = [x, vk

Let us denote the arrival times of sound signals at the microphones as 7; and the
time difference between the arrivals at two microphones as 7;; = 7; — 7;. In this case, the
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distance between the sound source and the microphones, depending on the speed of sound
propagation in the air, is given as follows:

di = |lpx — pill = @ x 05 ©6)

Therefore, the distance between the i-th microphone and the source is as follows:

di = \/(xk —x)* + (e —yi)° ?)

By taking the first microphone as a reference, we can write Equation (6) for the j-th
microphone and the reference microphone, and then take the difference and rearrange
as follows:

Tjp X Vs = HPk - PjH = llpx — 1l ®)
By squaring both sides of Equation (8), we obtain the following:

2
T2 x 02+ e — pul >+ 250 x G x e — ol = |- | i=23.0N @
With the expansion of the quadratic expressions formed in Equation (9):

T X 0+ pipr — 201 P+ pipr +2 % 05 X Ty X |lpi — il = pipk —2p] P +P)p; (10)

By performing the necessary simplifications in Equation (10), and by moving the
unknowns to the left-hand side of the equation and the knowns to the right-hand side, we
obtain the following;:

20 P —2p1pk +2 X 0s X Tr X lpi — poll = pjpj—pips - x o (1)

By substituting the distance between the reference microphone and the sound source,
d1 = ||py — p1||, into Equation (11):

ijTpk —2p1Tpk+2 X Us X Tjp X dy :pij].—plTpl —1']-12 x 02 j=2,3,...,N (12)

The linear equation between the first microphone, which is taken as the reference,
and the j-th microphone, with p; and d; as unknowns, is defined in Equation (12). For N
microphones, N — 1 equations are written using the same reference microphone. For a
sensor array shown in Figure 3a, the equations are rearranged as follows:

lz(Pz —p1)! 20st1] % {Pk} - [Ple’z_PlTl’l — 3Ty

(13)
2ps—p)" 20w | Ldi]  |pips—pips —ViTh

The general solution can be obtained by writing Equation (13) as a matrix equation:
Ax=D (14)

with A € RIN-1)>4 b ¢ RIN-1) and x € R*. The (i — 1)-th rows of the matrices A and b,
fori=2,3,...,N:

ai 1= [2(p; — p))" 2057 |, biy = [plp; — plpy - 0373

When a sufficient number of microphone measurements are taken (i.e.,, ATA is a
full-rank matrix), the unknown x solution can be obtained using the LSE method [30]:

[Z’j = (ATA) “ATp (15)
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When Equation (13) is examined, it is evident that the matrix A and the vector b are
dependent on the TDoA values. Therefore, the accuracy of the method in producing results
close to the true location depends on the correct determination of the TDoA values.

3. Applications

The multilateration method was investigated in MATLAB simulations by considering
different source distances, sampling frequencies, arrival angles, and microphone spacings.
In the simulations, a microphone array consisting of five microphones, one in the center and
four arranged in a circle, was used. The Equation (13) was arranged for five microphones
by considering the center microphone as the reference. The model we created for the TDoA
time between two microphones in the simulations is shown in Figure 4.

GCC-Phat
i. Mic. Pos.
P L
> 1P, — Pl
Source Pos. —
By
» ”Pk - Pr”
Ref. Mic. Pos. 4
B

Figure 4. The TDoA model used in simulation studies.

The TDoA model specifies that the N; and N, values represent the number of samples
that will be formed until the sound reaches the i. and the reference microphones, respec-
tively, after it is formed. N, is the amount of error that the GCC-Phat algorithm will
produce due to environmental noise added to the source sound in real-time applications.
The time At is the unmeasured time at which the sound arrives at the microphones, which,
depending on the sampling frequency, is less than the sampling time ¢;. At; and At, are the
unmeasured times at which the sound reaches microphone i and the reference microphone,
respectively. In our simulation study, the sound source, which is assumed to be 150 m away,
was examined at five different angles of 0°, —30°, —45°, —60°, and —90°. The distance d,;,
between the microphones was increased from 0.5 m to 3 m in 0.5 m steps. In the simulation
study, the sampling frequency Fs was set to 44.1 kHz. In Figure 5, the LSE solutions
obtained by solving Equation (15) for each d,, distance are shown as “*”, and the actual
source position is shown as “0”. It can be observed that the location estimates approach the
actual location value as the microphone spacing is increased.

3.1. Origin of the Idea and Proposed Method

An analysis of Figure 5 shows that d,, is insufficient for accurate location estimation,
and that the location estimates change along the same line, even with high estimation
errors. This observation suggests that the DoA estimation based on the multilateration
method can be performed with high accuracy, independent of d,.



