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Abstract

Recent studies and surveys have shown the increasing use of drones (Unmanned Aerial
Vehicles, UAVs) in many domains. However, the noise of UAVs is often perceived as
annoying, prompting concerns regarding noise pollution and the need for novel acoustic
certification guidelines. To measure UAV noise emissions in flight, their trajectory must be
known. Given the integration of microphone arrays in existing sound measurement setups,
acoustic tracking emerges as a reasonable method for UAV localization.

This paper proposes a beamforming-based approach for short-range 6-dimensional UAV
tracking with a dipole Green’s function and a mirror source model of the ground. The pro-
posed method modifies the steering vector formulation by incorporating dipole directivity
and coherent ground reflections directly into the acoustic transfer model. The dipole for-
mulation is derived from the spatial derivative of the monopole Green’s function, while the
reflected contribution is modeled using an image-source approach. This enables a more
realistic representation of the measured UAV sound field, particularly in near-ground mea-
surement scenarios.

Conventional monopole and dipole beamforming are compared, with and without ground
reflection. For evaluation, optical motion tracking results are serving as a “ground-truth”.
The reflection-aware dipole formulation provides the most accurate localization, demon-
strating that the inclusion of dipole directivity and coherent ground reflections significantly
improves acoustic UAV tracking accuracy in both translational and rotational degrees of
freedom.

1 INTRODUCTION

The use of drones or UAVs (Unmanned Aerial Vehicles) has increased significantly in recent
years. Forecasts predict that the market will grow to over 50 billion US dollars over the course
of 2026 [8]]. A notable rise in the deployment of UAVs can be observed particularly in sectors
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such as logistics, medical care, humanitarian aid, surveying, police and fire services, agriculture,
photography and videography, recreational use and in urban air mobility (UAM).

These developments lead to increased exposure to aircraft noise that is perceived as dis-
turbing. The noise generated by UAVs differs from the conventional aircraft noise produced
by manned aviation [9]]. Since most UAVs are significantly smaller and quieter than manned
aircraft, they tend to be perceived only at shorter distances. Additionally, their distinct noise
signature - characterized by higher dominant frequencies compared to manned aircraft - results
in higher level of annoyance than lower-frequency sounds.

These are among the reasons why the European Union Aviation Safety Agency (EASA)
considers noise to be the most important factor for the societal acceptance of UAVs [3]. Conse-
quently, the sound emission of UAVs has to be measured and quantatized in order to validate the
acoustic effects on the public and evaluate the annoyance of current and future UAVs. To enable
standardized sound emission measurements, the EASA has published guidelines for drones [4].
However, these guidelines consider only a single radiation direction. Therefore, repeatable,
comprehensive and extensive measurements of the sound emissions of different drones are of
great importance for assessing societal acceptance and for developing certification processes.

Approaches for measurement methods to capture the directional sound radiation of flying
UAVs have already been published [6, [7, [11]. For this, the measurement of the trajectory is
indispensable. To determining the position of the drone, measuring the three orientation an-
gles is essential for accurately characterizing directional sound radiation during complex flight
maneuvers, since changes in flight attitude also alter the relative direction to the microphones.
In previous studies it was shown, that this six-degrees-of-freedom (6 DoF) tracking is possi-
ble by just using the recorded data from a microphone array [13]. Conventional beamforming,
CLEAN-SC [12] and Functional Beamforming [2[] were considered for this method.

In this study, a custom beamforming algorithm is proposed and tested against the previous
study and an optical motion tracking system, representing the ’ground-truth”. The beamform-
ing algorithm incorporates a reflection model of the ground and a dipole source model for the
UAV to better capture the environmental conditions and source characteristics of the proposed
measurement setup. The ground reflections are added, due to a hard concrete ground present
during the measurements and the dipole characteristic is included because of findings of other
researchers [6, [7, [11] and also own observations showing a dipole radiation profile for many
UAVs in wide frequency ranges.

