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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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I. INTRODUCTION 
DetecƟon of the aerial objects is complicated by low 

flight alƟtudes, small geometric dimensions, a small  
effecƟve scaƩering surface, and the ability to operate in 
radio silence. Consequently, the role of passive surveil-
lance methods capable of operaƟng without emiƫng 
their own signals and without revealing the operator’s 
posiƟon is growing [1-3]. 

One such approach is acousƟc localizaƟon. The noise 
of propellers, electric motors, and aerodynamic disturb-
ances forms a characterisƟc acousƟc signature of an  
aerial object, which can be used to detect it and esƟmate 
its direcƟon [1, 3]. The advantages of acousƟc systems 
include relaƟvely low cost, the ability to operate in com-
plex electromagneƟc environments, and compaƟbility 
with other sensor channels [2]. The disadvantages  
include sensiƟvity to weather condiƟons, non-staƟonary 
background noise, and spectral variability of the signal 
[4, 5]. 

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

algorithms and using machine learning. Reviews note  
the high effecƟveness of beamforming methods using 
delayed signal summaƟon, such as MUSIC, SRP-PHAT, 
and GCC-PHAT, in cases where the signal-to-noise raƟo  
is acceptable and the array geometry suits the task  
at hand [1, 3, 7]. At the same Ɵme, most authors empha-
size that real-world field condiƟons significantly compli-
cate the situaƟon [2, 5]. Cases involving wind noise,  
natural background noise, and extraneous impulse 
sources are parƟcularly challenging [2, 4]. For compact 
arrays based on MEMS microphones, addiƟonal chal-
lenges arise regarding channel matching, synchroniza-
Ɵon accuracy, and frequency band selecƟon [7, 8].  
Studies of the spectral characterisƟcs of mulƟ-rotor plat-
forms show that the most informaƟve frequency ranges 
are between several hundred Hz and several kHz, but 
 the specific limits depend on the plaƞorm size, operaƟng 
mode, and observaƟon distance [3, 9]. 

A separate area of research involves the applicaƟon 
of machine learning methods to improve localizaƟon  
stability under low SNR condiƟons. In parƟcular, the use 
of deep neural networks allows for more stable direcƟon 
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0 determinaƟon even in the presence of complex back-

ground noise [4, 10]. 

A significant gap in many studies is the lack of com-
paraƟve analysis of the accuracy of the posiƟon of aerial 
objects and the readings of acousƟc localizaƟon systems. 
Comparisons are oŌen made with GPS or other naviga-
Ɵon systems without evaluaƟng 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 
acousƟc hardware and soŌware system for detecƟng 
aerial objects, as well as a correct interpretaƟon of its  
accuracy, considering errors in navigaƟon coordinates.  

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

II. THEORETICAL FUNDAMENTALS  
OF ACOUSTIC LOCALIZATION 

The system operates by esƟmaƟng the Ɵme 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 Ɵme 
delay between two microphones depends on the inter-
microphone spacing and the angle of incidence of  
the wave. 

For pracƟcal implementaƟon of delay esƟmaƟon, it is 
advisable to use cross-correlaƟon of signals. However, 
due to the non-uniform spectral composiƟon of the  
aerial object’s signal and background noise, ordinary cor-
relaƟon can yield unstable results. Therefore, a common 
approach involves phase-normalizing of the cross-spec-
trum. This enhances the role of phase relaƟonships and 
reduces the influence of amplitude differences between 
channels. 

There are several variants of the method, which differ 
in how they compute the cross-correlaƟon funcƟons. 
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 direcƟon of signal  
arrival (DOA) based on the posiƟon of its maximum. If  
the microphone coordinates are known, the Ɵme differ-
ence of arrival (TDOA) contains informaƟon about  
the source posiƟon. In the work [11], an approach is pro-
posed based on determining the cross-spectra of pre-fil-
tered signals followed by the applicaƟon of the inverse 

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

 
1 1

( ) ( )
N N

lq lq
l q

P R
 

    (1) 

Expression (1), referred to as the beamformer,  
contains the sum of the GCC funcƟons for all possible 
combinaƟons of receiver pairs with indices l and q  
( 1,2,.. ; 1,2,..l N q N  ): 

 
1

( ) ( ) ( )exp( ) ,
2lq lq lq lq lq dR G j





     
   (2) 

where ( )lq  is filter weighƟng funcƟon; ( )lqG  is cross-

spectra.  

The beamformer (1) determines the control delay 
vector lq l q      based on the signal delays at the  

respecƟve array receivers relaƟve to the phase center for 
each spaƟal direcƟon. The direcƟonal response power 
(1) in each direcƟon is the sum of all pairwise GCC func-
Ɵons, Ɵme-shiŌed according to the control vector.  
The total sum also includes N autocorrelaƟons, 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 direcƟon of wave propagaƟon. 