Appl. Sci. 2023,13, 11297

7 of 21

Sound Location Estimation for Different Radius

20
0 -
20
E 4o}
[
9
% 60r
[e]
o
Z 80T dk=150m
c
3 : o Pk
8 100t x
S ¥ dm=0.5m
dm=1m
e *  dm=1.5m
¥ dm=2m
140 ¥ *  dm=2.5m
\ #*  dm=3m
160 . A . . A n n )
-20 0 20 40 60 80 100 120 140 160

Sound X Position [m)]

Figure 5. Localization of a sound source located at five different angles at a distance of 150 m by
using different d,, distances.

The multilateration equations for a microphone array consisting of three microphones,
with the first microphone as the reference, are shown in Equation (13). Assuming that the
distance from the sound source to the first microphone, d;, is known, Equation (13) can be
rearranged as follows:

Z(Pz —P1)§ v [p } [Zzpz pipl — UsTo1 (VsTo1 + 2d7) (16)
2(p; — py) , Ty — pTp, — vst31 (vsT31 + 247)

The simple representation of Equation (16) is as follows:
Aixy = by (17)

To perform localization on the plane, the distances of the microphones located on the
perpendicular axes in the sensor array shown in Figure 3a to the reference microphone
are taken as d,,;, and dmy. Since the reference microphone is located at the origin, d; = dj.
According to these, the A1 matrix is as follows:

_ dmx 0
Ap =2X [ 0 dmy:| (18)

b, vector:
b1 _ [dz Z) X TZ] — 205T21dk:| (19)

dz — 222 X T31 — 205 T31dy

If we consider that the second microphone is on the x-axis and the third microphone
is on the y-axis, we can write ) = Ty and 131 = Ty, It is clear that —d;;x < 05Ty < dpyx and
—dmy < 05Ty < dimy, depending on the direction of sound arrival. Therefore, the b; vector
can be divided into two components and arranged as

a2 — v X T2 205 T dy
by = [dz — 02 x Tyz] N [szTydk] (20)
[0 d%nx]
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The first component in Equation (20) is neglected, because it has a very small value
compared to the second component. Therefore, Equation (16) can be approximated

as follows:
dmx O Xl Ty
5 )l &
The p, position vector can be isolated from Equation (21) as follows:
X de
k
~ —vsdy | 22
L/J s kl % ] (22)

As shown in Equation (22), the position vector of the sound source varies according
to the TDoA values between the microphones. When the ratio of the x; and y; positions
specified in Equation (1) is calculated according to Equation (22), it is equal to the ratio of
the TDoA times, and the 6 azimuth angle:

~ _
0~ atan2< Gy’ dmx> (23)

Similarly, in the three-dimensional cartesian space, both the azimuth and elevation
angles can be obtained using the four-microphone sensor array shown in Figure 3b. For the
sensor array shown in Figure 3b, let the positions of the microphones be p; = [x;, y;, zi] T
and the position of the sound source be p, = [xk, y, zk] T Accordingly, Equations (16) and
(17) can be rearranged as follows:

2(p, — pl); pIp, — TPy — st (05T + 2d3)
2(p3—py) | X i) = nga — pipy — 0sT31 (0sT31 + 2d7) (24)
2p,—p1)" Tpy — pIpy — 05Ta1 (vsTyy + 247)

Apxy = by (25)

In the new case, the fourth microphone is assumed to be in the z direction and the A,
and b, matrices are rearranged as follows:

dpx 0 0
Ay =2x |0 dy O (26)
0 0 dp

d2,, — 02 X T2 — 205 Tydy
by = |ds, — vg X T — 205 Tydy (27)

2 2
ds,, — U5 X 15 — 20T, d)

After reducing Equation (27) by making similar approximations as in Equation (20),
the p, position vector is as follows:

Tx

Xk d{_nx
~ Y
Yr| = —vsdy | 7, (28)
4 Tz
k dn?z

If we substitute the results found in Equation (28) into Equation (2), the ¢ elevation
angle becomes as follows:

Ty Ty 2 (Ty )2
~atan2| — | — |, — ) 4+ | = 29
@ =~ atan ( <dmz> \/<de> Gy (29)
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In the case where the distances d,, between the microphones are equal, the Equations
(23) and (29) take the following special form:

0 ~ atan2(—1,, —Tx) (30)

P = atanZ(—rZ, \/ T2+ Ty2> (31)

The sensor array layouts that satisfy Equations (23) and (29) are shown in Figure 6.