2 METHODOLOGY

To validate the improved tracking accuracy, the results of an optical motion tracking system
are used. They are considered as a ”ground-trouth” measurement, as optical motion tracking
is a well-established technique with proven accuracy, especially when combined with precise
camera calibration. For a meaningful validation the tracking algorithm is tested on real data
obtained during an experimental measurement campaign with realistic flight conditions. The
experimental setup as well as the individual methodologies for optical and acoustic tracking are
given in details in the following subsections.
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2.1 Experimental Setup

The measurements were conducted at the National Experimental Test Center for Unmanned
Aviation at Magdeburg-Cochstedt Airport, as illustrated in Fig. [Il The setup comprised two
microphone arrays and an optical motion tracking setup.

Figure 1: Experimental setup on the apron of Cochstedt-Magdeburg Airport. The two sound
sphere array frames as well as the tracking array (right) can be seen. The higher
beams are for the cameras of the optical motion tracking system.

The first microphone array, referred to as the sound sphere array (SA), was designed to cap-
ture the directional sound radiation (sound sphere) of UAVs flying through the frames. It com-
prises 184 custom-built MEMS microphones arranged along two rectangular frames, each mea-
suring 2 m in height and 3 m in width, with a spacing of 4.2 m between them. An equiangular
microphone distribution was implemented to ensure uniform angular resolution, resulting in a
denser spacing near the center of the frame bars compared to the edges. Data acquisition was
performed using three custom measurement units providing a total of 192 channels at a sam-
pling frequency of 192 kHz. Additional channels were used to record the camera trigger signal
and an external reference microphone. The microphones were connected via distribution boxes,
with 96 microphones installed on the first frame and 88 on the second.

In addition, a second array, the tracking array (TA), was used to determine the UAV trajectory.
This array is based on a MEMS microphone module originally developed at DLR for wind
tunnel experiments [5]. The tracking array consistes of 800 MEMS microphones distributed
over an area of 2 m>. The microphones are mounted on printed circuit boards and arranged
in a planar configuration. The array plane was setup parallel to the trajectory of a straight
flight through the frames of the sound sphere array. Data acquisition was handled by four
Field Programmable Gate Array (FPGA) units, each processing 200 channels. The signals
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were initially sampled at 3.072 MHz and later downsampled to 192 kHz with 16-bit resolution.
Synchronization with the optical system was achieved by recording the camera trigger signal
via dedicated analog inputs.

The optical motion tracking system employed four Ximea xiQ MQ042MG-CM global shutter
cameras, each equipped with a 1-inch monochrome sensor with a resolution of 2048 x 2048
pixels (4.2 MP) and a wide-angle lens of 6 mm focal length. The aperture was set to /4 to
balance image sharpness and brightness. The cameras were mounted above the measurement
volume to ensure full coverage of the region between the frames. Each camera was equipped
with a ring light to illuminate retro-reflective markers attached to the UAVs, enabling reliable
detection under dark conditions. The illumination allowed for short exposure times of 500 us
(172000 s), effectively eliminating motion blur even for fast-moving UAVs.

A quadcopter UAV, manufactured by the Institute of Fluid Mechanics (LSTM) at FAU Erlan-
gen—Niirnberg, was used as a test platform. It will be referred to as FAU-UAV from now on.
Figure 2] shows the UAV.

Figure 2: Top view of the FAU-UAV quadcopter. It features a diagonal propeller distance of 49
cm, an empty mass of roughly 3 kg, and 15.5 in (39.4 cm) diameter propellers.

All experiments were carried out during nighttime conditions to minimize wind disturbances
and environmental noise, while also ensuring suitable illumination conditions for the optical
tracking system.

To compensate for optical distortions introduced by the wide-angle lenses, a checkerboard
calibration was performed using a 19 x 19 pattern with a square size of 7.5 cm. In addition,
the spatial positions of both the cameras and the microphone arrays were determined using an
optical total station. This allowed for the accurate estimation of camera viewing angles and
the consistent alignment of all cameras and microphone arrays within a common coordinate
system. The origin of this coordinate system is defined at the center of the first microphone
frame, with the x-axis oriented perpendicular to the frame plane, the y-axis directed toward
the second frame, and the z-axis pointing vertically upward. Note that with this coordinate
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system the trajectory of a flying UAV can have negative z-values. The ground was measured
at the xy-plane at z = -1.03 m. Temporal synchronization between the measurement systems
was achieved by recording the camera trigger signal with both microphone arrays, ensuring
consistent timing and enabling direct comparison of the tracking results.

