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Abstract— The active use of aerial objects creates a need for passive detection methods. This paper presents an experimental
study of an automated acoustic hardware and software system based on the five-channel microphone array. Field tests were
conducted in open terrain under conditions of background noise and wind. It is shown that the system provides stable determi-
nation of angular coordinates at distances up to 60 m, while a decrease in stability is observed at 80 m. The achieved accuracy
of angular coordinate determination is 2-5°. It has been established that at short distances, the GPS error can cause significant
angular uncertainty that exceeds the error of the acoustic system, limiting its use as a reference standard. The obtained results
confirm the feasibility of application of the acoustic methods and identify the directions for the further development of acoustic

localization systems.
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l. INTRODUCTION

Detection of the aerial objects is complicated by low
flight altitudes, small geometric dimensions, a small
effective scattering surface, and the ability to operate in
radio silence. Consequently, the role of passive surveil-
lance methods capable of operating without emitting
their own signals and without revealing the operator’s
position is growing [1-3].

One such approach is acoustic localization. The noise
of propellers, electric motors, and aerodynamic disturb-
ances forms a characteristic acoustic signature of an
aerial object, which can be used to detect it and estimate
its direction [1, 3]. The advantages of acoustic systems
include relatively low cost, the ability to operate in com-
plex electromagnetic environments, and compatibility
with other sensor channels [2]. The disadvantages
include sensitivity to weather conditions, non-stationary
background noise, and spectral variability of the signal
(4, 5].

In the literature, the problem of sound source locali-
zation (SSL) for the aerial objects is studied both from
the perspective of classical massive processing

algorithms and using machine learning. Reviews note
the high effectiveness of beamforming methods using
delayed signal summation, such as MUSIC, SRP-PHAT,
and GCC-PHAT, in cases where the signal-to-noise ratio
is acceptable and the array geometry suits the task
at hand [1, 3, 7]. At the same time, most authors empha-
size that real-world field conditions significantly compli-
cate the situation [2, 5]. Cases involving wind noise,
natural background noise, and extraneous impulse
sources are particularly challenging [2, 4]. For compact
arrays based on MEMS microphones, additional chal-
lenges arise regarding channel matching, synchroniza-
tion accuracy, and frequency band selection [7, 8].
Studies of the spectral characteristics of multi-rotor plat-
forms show that the most informative frequency ranges
are between several hundred Hz and several kHz, but
the specific limits depend on the platform size, operating
mode, and observation distance [3, 9].

A separate area of research involves the application
of machine learning methods to improve localization
stability under low SNR conditions. In particular, the use
of deep neural networks allows for more stable direction
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determination even in the presence of complex back-
ground noise [4, 10].

A significant gap in many studies is the lack of com-
parative analysis of the accuracy of the position of aerial
objects and the readings of acoustic localization systems.
Comparisons are often made with GPS or other naviga-
tion systems without evaluating their impact on angular
error. This approach has fundamental importance, since
GPS is frequently used as a reference during field tests,
although its own accuracy may be insufficient for com-
parison at short distances [3, 5].

This paper discusses a prototype of an automated
acoustic hardware and software system for detecting
aerial objects, as well as a correct interpretation of its
accuracy, considering errors in navigation coordinates.

The goal of this work is to provide a theoretical and
experimental justification for the ability to localize
a small-sized aerial object using an acoustic system with
a microphone array under real-world conditions, and to
correctly correlate the obtained results with data from
navigation sensors installed on the aerial object.

1. THEORETICAL FUNDAMENTALS
OF ACOUSTIC LOCALIZATION

The system operates by estimating the time differ-
ence in the arrival of a sound wave at different micro-
phones in the array. For a source located at a distance
significantly greater than the size of the array, the wave-
front can be approximated as flat. In this case, the time
delay between two microphones depends on the inter-
microphone spacing and the angle of incidence of
the wave.