To reduce the effect of reverberaƟon, the SRP-GCC-
PHAT (Steered Response Power with Generalized Cross-
CorrelaƟon Phase Transform) method is used, in which 
PHAT filtering is applied in the frequency domain with 
the corresponding weighƟng funcƟons: 

 ( ) 1/| ( )|.lq lqG     (3) 

Its popularity stems from its high noise immunity, 
ability to process wideband signals, and relaƟve ease  
of implementaƟon in mulƟchannel systems. PracƟcal  
implementaƟon involves space discreƟzaƟon in the form 
of a grid of direcƟons or coordinates. For each point, 
 the delays and the correlaƟon funcƟon are calculated. 

In work [12], based on experimental studies of the  
direcƟon-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  
detecƟon range and azimuth accuracy. In parƟcular, it 
was established that the detecƟon probability exceeds 
50% at distances over 300 m. 

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

The SRP-GCC and SRP-GCC-PHAT methods are funda-
mental algorithms for acousƟc source localizaƟon using 
microphone arrays. They are widely used in tasks involv-
ing the determinaƟon of the direcƟon of signal arrival 
and the spaƟal coordinates of the source. SRP-GCC  
uƟlizes the amplitude-phase informaƟon of the signal. Its 
accuracy decreases in the presence of noise. SRP-GCC-
PHAT normalizes the spectrum and uses only phase in-
formaƟon, which improves accuracy. 

In pracƟcal processing, not only Ɵme 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 informaƟon content can be 
provided by the mid-frequencies. This is why theoreƟcal 
analysis must be combined with spectral analysis of real 
recordings. 

III. EXPERIMENTAL SETUP  
AND MEASUREMENT PROCEDURES 

DescripƟon of the Experimental Setup. 

The experimental setup included: 

 a prototype of an acousƟc soŌware and hard-
ware complex for detecƟng the aerial objects 
(Fig. 1), consisƟng of a microphone array (1)  
(Fig. 2), a hardware unit for signal acquisiƟon and 
processing (2), and a laptop with soŌware for  
recording, processing, and visualizing the infor-
maƟon (3); 

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

 a signal 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 posiƟon esƟmaƟon of  
the sound source. The fourth microphone is posiƟoned 
in the direcƟon opposite the first microphone, i.e., at an 
angle of 180° relaƟve to it. The fiŌh microphone is  
installed in the central part of the antenna. The presence 
of a central elevated microphone allows for addiƟonal 
analysis of the spaƟal structure of the acousƟc field and 
can be used to esƟmate the verƟcal component of  
the wave arrival direcƟon. 

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

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

A. Experimental CondiƟons. 
Measurements were conducted under favorable 

weather condiƟons: air temperature 13-15°C, humidity 
65-70%, wind from the north-west at 3-5 m/s, sunny, no 
precipitaƟon. The presence of moderate wind with gusts 

 

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

 

Fig. 2. Arrangement of measuring equipment during field tests 
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0 is a principal factor for acousƟc measurements, as wind 

affects both the background noise level and the stability 
of the signal’s spectral and spaƟal characterisƟcs. Natural 
acousƟc 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 direcƟon was oriented towards 
the north. 

B. Experimental Methodology. 
The locaƟon target was a small aerial object. During 

the experiment, the locaƟon target was posiƟoned  
at various points relaƟve to the antenna and acƟvated  
in staƟc posiƟons. Separate recordings were made during 
the object’s flights, which allowed for evaluaƟon not only 
the accuracy of azimuth determinaƟon under staƟonary 
condiƟons but also the stability of the algorithms in dy-
namic mode. 

A schemaƟc representaƟon of the antenna’s posiƟon 
and the points at which the aerial object’s locaƟon was 
recorded is shown on the test site map (Fig. 3). 

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

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

IV. RESEARCH RESULTS AND THEIR ANALYSIS 
The methodology for processing research results  

involved the construcƟon of the azimuth distribuƟon  
diagrams for background noise, calculaƟon of the bear-
ing paƩerns for reference points, analysis of the peak  
factor and spectral power density, and examinaƟon of 
the 1/3-octave signal levels of the aerial object at various 
distances.  

An important iniƟal condiƟon for processing acousƟc 
signals is the selecƟon 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 condiƟons rather than a fixed 
approximate value when processing the field recordings. 
The speed of sound in dry air can be esƟmated using  
the following approximate formula: 

 𝑐 ≈ 331.5 + 0.6ௗ𝑇, (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: 

𝑐 ≈ 331.5 + 0.6 ⋅ 15 = 340.5 m/s. 