0000 (3

? T
T, Y
Tx. Tx
0000 ) Opoy  (s)
° x
pk - [y]
-9
y
T T
Yo ° o
000 (6
®

Figure 6. Orthogonally located sensor pair microphone arrays (1-4) for azimuth and elevation angles,
(5,6) for only azimuth angle.

3.2. Simulations

The first simulation studies were performed in two-dimensional space using the fifth
microphone array shown in Figure 6. In real-time applications, when measuring the TDoA
time, hardware time errors of At < t;, depending on the sampling frequency of the audio
recording devices, and N,,» measurement sample errors caused by environmental noise
as a result of the GCC-Phat algorithm are introduced. These errors are modeled in our
simulation study as shown in Figure 4.

The simulation studies in the XY plane assumed that the distance of the sound source
is 100 m. The largest measurement errors in the direction of arrival are at angles below
10° [29]. Figure 7 shows the results obtained using different d,,, distances in the case of
dr = 100 m and F; = 44.1 kHz.

Figure 8 shows the effect of the source position on the direction-of-arrival estimation
for near and far distances. The results for the source at 20 m and 500 m distances are shown
when the sampling frequency and the microphone spacing are fixed.
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dm=0.1m dk=100m dm=0.5m dk=100m
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0 L n n 0 i T
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True DoA [deg] True DoA [deg]
(@) (b)
dm=1m dk=100m dm=1.5m dk=100m
15 : T 16 . .
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12r
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3 < 5l
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/ Parsayan & Ahad Formula 0F Parsayan & Ahad Formula
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0 L n 2 L L
0 5 10 15 0 5 0 15
True DoA [deg] True DoA [deg]
© (d)

Figure 7. The effect of the distance between microphone pairs on the direction-of-arrival estimation
in the case of dy = 100 m and Fs = 44.1 kHz (a) d,;, = 0.1 m, (b) d;, = 0.5 m, (c) d;; = 1 m, and
(d)dn =1.5m.

dm=0.5m dk=20m

dm=0.5m dk=500m

16 T 16

r 4

12

12r

Tt ]
h S 0T
< <
g B
8 a
|5 3
g er £
w47 u

2r M / ]

/’ —True Angle True Angle
L Far-Field Py - Far-Field I
0 e Parsayan & Ahadi Formula [ Parsayan & Ahadi Formula
Proposed Closed-Form Proposed Closed-Farm
2 N 0 1 N
0 10 15 0 5 10 15
True DoA [deg] True DoA [deg]
(o) (b)

Figure 8. The effect of the source distance on the direction-of-arrival estimation in the case of
dm = 0.5m and Fs = 44.1 kHz (a) d; = 20 m and (b) dj. = 500 m.

The error changes of the estimates made with 1 degree increments between 0 and
90 degrees while the d; distance increases from 5 m to 100 m with 1 m increments, and the
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Estimated DoA [deqg]

Average Angle Error from 0 to 90 Degrees [deg]

d, distance increases from 0.1 m to 1 m with 0.1 m increments are shown in Figure 9. The
error values are calculated using the mean absolute error function:

Ty
MAE = ﬁ;\e — 0 (32)

Effect of Distance between Microphone Pairs and Source Distance

Figure 9. The change in the absolute average error between 0 and 90 degrees in the case of
dw €10.1,1] m, dy € [5,100] m Fs = 44.1 kHz.

The expressions 0 and 0 represent the true and measured angle values, respectively.

The mean error decreases below 0.5° after d,;, > 0.3 m and d; > 35 m. Additionally,
the maximum error values are reached as the d,, /dj ratio approaches one.

The results obtained for different sampling frequencies with fixed microphone spacing
and source position are shown in Figure 10.

dm=0.5m Fs=22.05kHz dm=0.5m Fs=96kHz

16
L 14t
+ 2r
=
]
F Dwr
g
a
L - BT
2
©
I £ 6}
7}
w
L 4t
— True Angle — True Angle
§ Far-Field ] oL Far-Field |
Parsayan & Ahadi Formula Parsayan & Ahadi Formula
Proposed Closed-Form Proposed Closed-Form
. ! 0 . "
5 10 18 0 5 10 15
True Do [deg] True Do [deg]

(@)

Figure 10. The effect of sampling frequency on the elevation angle estimation in the case of
dm = 0.5m, di = 100 m (a) Fs = 22.05 kHz and (b) Fs = 96 kHz.
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The simulation studies that led to the results in Figures 7-10 were investigated under
the assumption that the GCC-Phat error in the model shown in Figure 4 is zero. In real-time
applications, errors occur in the measurement of TDoA values due to environmental noises,
reverberation, and differences in microphone detection patterns. Normally distributed
noise with N, = N(0,3) was added instead of these errors, and the mean absolute error
values were obtained by simulation with 1000 repetitions. The simulation results without
the added error are shown in Figure 11a, and the simulation results with the added error
are shown in Figure 11b.