For practical implementation of delay estimation, it is
advisable to use cross-correlation of signals. However,
due to the non-uniform spectral composition of the
aerial object’s signal and background noise, ordinary cor-
relation can yield unstable results. Therefore, a common
approach involves phase-normalizing of the cross-spec-
trum. This enhances the role of phase relationships and
reduces the influence of amplitude differences between
channels.

There are several variants of the method, which differ
in how they compute the cross-correlation functions.
The method is based on the use of a microphone array,
in which each microphone receives a signal from
the source with a certain delay. The method is based on
forming a directed power response using an array
of N receivers and determining the direction of signal
arrival (DOA) based on the position of its maximum. If
the microphone coordinates are known, the time differ-
ence of arrival (TDOA) contains information about
the source position. In the work [11], an approach is pro-
posed based on determining the cross-spectra of pre-fil-
tered signals followed by the application of the inverse

Fourier transform, which is implemented in a method
called Steered Response Power with Generalized Cross-
Correlation (SRP-GCC). The obtained result is interpreted
as the total spatial acoustic power P(0):

N N
PO)=> > Rigltyg) (1

I=1g=1

Expression (1), referred to as the beamformer,
contains the sum of the GCC functions for all possible
combinations of receiver pairs with indices / and g
(1=1,2,.N;g=1,2,.N):

Riglrig) = [ VigllGiglalexpliothio, (@)

where y, (o) is filter weighting function; G4 (w) is cross-
spectra.

The beamformer (1) determines the control delay
vector 1, =1/ -1, based on the signal delays at the

respective array receivers relative to the phase center for
each spatial direction. The directional response power
(1) in each direction is the sum of all pairwise GCC func-
tions, time-shifted according to the control vector.
The total sum also includes N autocorrelations, which
correspond to the GCC values at zero delay. They contrib-
ute only a constant component, since they do not
depend on the control delays. The maximum directed
response power is achieved when these delays corre-
spond to the actual direction of wave propagation.

To reduce the effect of reverberation, the SRP-GCC-
PHAT (Steered Response Power with Generalized Cross-
Correlation Phase Transform) method is used, in which
PHAT filtering is applied in the frequency domain with
the corresponding weighting functions:

Vig(®)=1/|Gjg(w)]. 3)

Its popularity stems from its high noise immunity,
ability to process wideband signals, and relative ease
of implementation in multichannel systems. Practical
implementation involves space discretization in the form
of a grid of directions or coordinates. For each point,
the delays and the correlation function are calculated.

In work [12], based on experimental studies of the
direction-finding of several types of small aerial objects,
it was shown that the SRP-GCC-PHAT method outper-
forms the classical TDOA approach in terms of both
detection range and azimuth accuracy. In particular, it
was established that the detection probability exceeds
50% at distances over 300 m.

At the same time, the SRP-GCC-PHAT method is char-
acterized by significant computational complexity, since
it operates in the frequency domain and requires the cal-
culation of generalized cross-correlation for all
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microphone pairs. To reduce computational costs, some
authors propose combined approaches [13] that involve
first determining the search area using the TDOA
method, followed by refining the direction using SRP-
GCC-PHAT.

The SRP-GCC and SRP-GCC-PHAT methods are funda-
mental algorithms for acoustic source localization using
microphone arrays. They are widely used in tasks involv-
ing the determination of the direction of signal arrival
and the spatial coordinates of the source. SRP-GCC
utilizes the amplitude-phase information of the signal. Its
accuracy decreases in the presence of noise. SRP-GCC-
PHAT normalizes the spectrum and uses only phase in-
formation, which improves accuracy.

In practical processing, not only time delays but also
the correct choice of frequency band is important. If
the low-frequency region is heavily contaminated by
wind noise, and the high-frequency region decays rapidly
with distance, then the best information content can be
provided by the mid-frequencies. This is why theoretical
analysis must be combined with spectral analysis of real
recordings.