To evaluate the spatial and temporal calibration, as well as the alignment between the acous-
tic and optical systems, a custom-built device generating a small electric arc was employed.
This electric arc acted as both an acoustic and optical point source, allowing the reconstructed
three-dimensional positions obtained from both measurement approaches to be directly com-
pared. The device was triggered multiple times accross the whole capture volume of the optical
motion tracking system. The positions of the electric arcs were determined using triangulation
of the emitted light in the optical system and, for the acoustic arrays, by cross-correlation of the
microphone signals. The resulting mean deviations between the optical reference and the sound
sphere array (Agy), as well as the tracking array (A7), are summarized for all spatial directions
in Table [Tl

Table 1: Accuracy of spacial alignment between the two acoustic systems and the camera sys-

tem.
Dimension | Ags [cm] A7y [cm]
X 0.51 4.47
y 2.39 343
Z 1.29 0.96
total 2.76 5.72

2.2 Optical Motion Tracking

For optical tracking, a triangulation approach based on four cameras was applied. The three
retro-reflective markers mounted on top of the UAV (see Fig. 2) appear as bright dots in the
camera images due to LED illumination. After correcting for lens distortions through cali-
bration, triangulation rays can be drawn from each camera to the detected marker positions,
resulting in three rays per camera for every recorded frame. The UAV position and orientation
are then estimated using a minimization algorithm that incorporates the known relative geom-
etry of the markers g;. Specifically, the algorithm determines the optimal rotation matrix R
and translation vector ¢° such that the transformed marker positions are as close as possible to
the set of triangulation lines L;. This is achieved by minimizing the sum of squared distances
between the transformed marker positions and all triangulation lines, as defined in Eq. ().

3012
— . —
Cop(R, 7) =Y Y (dist(Regi+ 7 ,L;))? (1)
i=1j=1
The optimization variables correspond to the six degrees gf freedom of the UAV motion: the
three translational components X, y, and z, represented by ¢, and the three rotational compo-
nents 0, ¢ and y, included in R, which describe pitch, roll, and yaw, respectively.
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The UAV position is only computed for time steps at which all four cameras successfully
detect all three markers. Since this condition is not always fulfilled, missing data points are re-
constructed using spline interpolation and subsequent smoothing. The resulting optical tracking
trajectory has 6 dimensions (X, y, z, 8, ¢ and ) and a sampling rate of 90 Hz. It is depicted as
red curves in Fig. [6and

2.3 Acoustic Tracking

The acoustic trajectory of the UAV is determined by applying beamforming to consecutive
time windows. The tracking array is used for that. To maintain consistency with the optical
tracking data, a sampling rate of 90 Hz is used. Each beamforming window comprises 2048
samples, corresponding to a duration of approximately 0.01 seconds. An initial estimate of
the UAV position is obtained using a coarse three-dimensional focus grid spanning the entire
measurement volume. This grid contains 14,400 focal points with a spatial resolution of 5 points
per meter and is evaluated using conventional frequency-domain beamforming. The location of
the maximum value within this grid serves as the center for a refined, high-resolution cubic grid.
This second grid has a side length of 1.2 meters and a resolution of 41 points per dimension,
resulting in approximately 69,000 focal points, and is processed using the proposed adapted
beamforming including dipole assumption and ground reflections. The increased resolution
enables the identification of individual sound sources of the UAV in three-dimensional space,
which is essential for estimating its attitude.

The dipole assumption and ground reflections are implemented as follows. Let x,, € R>,
m=1,...,M, denote the microphone positions and r a candidate source position. For each
frequency f with wave number k = 27 f /¢, the microphone data are summarized by the cross-
spectral matrix (CSM)

1 K
C() =g L Pal/Ipy () @)
q:
Conventional beamforming evaluates the quadratic form

B(r, f) = wH(r, £) C(f) w(r, ), 3)

optionally after removing the CSM diagonal. In this work the physical transfer vector h(r, f) is
converted to the steering vector using the Sarradj I formulation [10],

bl
M (x|

Formulations I and IV are suitable for source localization because they preserve the correct map
maximum position, whereas formulations II and III provide a more appropriate absolute source-
level scaling. Since only the trajectory position is evaluated here, the absolute beamforming
level is not used. Broadband maps are obtained by normalizing B(r, f) per frequency and
averaging over the selected frequency band.