Azimuth Angle DoA Error (No TDoA Error) Azimuth Angle DoA Error (TDoA Error Added)

5 . . 1%
I Far-Field I e Field
4.5 N Parsayan & Ahadi Formula | 14 N Parsayan & Ahadi Formula | |
Proposed Closed-Form Proposed Closed-Form
4t i
=12 1
— 35} 18
[=2] -
3 o |
= 3 1 g0
S LW
Woag e % 8 4
2 o
5 2
g ? < ]
::QE c
151 1 8
= 4 4
’ J
) \I\“ ‘HM ol ‘
ol | | | | ‘ | LI |II ||\|. ailliin, .‘|I||| L |\|| k. 0
0 10 20 30 40 50 60 70 80 90 0 10 20 a0 40 50 60 70 80 90
True Azimuth Angle [deg] True Azimuth Angle [deg]
(a) (b)

Figure 11. The azimuth angle estimation errors between 0 and 90 degrees in the case of
dm = 0.5m, di = 100 m Fs = 44.1 kHz—(a) without error addition and (b) with error addition.

Figure 11a shows that our proposed method produces better results than other meth-
ods except for the 55-70-degree range. Figure 11b shows that our proposed method
produces stable results than other methods up to 80 degrees. Parsayan and Ahadi’s method
is more successful in the 79-89-degree range. Table 1 shows the total average error values
of the methods in the 0-90-degree range.

Table 1. The average values of the azimuth angle estimation errors between 0 and 90 degrees in the
case of d; = 0.5m, d, = 100 m Fs = 44.1 kHz.

Error Edit Far Field Parsayan and Ahadi Proposed Closed Form
No 0.65 0.65 0.22
N(0,3) 8.01 7.85 472

To investigate the change in the estimation error when the distance between the
pairs of microphones placed perpendicularly is not equal, three different microphone
array geometries were created with d;;y = 0.5 —dyy = 0.5, dyy = 0.6 —dpy = 0.374,
and dyy = 0.374 — dyy = 0.6, ensuring that the hypotenuses of the triangles formed by
the microphones have equal lengths. The simulation results without error are shown in
Figure 12a, and with noise are shown in Figure 12b.
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Azimuth Angle DoA Error (No TDoA Error) Azimuth Angle DoA Error (TDoA Error Added)
0.9 T . T T T T . . T O T T : T T T T .
I dx=0.5m dy=0.5m 7 I cix=0.5m dy=05m
0.8} N dx=0.6m dy=0.374m i I dx=0.6m dy=0.374m
dx=0.374m dy=0.6m & dx=0.374m dy=0.6m
0.7
g
‘F06 | = 5
= o
= E
gos % 4
P 5
5 04 2
> g3
a S
Zoa 5
5]
=2
021
o ULAITAR IR LG
0 10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 B0 a0
True Azimuth Angle [deg] True Azimuth Angle [deg]
(@) (b)

Figure 12. The effect of unequal microphone spacing on the azimuth angle estimation—(a) without
error addition and (b) with error addition.

Although no clear difference can be seen in Figure 12a, it can be seen in Figure 12b
that the three changing conditions are more successful in the 0-30-degree range and that
two of them are more successful in the 60-90-degree range. Table 2 shows the total average
error values of the three different conditions in the 0-90-degree range.

Table 2. Average values of estimation errors between 0 and 90 degrees for different microphone

array geometries.

Error Edit dy=05d, =05 dy = 0.6 dy = 0.374 dy =0.374 dy = 0.6
No 0.2197 0.2776 0.2776
N(0,3) 4.7423 5.2387 5.2351

The performance of the elevation angle estimation calculated by Equation (31) was
investigated by simulation studies using the first microphone array in Figure 6. The results
obtained without adding error, assuming d,;, = 0.5 m, d; = 100 m, Fs = 44.1 kHz, and
azimuth angle 8 = 45 are shown in Figure 13a, and obtained by adding noise are shown
in Figure 13b.

Elevation Angle DoA Error (No TDoA Error) Elevation Angle DoA Error (TDoA Error Added)
I Far-Ficld 7 I Far-Field
2r [ Parsayan & Ahadi Formula |1 [ Parsayan & Ahadi Formula
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Figure 13. The elevation angle estimation errors between 0 and 30 degrees in the case of d;; = 0.5 m,
dr =100 m, Fs = 44.1 kHz, and 0 = 45—(a) without error addition and (b) with error addition.
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The average error values of the error graphs shown in Figure 13 are presented
in Table 3.