1. EXPERIMENTAL SETUP
AND MEASUREMENT PROCEDURES

Description of the Experimental Setup.
The experimental setup included:

e a prototype of an acoustic software and hard-
ware complex for detecting the aerial objects
(Fig. 1), consisting of a microphone array (1)
(Fig. 2), a hardware unit for signal acquisition and
processing (2), and a laptop with software for
recording, processing, and visualizing the infor-
mation (3);

e an SL-4033SD sound level meter for monitoring
the sound pressure level at the location of the
microphone array (Fig. 2);

e asignal source as a small aerial object.

The microphone array consists of 5 microphones.
Microphones 1-3 are arranged in a horizontal plane in
a circle. This arrangement forms the main aperture of
the antenna for the azimuth position estimation of
the sound source. The fourth microphone is positioned
in the direction opposite the first microphone, i.e., at an
angle of 180° relative to it. The fifth microphone is
installed in the central part of the antenna. The presence
of a central elevated microphone allows for additional
analysis of the spatial structure of the acoustic field and
can be used to estimate the vertical component of
the wave arrival direction.

The use of identical microphones in all channels
ensures the uniformity of the amplitude-frequency

characteristics of the measurement system and reduces
errors associated with inter-channel differences between
receivers.

A. Experimental Conditions.

Measurements were conducted under favorable
weather conditions: air temperature 13-15°C, humidity
65-70%, wind from the north-west at 3-5 m/s, sunny, no
precipitation. The presence of moderate wind with gusts

Fig. 1. Setup of a prototype acoustic hardware and software sys-
tem in an anechoic chamber prior to field tests

Fig. 2. Arrangement of measuring equipment during field tests
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is a principal factor for acoustic measurements, as wind
affects both the background noise level and the stability
of the signal’s spectral and spatial characteristics. Natural
acoustic interference was also present in the back-
ground, including the rustling of trees and bird sounds.

The antenna was mounted on the roof of a vehicle
(Fig. 2), and its reference direction was oriented towards
the north.

B. Experimental Methodology.

The location target was a small aerial object. During
the experiment, the location target was positioned
at various points relative to the antenna and activated
in static positions. Separate recordings were made during
the object’s flights, which allowed for evaluation not only
the accuracy of azimuth determination under stationary
conditions but also the stability of the algorithms in dy-
namic mode.

A schematic representation of the antenna’s position
and the points at which the aerial object’s location was
recorded is shown on the test site map (Fig. 3).

In most recordings, the small aerial object remained
stationary on a support, which helped to minimize
the uncertainty associated with the source movement.

Fig. 3. Position of the antenna and reference measurement
points

The distances to the aerial object for the various refer-
ence points P1-P5 were 20, 35, 40, 60, and 80 m, respec-
tively, with a margin of error of £1 m. In parallel with
the acoustic data, coordinates obtained by GPS receiver
were recorded. Recordings were made under conditions
of moderate wind with gusts, natural background noise,
and bioacoustic interference.

V. RESEARCH RESULTS AND THEIR ANALYSIS

The methodology for processing research results
involved the construction of the azimuth distribution
diagrams for background noise, calculation of the bear-
ing patterns for reference points, analysis of the peak
factor and spectral power density, and examination of
the 1/3-octave signal levels of the aerial object at various
distances.

An important initial condition for processing acoustic
signals is the selection of the value of the speed of sound
in air. Since the speed of sound depends on temperature,
it is advisable to use a value calculated according to
the actual experimental conditions rather than a fixed
approximate value when processing the field recordings.
The speed of sound in dry air can be estimated using
the following approximate formula:

c~3315+06T, (4)

where c is speed of sound, m/s, and T is an air tempera-
ture, °C.

For the temperature value 15 °C, we obtain:

¢ = 3315+ 0.6-15 = 340.5 m/s.

Therefore, it is advisable to use a speed of sound of
340.5 m/s in subsequent calculations. Using this value is
more accurate for field measurements than using the
reference value of 343 m/s, which corresponds to a tem-
perature of 20 °C. Although the difference between
these values is relatively small, for tasks involving the
estimation of time delays between channels and the
determination of azimuth, it can affect the accuracy of
the result.