Therefore, it is advisable to use a speed of sound of 
340.5 m/s in subsequent calculaƟons. 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 relaƟvely small, for tasks involving the  
esƟmaƟon of Ɵme delays between channels and the  
determinaƟon of azimuth, it can affect the accuracy of 
the result. 

EquaƟons (1-3) describe the SRP-GCC-PHAT algo-
rithm, which served as the theoreƟcal basis for the oper-
aƟon of the acousƟc hardware and soŌware 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 distribuƟon of azimuths is caused by  
the presence of wind and other noise sources. 

  
 

Fig. 3. PosiƟon of the antenna and reference measurement 
points 
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A. Results of Bearing Measurements 
 at Control Points and the Effect  
of GPS Coordinate Errors  
on Azimuth EsƟmaƟon. 

We analyzed how GPS posiƟoning 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 direcƟon. 

For point P1, located at 20 m from the antenna  
(Fig. 5), the system produced a well-defined maximum. 
In this scenario, the signal level of the aerial object is  
the highest, so from the perspecƟve of the acousƟc path, 
this is the most favorable case. At the same Ɵme, GPS 
uncertainty has the greatest impact on reference  
azimuth in this case. However, the coincidence of  
the acousƟc esƟmate with the visual posiƟon 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 posiƟon of 
the aerial object on the map and is confirmed by visual 
observaƟon during recording. For point P3 at 40 m,  
the azimuth value was 2 degrees, which also corresponds 
to the actual posiƟon of the aerial object. 

At point P4 (Fig. 6) at 60 m, the peak remains disƟnct 
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 reducƟon in the excess energy of the aerial  
object’s signal relaƟve to the background. Finaly, it can 
be concluded that the system operates reliably up to  
60 m and maintains funcƟonality at 80 m due to proper 
spectral sampling and algorithmic processing. 

A comparison of the field background with a labora-
tory recording of relaƟve 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 Ɵmes higher.  
This means that the localizaƟon algorithm operates not 
in an abstract noise model, but in a real environment 
where the interference level varies in Ɵme and space. 

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

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

The results obtained by the acousƟc system were 
compared with data from coordinate sensors installed  
on the aerial object. A summary of the tests shows that 
the acousƟc system provides azimuths at all control 

 

Fig. 4. Indicator readings for background noise. 

 

Fig. 5. Drone azimuth at point P1 (20 m) 

 

Fig. 6. Drone azimuth at point P4 (60 m) 
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points that are consistent with the experiment’s geome-
try. At the same Ɵme, 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 acousƟc esƟmates (Table 1). This means 
that, in pracƟcal terms, the acousƟc system is no less 
and, in some cases, even more informaƟve regarding  
the direcƟon of the drone than GPS posiƟoning. 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 tesƟng. If the accuracy of the acousƟc system 
needs to be verified to within a few degrees, the  
reference coordinates must be obtained using opƟcal 
tracking or another method with beƩer spaƟal accuracy. 
Otherwise, the reference error may mask the system’s 
true potenƟal. 

CONCLUSIONS 
1. The operaƟonal capability of a prototype auto-

mated acousƟc hardware and soŌware system 
for the acousƟc localizaƟon of small airborne  
objects using a microphone array and the SRP-
GCC-PHAT algorithm has been experimentally 
confirmed under real-world field condiƟons  
in the presence of background noise and wind  
interference. 

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

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 acousƟc system. This indicates the limited 

suitability of GPS for verifying high-precision 
acousƟc localizaƟon in the near field. 

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

5. The obtained results confirm the feasibility  
of further development of an automated acous-
Ɵc hardware and soŌware complex as a compo-
nent of systems for the detecƟon and localizaƟon 
of aerial objects. 
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Анотація—Через активне використання повітряних об’єктів виникає потреба в пасивних засобах їх виявлення.  
У роботі проведено експериментальне дослідження автоматизованого акустичного програмно-апаратного комплексу 
на основі мікрофонного масиву з п’яти каналів. Проведено натурні випробування в умовах відкритої місцевості за ная-
вності фонового шуму та вітру. Показано, що система забезпечує стійке визначення кутових координат на відстанях  
до 60 м, тоді як на 80 м спостерігається зниження стабільності. Досягнута точність визначення кутових координат стано-
вить 2–5°. Встановлено, що на малих дистанціях похибка GPS може формувати значну кутову невизначеність, яка пере-
вищує похибку акустичної системи, що обмежує його використання як еталону. Отримані результати підтверджують  
доцільність застосування акустичних методів та визначають напрями подальшого розвитку систем акустичної локаліза-
ції. 

Ключові слова — обробка акустичних сигналів; локалізація джерела звуку; мікрофонні масиви; формування  
променю; оцінювання напряму приходу (DOA); повітряні об’єкти; глобальна система позиціонування (GPS). 