Table 3. Average error values of elevation angle estimation between 0 and 30 degrees in the case of
dm =0.5m, dp =100m, Fs = 44.1 kHz, 6 = 45.

Error Edit Far Field Parsayan and Ahadi Proposed Closed Form
No 0.98 0.98 0.92
N(0,3) 5.33 4.75 5.04

The far-field approach cannot produce a solution when the expression to be taken
the inverse of, especially at right angles, exceeds the range of —1 < cos~! (%) < 1due

to measurement errors in the TDoA value. This significantly impairs the measurement
sensitivity at right angles. The solution in the far-field approach is also dependent on the
speed of sound. The speed of sound varies depending on the weather conditions and affects
the measurement results. Additionally, in the far-field approach, the number of samples
obtained by the GCC-Phat algorithm is multiplied by t; time and added to the formula.
This increases the number of mathematical and algorithmic operations. Our proposed
arrival angle detection method, since it is obtained from the source position equation, the
quadrant in which the arrival angle is located, is precisely determined by the arctanjant2
function. Studies have been performed to determine the azimuth and elevation angles with
the tanjant function, but the quadrant information is still obtained by the algorithm [21-23].
Our proposed method is obtained as the result of a single function, not as a function of
conditions like other methods. Additionally, in the solutions obtained with the tangent
function, in the regions where the cosine angle will be close to zero, indeterminateness
occurs due to measurement errors in the TDoA values.

Our proposed method uses the sample differences directly obtained from the GCC-
Phat algorithm. Therefore, it produces v; independent results. The arctanjant2 function
does not create indeterminateness when the cos value is zero. Our proposed method is
faster and produces more stable results, especially against measurement errors.

4. Experimental Results

Muzzle blast DoA detection is a widely used application in outdoor environments.
In our experimental study, we determined the direction of arrival of generated explosion
sounds. To achieve this, we created an experimental field as shown in Figure 14a. Each
point in the experimental field was marked with a Topcon GR-5 GNSS device with an
accuracy of +£2 cm. At the zero point of our experimental site, the microphone assembly
designed in the geometry shown in Figure 6 (2) and in Figure 14b was placed with its
origin 190 cm above the ground. Low-noise, high-sensitivity EM272 condenser electret
omnidirectional microphones were used to capture explosion sounds at long distances.
The distance between microphones on the same axis was set to 1 m. The ZOOM H8 sound
recorder was used to record six microphones synchronously. Explosions were recorded at
10 different distances from 50 m to 500 m in 50 m increments and at angles of 0, —5, —10,
—15, —30, —45, —60, —75, and —90.
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Figure 14. (a) Experiment site for explosion sound recording (b) microphone array and axes used.

To keep the environmental conditions constant, the microphone array was rotated
at the desired angles. In this way, 90 separate locations were created and two explosions
were created from each location, for a total of 180 explosions. The explosion sounds were
generated using a sound gun at a height of 1.5 m from the ground.

The TDoA times between microphones for each explosion and 8 the angles calculated
from these values using the GCC-Phat algorithm are given in Table 4 and Table 7. The Ty,
Ty, and T; values are expressed in units of sample. In our experiment, one sample time is
equal to 22.68 ps. The azimuth angle is calculated by Equation (30) according to the values
in Table 4 and the unit of azimuth angle is degrees.

Table 4. Experimental TDoA values and calculated DoA obtained in explosions at different angles
and distances.