Equations (1-3) describe the SRP-GCC-PHAT algo-
rithm, which served as the theoretical basis for the oper-
ation of the acoustic hardware and software complex.

Figures 4-6 show the indicator readings in the
absence of drone sound (Fig. 4) and in its presence at var-
ious distances of 20 m (Fig. 5) and 60 m (Fig. 6). Fig. 4
shows that in the presence of only background noise,
the indicator readings do not have a clearly defined max-
imum. This distribution of azimuths is caused by
the presence of wind and other noise sources.
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A. Results of Bearing Measurements
at Control Points and the Effect
of GPS Coordinate Errors
on Azimuth Estimation.
We analyzed how GPS positioning error affects
the azimuth calculated between the antenna and

the drone. This is a key point, since even a GPS system
that is quite accurate in metric terms may not be precise

enough for angular measurements at short distances. If
the antenna and the drone are only 20-30 m apart, an
error of a few meters in the coordinates of each point
leads to significant uncertainty in the direction.

For point P1, located at 20 m from the antenna
( ), the system produced a well-defined maximum.
In this scenario, the signal level of the aerial object is
the highest, so from the perspective of the acoustic path,
this is the most favorable case. At the same time, GPS
uncertainty has the greatest impact on reference
azimuth in this case. However, the coincidence of
the acoustic estimate with the visual position of the
aerial object speaks in favor of the system performance.

For point P2, located at 35 m, the main peak was
approximately 291°. It agrees with the actual position of
the aerial object on the map and is confirmed by visual
observation during recording. For point P3 at 40 m,
the azimuth value was 2 degrees, which also corresponds
to the actual position of the aerial object.

At point P4 ( ) at 60 m, the peak remains distinct
but becomes less pronounced than at shorter distances.
At point P5, 80 m away, a broadening of the peak and
a decrease in stability are observed. This is consistent
with a reduction in the excess energy of the aerial
object’s signal relative to the background. Finaly, it can
be concluded that the system operates reliably up to
60 m and maintains functionality at 80 m due to proper
spectral sampling and algorithmic processing.

A comparison of the field background with a labora-
tory recording of relative silence showed that the field
environment has a significantly higher noise level.
In terms of average sound pressure level, the background
in the field was approximately 14-18 dB higher, and
in terms of RMS value, it was several times higher.
This means that the localization algorithm operates not
in an abstract noise model, but in a real environment
where the interference level varies in time and space.

The spectral power density of the field background
exhibits a pronounced low-frequency dominance, char-
acteristic of wind and distant broadband sources.
In addition, differences in spectral shape are observed
between the array channels, indicating spatial heteroge-
neity of the interference field. This is important for
further development, since methods that do not con-
sider inter-channel relationships may prove to be insuffi-
ciently robust.

B. Comparison Of the Results Obtained
Using Acoustic System with Coordinate
Sensors on Aerial Object.

The results obtained by the acoustic system were
compared with data from coordinate sensors installed
on the aerial object. A summary of the tests shows that
the acoustic system provides azimuths at all control
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TABLE 1. COMPARISON OF THE ANGULAR UNCERTAINTY OF THE GPS AzI-
MUTH AND THE ERROR IN ACOUSTIC POSITIONING

Estimate of | Estimate of

Point Distance, m GPS azimuth acoustic er-
error, ° ror, °

P1 20+1 up to 37 2-3

P2 35+1 up to 24 3-5

P3 40+1 up to 20 2-4

P4 60+1 up to 12 3-4

P5 80+1 up to 9 upto 5

points that are consistent with the experiment’s geome-
try. At the same time, the GPS coordinate data provides
only an approximate angular reference, the accuracy of
which depends significantly on the distance between
the antenna and the drone.