For a free-field monopole, the transfer function is the spherical Green’s function

Win(r, f) “4)

exp(—ikR,,)

h:;:ono(rhf) = G(Xmaryf) = 47[Rm )

Ry = ||%m — 2. 5)
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A dipole source with unit orientation vector n is modeled as the directional derivative of the
monopole Green’s function. With R,, = (X,, — r)/R,,, this yields

exp(—ikRy,)

WP (r, fim) =0 VG (X, f) = (1 +ikR,,) 47R2,

(n"R,,). (6)

The dipole model therefore adds both the directivity factor n'R,, and the derivative factor (14
ikRy,) /Ry

A specular ground reflection is included with the image-source method. For a horizontal
ground plane at arbitrary height z = zgoor, the mirrored source and mirrored dipole orientation

are

r' = (rxaryazzﬂoor - rz)Ta n' = (n)mnyy _nz)T- @)

With energy reflection coefficient Rg and pressure reflection factor p = \/Rg, the reflected
transfer vectors become

hﬁono’reﬂ(r7f) = G(Xm,l',f) +pG(XM7r/7f)7 (8)
P (e, fm) = BOP(x, fim) + p IGP (Y, fom). ©)

Rg = 0.9 is chosen as this is the value stated in literature for a rough, concrete surface in higher
frequency bands [1]]. The four evaluated steering models (Eq. (§)), (6, (8) and (9)), only differ
in the transfer vector h. All are normalized with the same Sarradj-I steering definition above
before conventional beamforming.

An example beamforming result is shown in Fig. [3] as a two-dimensional slice through the
finer, cubic grid, representing the summed and normalized frequencies in the range of 6 to
55 kHz. The dominant sound sources are the two interaction regions between the front and
rear propeller circles. It can be seen that the conventional beamformer (Fig. has stronger
pronounced side lobes, especially in the x-direction, rendering the sound sources as elongated
and blurred points. The proposed algorithm (Fig. [3b)) shows a clearer and sharper resolution of
the sources.

For the final estimation of the UAV’s position and attitude, a minimization approach smim-
ilar to that used for optical tracking is employed. In this step, an acoustic model of the UAV
is aligned with the sound source distribution obtained from the beamforming. The acoustic
model consists of discrete source points, as illustrated in Fig. Their spatial arrangement
is designed to represent the appearance of dominant aeroacoustic sources in the beamform-
ing results. Though the points are not directly derived from real aeroacoustic sound sources,
but rather their appearance in the beamforming images, they can be associated with turbulent
boundary layers along the propeller blades and interaction regions between the propellers. Two
line structures are introduced in the interaction regions to account for the influence of point
spread function (PSF) side lobes, which are especially pronounced along the x-axis, as men-
tioned before and visible in Fig. 3]

The acoustic model and associated processing parameters were optimized in a dedicated pa-
rameter study. This investigation identified the frequency range from 6 to 55 kHz as particularly
suitable for accurate acoustic tracking. Furthermore, alternative beamforming techniques, such
as Clean-SC [12] and Functional Beamforming [2], were evaluated and compared to conven-
tional frequency-domain beamforming. Different formulations of the cost function used for
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Casel, z=-0.04m Case3,z=-0.04m
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(a) 2D slice of the 3D conventional beamform- (b) Beamforming result with dipole assumption

ing result of the FAU-UAV in flight. and ground reflections.
SRange = 6-55 kHz; 2048 samples; f; = 192 SRange = 6-55 kHz; 2048 samples; f; = 192
kHz. kHz.

Figure 3: Comparison of conventional (left) and dipole and reflection optimized (right) beam-
former. The results are normalized as the array was not calibrated. The propeller
circles of the true UAV position are shown in white.
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Figure 4: Overview of the acoustic models. These are used as sound models for acoustic track-
ing. The points each represent individual sound sources. The weighting of the points
is indicated by color: green = 0.5, orange = 0.8, red = 1.

model alignment were also examined.