0 Shot No TDoA/6 50 m 100 m 150 m 200 m 250 m 300 m 350 m 400 m 450 m 500 m
Ty —128 —129 —134 —134 —135 —134 —133 —135 —134 —131
1 7 2 5 -1 -1 0 -5 0 -1 0 0
0o 0 —0.89 —2.22 0.43 043 0 2.14 0 0.42 0 0
Ty 128 133 128 134 135 135 134 134 134 133
2 T -1 2 3 1 2 0 0 -1 0 0
0 —0.45 0.86 1.34 0.43 0.85 0 0 —0.43 0 0
Ty 127 130 129 129 129 130 129 128 129 129
1 T -7 —12 —-13 —18 —13 —14 -13 -13 —12 -9
s 0 —3.16 —5.27 —5.76 —7.94 —5.76 —6.15 —5.76 —5.80 —5.32 —4.00
Ty 127 129 129 129 128 129 130 129 129 130
2 T -5 —13 —-12 —14 —15 —15 -10 —12 -9 —6
0 —2.26 —5.76 —5.32 —6.19 —6.68 —6.63 —4.40 —5.32 -3.99 —2.64
Ty 126 125 126 128 128 127 127 127 126 126
1 T —-25 —23 —-23 —18 —-22 —26 -20 -20 —24 -20
10° 0 —11.22 —10.43 —10.35 —8.01 —9.75 —1157 —-895 —8.95 —10.78 -9.02
Ty 126 127 127 127 128 128 127 127 128 126
2 T 21 -22 —-23 —18 —24 —24 -23 -15 -21 -21
0 —9.46 —9.83 —10.27 —8.07 —10.62 —10.62 —10.27 —6.74 -9.32 —9.46
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Table 4. Cont.
0 Shot No TDoA/d 50 m 100 m 150 m 200 m 250 m 300 m 350 m 400 m 450 m 500 m
Ty 128 125 125 125 125 125 125 123 122 126
1 Ty —31 —32 —34 —32 —33 -31 —33 -30 —35 —29
1 0 —13.61 —14.36 —15.22 —14.36 —14.79 —-1393 —-14.79 —-13.71 —16.01 —12.96
—15°
Ty 126 124 124 126 125 125 126 124 126 124
2 Ty =31 =31 —34 -33 -32 -33 =31 —34 —34 -29
0 —13.82 —14.04 —15.33 —14.68 —1436 1479 —13.82 —15.33 —15.10 —13.16
Ty 111 113 115 112 113 111 115 113 115 114
1 Ty —62 —65 —60 —65 —61 —68 —62 —62 —64 —61
30° 0 —29.19 —29.91 —27.55 —30.13 —2836 —3149 2833 —28.75 —29.10 —28.15
Ty 113 111 115 113 113 112 112 113 113 111
2 Ty —61 —66 —60 —63 —63 —64 —65 —62 —60 —66
0 —28.36 —30.74 —27.55 —29.14 —-29.14  -29.75 —-30.13 —28.75 —27.97 —30.74
Tx 91 89 90 91 90 90 94 89 90 89
1 Ty —94 -96 -93 -91 -93 -93 —88 -93 -92 —94
450 0 —45.93 —47.17 —45.94 —45 —45.94 —4594 —43.11 —46.26 —45.63 —46.57
Ty 92 92 91 93 91 89 92 91 89 85
2 Ty -95 -92 -92 -90 -92 —94 -89 -92 —94 -9
0 —45.92 —45 —45.31 —44.06 —45.31 —46.57 —44.05 —45.31 —46.57 —48.48
Tx 65 64 67 60 68 61 65 64 60 66
1 Ty -112 —114 -112 —116 —111 —115 —113 —113 —116 —-112
60° 0 —59.87 —60.69 -59.11 —62.65 —58.51 —62.06 —60.09 —60.47 —62.65 —59.49
Ty 65 65 66 66 68 61 68 64 63 69
2 Ty -109 -113 -113 -113 —112 —114 -112 -114 —115 —111
0 -59.19 —60.09 -59.71 —-59.71 —58.74 —61.85 —58.74 —60.69 —61.29 -58.13
Ty 34 33 32 27 30 38 37 32 36 33
1 Ty —128 —-127 -127 -129 —128 —125 —125 —-127 —125 —126
_— 0 —75.12 —75.43 —75.86 —78.18 —76.81 —-73.09 —-73.51 —75.86 —73.93 —75.32
Ty 32 34 29 30 31 34 37 34 35 36
2 Ty —-129 —126 —128 —128 —127 —126 —126 —127 —124 —126
0 —76.07 —74.90 —77.23 —76.81 —76.28 —7490 —73.64 —75.01 —74.24 —74.06
Ty -2 —4 -7 —4 0.01 —6 -5 —4 -2 -7
1 Ty —131 —132 -132 —134 —135 —131 —133 —131 —131 —131
90° 0 —90.88 -91.74 —93.04 -91.71 —90.00 —-92.62 —-92.15 -91.75 —90.88 —93.06
Ty -2 -2 —4 -1 0.01 —6 —6 —4 —4 -1
2 Ty —130 —132 —-132 —134 —135 —131 —132 —135 —131 —130
0 —90.88 —90.87 —91.74 —90.43 —90.00 —92.62 —92.60 -91.70 -91.75 —90.44
The average error values of the angle values obtained experimentally and calculated
with Equation (32) are given in Table 5, and the error graph is shown in Figure 15. When
Table 4 is examined, no clear separation is seen in the amount of error according to the
angle values.
Table 5. MAE values of experimental azimuth angle results with respect to explosion angle.
Angle 0° —5° —10° —15° —30° —45° —60° —75° -90°
Shotl 0.65 1.06 0.97 0.87 1.23 1.13 1.16 1.21 1.78
Shot2 0.44 1.26 0.89 0.71 1.10 1.04 0.97 0.97 1.30
Mean 0.55 1.16 0.93 0.79 1.16 1.08 1.07 1.09 1.54
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Figure 15. MAE values of the azimuth angle values calculated with experimental results with respect
to explosion ang]le.