At short distances of 20-30 m, the possible range
of error for the GPS azimuth is significantly wider than
the spread of acoustic estimates (Table 1). This means
that, in practical terms, the acoustic system is no less
and, in some cases, even more informative regarding
the direction of the drone than GPS positioning. As
the distance increases, the role of coordinate error
decreases; however, even at 60—80 m, it remains signifi-
cant.

The obtained result is important not only for evaluat-
ing a specific prototype but also for the methodology
of further testing. If the accuracy of the acoustic system
needs to be verified to within a few degrees, the
reference coordinates must be obtained using optical
tracking or another method with better spatial accuracy.
Otherwise, the reference error may mask the system’s
true potential.

CONCLUSIONS

1. The operational capability of a prototype auto-
mated acoustic hardware and software system
for the acoustic localization of small airborne
objects using a microphone array and the SRP-
GCC-PHAT algorithm has been experimentally
confirmed under real-world field conditions
in the presence of background noise and wind
interference.

2. It has been established that the system provides
stable azimuth determination at distances up to
60 m, whereas at distances up to 80 m, localiza-
tion is maintained but is characterized by
reduced stability due to a decrease in the signal-
to-noise ratio.

3. It has been shown that when using GPS as
a reference coordinate source at short distances
(20-40 m), significant angular uncertainty arises,
which may exceed the inherent error of
the acoustic system. This indicates the limited

suitability of GPS for verifying high-precision
acoustic localization in the near field.

4. The accuracy of angular coordinate determina-
tion achieved by the system is 2-5° in the studied
range of distances, confirming its effectiveness
for the task of rapid determination of the direc-
tion of an aerial object.

5. The obtained results confirm the feasibility
of further development of an automated acous-
tic hardware and software complex as a compo-
nent of systems for the detection and localization
of aerial objects.
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AHomayia—Yepe3 aKTMBHE BMKOPUCTAHHA MOBITPAHUX 06’€KTiB BMHUKae notpeba B macuBHUX 3acobax iX BUABNEHHA.
Y poboTi npoBeeHO eKcnepuMeHTabHe A0CiIAKEHHA aBTOMATM30BaHOrO aKyCTUYHOrNO NPOrpamMmHo-anapaTHOro KOMMaeKcy
Ha OCHOBi MiKPO$OHHOro Macusy 3 N’ATK KaHanis. MpoBeaeHO HaTypHi BUNpo6yBaHHA B yMOBaX BiAKPUTOI MicL,eBOCTi 3a Has-
BHOCTi ¢oHOBOro wymy Ta BiTpy. MoKasaHo, Wo cuctema 3abesneuye CTiike BU3SHAUYEHHA KYTOBMX KOOPAMHAT Ha BigCTaHAX
80 60 m, ToAi AK Ha 80 M cnocTepiraeTbca 3HMKEHHA CTabinbHOCTI. [LOCArHYTa TOYHICTb BUSHAYEHHA KYTOBMX KOOPAWUHAT CTaHO-
BUTb 2—-5°. BcTaHOBNEHO, L0 HA MaNnX AUCTaHLiAX NoXnbka GPS moxe popmyBaTM 3HaUHY KyTOBY HEBM3HAUYeHiCTb, AKa nepe-
BULLYE NOXUOBKY aKYCTUUYHOI CUCTEMMU, L0 OB6MEKYE MOro BUKOPUCTAHHA AIK eTasioHy. OTpMMaHi pe3ynbTati NiaTBepAXKYyOTh
AOLINbHICTb 3aCTOCYBAaHHA aKYCTUMHUX METOAIB Ta BU3HAYaOTb HANPAMM NOAA/bLLOIO PO3BUTKY CUCTEM aKYCTUUHOI N0Kani3a-
.

Knrovoei cnoea — 06pobKka aKycmuyHUX cuzHasie; AoKanizayia Oxcepena 38yKy; MIKpOGOHHI macueu; opmyeaHHs
NpoMmMeHIo; OyiH8aHHA Hanpamy npuxody (DOA); nosimpsaHi 06’ekmu; 2nobanbHa cucmema nosuyioHyeaHHs (GPS).
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