The selected cost function is defined in Eq. (10, where the model source points §; are trans-
formed by a rotation matrix R and a translation vector ¢ . The cost is computed as a weighted
sum of squared distances between the transformed model points and the beamforming-derived
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source locations b;, with weighting factors w; reflecting the relative amplitudes of the beam-
forming sources. In the chosen configuration, the use of 50 beamforming source points and 46
model points (see Fig. @) provided the highest accuracy.

46
cac(R,T) = Y min <dist (ROpi+7>,bj)2-wj> (10)
i=1

3 RESULTS

Considering the ground reflections and a dipole source assumption, there are 4 cases which can
be identified for validation: A monopole assumption without reflections (representing the basic
and unmodified conventional beamformer), a monopole assumption with ground reflections, a
dipole assumption without ground reflections and a dipole assumption with ground reflections.
The sound propagation principle of the individual cases is shown in Fig.[5S| The second case
(named case 1.5 in Fig.[5)) is neglected from further investigation as it produces similar results as
the first case. The radiated energy of the direct sound path is the same as for the reflected path,
resulting in slightly different values for the amplitude of the source but not the position. When
incorporating the dipole assumption, the reflected sound path has significantly more energy
than the direct path. Therefore, when assuming a dipole radiation, ground reflections make a
significant diference. This leaves three cases to be evaluated.

The resulting acoustic tracking data, together with the optical motion tracking results, are
presented in Fig. [6|and[7] as well as Table[2]and 3] for both translational and rotational degrees
of freedom. As previously noted, the optical tracking data are interpolated and smoothed using
spline interpolation. The same smoothing approach is applied to the acoustic trajectory, which
exhibits comparatively higher noise levels. The resulting smoothed optical trajectory is shown
as an orange curve and the smoothed acoustic trajectory as a black curve in the figures. Due
to the limited field of view of the cameras, the optical data cover only the region between the
two array frames, whereas the acoustic tracking can be extends over a larger spatial range.
Nevertheless, the results are only shown within the overlapping region, as this way a direct
comparison between both methods is possible.

The accuracy of the acoustic tracking is assessed by computing the deviations from the optical
reference for all six degrees of freedom (Ax, Ay, Az, AB, A¢ and Ay). Based on these values, the
mean translational and rotational errors are calculated using Eq. and Eq. (12), respectively.

Atrans = \/sz + Ayz + AZ2 (1 1)

Aror = /A0 + A9 + Ay? (12)

For the slow fly-through (3 m/s), case 3 achieves the best results. The acoustic data contain
significantly more noise than the optical tracking data; however, with appropriate interpolation
they provide sufficiently accurate approximations in all degrees of freedom. In particular, the
rotational dimensions exhibit more noise. The accuracy and standard deviation (std) for both
translatory and rotatory regimes are given in Table 2] With a mean error, or deviation from
the optical tracking, of A;.qns = 3.8 cm and A,y = 6.5°, case 4 is the best performing, while
the error for case 1 and 3 is roughly doubled. The achieved accuracy even exceeds the one of
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(c) Case 2: Dipole without reflections. (d) Case 3: Dipole with reflections.

Figure 5: Sound propagation for Cases 1-3 using monopole and dipole assumptions, with and
without ground reflections. Cases 1 and 1.5 are identical except for the amplitude.
This is why case 1.5 is not considered.

the measured translatory position of the tracking array (see Table [I)), which indicates a barely
improvable accuracy.

Table 2: Comparison of the mean error between the acoustic tracking and the opical motion
tracking for a slow (3 m/s) fly-though.