To investigate the change of the errors with distance, the average of the errors of the
shots made at different angles from the same distance was taken to create Table 6. The error
change graph with distance according to the values in Table 6 is shown in Figure 16. When
Figure 16 is examined, no clear separation is seen in the values of the errors with distance.

Table 6. MAE values of experimental azimuth results with respect to explosion distance.

Distance 50 m 100 m 150 m 200 m 250 m 300 m 350 m 400 m 450 m 500 m
Shotl 0.91 1.10 1.52 0.79 1.66 1.04 1.02 0.92 1.26
Shot2 1.14 1.03 0.91 0.83 0.98 0.93 0.92 1.02 1.36
Mean 1.02 1.07 1.22 0.81 1.32 0.98 0.97 0.97 1.31

MAE According to Distance

18 . .
[ shot 1
16 [ shot2 | 4
Avg
14}
12}

Mean Absolute Emror [deg]
° o
(=2} (==}

o
S

°
N

50 100 150 200 250 300 350 400 450 500
Shot Distance [m]

Figure 16. MAE values of the azimuth angle values calculated with experimental results with respect
to explosion distance.

As seen in Figure 14b, the test site had a slight slope with a maximum elevation angle
of @yax = —1.24° at 50 m and a minimum elevation angle of ¢,,;, = —0.82° at 500 m. The ¢
angles calculated using Equation (31) are presented in degrees in Table 7. The experimental
T, values are expressed in units of sample.
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Table 7. Experimental TDoA values and calculated elevation angle obtained in explosions at different

angles and distances.

‘;Zr‘l';‘l‘;th S;I‘zt TDoA/p  50m 100m  150m  200m  250m  300m  350m  400m  450m  500m
. T -3 -6 -5 0 0 -1 0 0 0 0
¢ 134 —266  -214 0 0 —043 0 0 0 0
OO
) T -6 -5 -1 0 0 -1 -1 -1 0 0
¢ 268  —215  —045 0 0 —042 043  —043 0 0
. T -10 -7 —4 0 -1 3 0 0 1 2
¢ —450  —307  —177 0 —0.44 1.31 0 0 0.4 0.89
_50
) 7 -8 -5 —4 2 2 2 0 -2 -3 -3
¢ 360  —221  -177 0.8 0.89 0.88 0 —088  -133  -132
. 7 -2 -2 -1 0 -1 3 2 -2 —4 4
¢ —089 090  —045 0 —0.44 1.33 0.89 —089  -177 1.80
~10°
) T —4 -3 0 -3 4 4 2 2 0 2
¢ 179 -133 0 ~1.34 1.76 1.76 0.89 0. 90 0 0.90
. T, -1 —4 -3 1 1 -2 3 5 1 -1
¢ —044 178  —1.33 0.44 0.44 ~0.89 1.33 226 0.45 —0.44
~15°
) T, 3 -3 —4 1 3 -3 3 4 0 0
¢ 1.32 135  —178 0.4 1.33 -133 1.33 1.78 0 0
. T, -6 —4 -1 -1 3 -2 5 0 0 -1
¢ —270  —176  —044  —044 1.34 ~0.88 2.19 0 0 —0.44
-30°
) T -6 -6 2 ) -3 -5 9 ) -1 -2
¢ 268 266 0.88 —089 133  —2.22 3.98 —089  —045  —0.89
. T -8 -8 -2 1 1 0 2 3 -1 0
¢ —350  —350  —0.89 0.45 0.44 0 0.89 1.34 ~0.45 0
—45°
) 7 -9 -6 -1 0 -1 -3 1 6 -2 2
¢ 389  —264 044 0 —044  —133 0.48 2.66 ~0.89 0.89
. 7 —4 -5 -3 0 -3 -2 -1 2 1 -1
¢ 177 -219  -132 0 132 088  —044 0.8 0.44 —0.44
—60°
) 7 -8 —4 -5 -1 -1 4 -1 1 2 0
¢ 361 —-176  -219  —044  —044 1.77 —0.44 0.44 0.87 0
. T, -2 -3 —4 -7 -2 -3 2 -2 4 0
¢ —087  -131  -175  —304  —087  —132 0.8 ~0.88 1.76 0
—75°
) T, -3 —4 -5 —4 -1 -2 -1 -6 0 5
¢ -129  -176  -218  —174  —044  —088  —044 261 0 2.19
. T -3 —4 -3 -1 -1 -1 -2 2 1 0
¢ 131  -174 130  —043  —042  —044  —0.86 0.87 0.4 0
—90°
) T -9 -2 —4 0 1 -3 -2 0 -1 4
¢ 396  —087  —174 0 0.42 131  —087 0 —0.44 1.76

The MAE error graph for each distance value for the results obtained in Table 7 is

shown in Figure 17. The maximum values in the Figure 17 graph are given in Table 8. The
maximum elevation angle at 50 m was also obtained in the experimental study. After 150 m,
similar results were obtained.
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Figure 17. MAE values of the elevation angle values calculated with experimental results with respect
to explosion distance.

Table 8. MAE values of experimental elevation angle results with respect to explosion distance.

Distance 50 m 100 m 150 m 200 m 250 m 300 m 350 m 400 m 450 m 500 m
Shotl —1.92 —2.1 —1.26 —0.34 —0.14 —0.24 0.54 0.40 0.14 0.15
Shot2 —247 —1.86 —1.07 —0.34 0.19 —0.34 0.50 0.11 —0.25 0.39
Mean —-2.19 —1.98 —1.17 —0.34 0.03 —0.29 0.52 0.25 —0.05 0.27

5. Discussion

By analyzing Figures 7-10, it can be seen that the far-field solution and the solution
proposed in [29] give close results. According to the appropriate microphone aperture and
source distance, the angle error value decreases below 0.5° with our proposed method. In
Figure 7c, at 44.1 kHz sampling frequency, 0.5 m distance between microphones, and 100 m
the sound source distance, the far-field solution and other methods produce an angular
error of up to 3°. In the same case, our proposed method produces an angular error of less
than 0.5°. By analyzing the result of Figure 11, while a significant degree measurement error
occurs between 0-30 degrees in the far-field approach and proposed [29], our proposed
method has the same stability at all angle values.

When Figures 7b and 8b are analyzed together, it can be seen that for very close
and very far source distances, the angle errors increase for both existing methods. In our
proposed solution, there is no significant change in the angle errors, which shows that
it produces more stable results against source distance variations. Figure 9 shows that
the angle error decreases to 0.5° and below after 4, > 0.2 m and dj; > 0.3 m with our
proposed solution.

When Figures 7b and 10 are analyzed together, the angle errors decrease down to
0.1° with increasing sampling frequency; at low sampling frequencies, the angle errors in
the other two methods increase excessively, while our proposed method has a very small
increase compared to the others.

When Figure 11 and Table 1 are analyzed together, our proposed solution for azimuth
angle measurement produces more stable results against TDoA measurement errors in the
0°-90° angle range than the other two methods. The results are 41% better than the far-field
method and 39.8% better than the other proposed method. When Figure 13 and Table 3 are
analyzed for the elevation angle, the success of the three methods is close to each other.

The far-field solution and the other proposed solution require algorithmic inference to
determine the quadrant of the DoA. The studies in [21-23] used the tangent function, but
they also used algorithmic inference to determine the quadrant. Our proposed solution
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produces the correct quadrant result along with the angle information. This eliminates the
additional computational cost and provides fast and accurate results.

The field test results support the simulation results. When Tables 4-6 are analyzed,
while some TDoA values have errors greater than three samples, the largest azimuth
measurement error obtained was less than 3.5°. When analyzing Tables 7 and 8 for the
elevation angle, the largest measurement error obtained was 3.26°. These results were
within the limits obtained in the simulation studies.

6. Conclusions

We have proposed that a closed-form solution is shown to be more successful than
existing solutions in simulations. The success of our method in the simulation study is
confirmed by the experimental study. The angle error of the existing methods, which
is currently close to 3°, is reduced to 0.5° with the appropriate microphone distance.
Furthermore, our proposed method eliminates the need for the algorithmic structure used
to ascertain the quadrant in which the angle value falls, a requirement present in the other
two methods of calculation. The far-field approach results in considerable measurement
inaccuracies within the 0 to 30-degree range, causing an unacceptable margin of error in
applications like defense and mobile robot positioning. This occurs specifically for sounds
emanating from angles within £30 degrees in front of the microphone pair. Our proposed
method ensures consistent stability across all angle values. Our solution formula for sensor
arrays with co-centered and orthogonally placed geometry has been shown to be more
successful for real-time applications.
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