Case 1: Case 2: Case 3:
Monopole without reflections | Dipole without reflections | Dipole with reflections
Atrans = 1.27 cm Atrans = 7.46 cm Atrans = 3.80 cm
Ayor = 10.5° Apor = 11.2° Ayor = 6.50°
Stdyrans = 1.52 cm Stdsrans = 2.04 cm Stdsrans = 2.06 cm
stdyor = 6.97° stdy,r = 2.81° stdyor = 3.11°

For the fast fly-through (10 m/s) the results are similar. The accuracy in absolute terms is
slightly lower than for the slow fly-through. It should also be noted that, due to the increased
speed, there are fewer time instances at which results could be calculated. For the translational

10
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Figure 6: Translational (left) and rotational plot (right) of the acoustic tracking results (blue)

and the ”ground-truth” from the optical motion tracking (black) for a slow (3 m/s)
fly-through.

accuracy, the error roughly doubles again when comparing case 3 with cases 1 and 2. In the
rotational dimensions, however, the accuracy decreases only minimally. Figure [7] shows the
translatory and rotatory plots for case 3, Table [3] shows the mean error and standard deviaton
for all cases.

Table 3: Comparison of the mean error between the acoustic tracking and the opical motion
tracking for a fast (10 m/s) fly-though.

Case 1:
Monopole without reflections

Case 2:
Dipole without reflections

Case 3:
Dipole with reflections

Atrans = 10.2 cm
Aor =9.42°
Stdsrans = 4.64 cm
Stdyy = 2.67°

Atrans = 10.0 cm
Aror =9.74°
Stdsrans = 5.28 cm
Stdyo = 2.68°

Atrans = 5.05 cm
Ao = 8.17°
Stdsrans = 3.60 cm
stdy, = 5.33°

11
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Figure 7: Translational (left) and rotational plot (right) of the acoustic tracking results (blue)
and the “ground-truth” from the optical motion tracking (black) for a fast (10 m/s)
fly-through.

4 CONCLUSION

This work presented a beamforming-based approach for short-range six-dimensional UAV
tracking using microphone array measurements. In contrast to conventional acoustic tracking
approaches, the proposed method incorporates both a dipole source model and coherent ground
reflections. The resulting propagation model was integrated into a conventional frequency-
domain beamforming framework and combined with an acoustic UAV model to estimate trans-
lational and rotational motion parameters.

The experimental validation was carried out using a large MEMS-based tracking array and
an optical motion tracking system serving as a reference. The results demonstrate that the in-
clusion of dipole directivity and coherent ground reflections significantly improves localization
accuracy compared to conventional monopole-based beamforming. In particular, the dipole
model with reflections achieved the best agreement with the optical reference system for both
slow and fast fly-throughs. For the slow flight case, a mean translational deviation of 3.8 cm
and a rotational deviation of 6.5° were achieved. Even at higher flight speeds of 10 m/s, the
proposed method maintained robust performance with translational errors close to 5 cm. The
results further show that the dominant sound field of the investigated UAV can be represented

12
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reasonably well by a coherent dipole model including ground reflections.

The presented approach therefore demonstrates the feasibility of accurate acoustic 6 DoF
tracking using microphone arrays alone, which is of particular interest for UAV noise measure-
ments and future acoustic certification procedures. Since microphone arrays are already part of
many aeroacoustic measurement setups, the proposed method enables simultaneous trajectory
estimation and sound radiation analysis without requiring additional tracking hardware.

Nevertheless, several aspects offer potential for future improvement. The current dipole ori-
entation is estimated using a simplified formulation and fixed pose assumptions. A promis-
ing extension would be the implementation of an inverse reconstruction algorithm that directly
estimates the dipole pose and orientation from the measured cross-spectral matrix. Such an
approach could improve especially the rotational accuracy and provide a more physically con-
sistent reconstruction of the radiated sound field, although at the cost of increased computational
complexity and runtime.

In addition, the investigated UAV sound field cannot always be described adequately by a
pure dipole source. Future work should therefore consider hybrid source formulations combin-
ing monopole and dipole contributions and variations across different frequencies. Likewise,
tilted or dynamically oriented dipoles should be included, as current research indicate that these
become increasingly relevant during fast forward flight. More advanced propagation models, in-
cluding frequency-dependent ground impedance and multiple reflections, may further improve
localization accuracy in realistic outdoor environments.

Finally, the presented method should be validated for a broader range of UAV configurations,
including different drone geometries, propeller types, flight maneuvers, payload conditions,
and operating regimes. Extending the investigation to more complex trajectories and urban-like
environments will be essential for assessing the robustness and applicability of the method for
future UAV noise characterization and certification tasks.
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