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Abstract: Widespread availability of drones is associated with many new fascinating possibilities,
which were reserved in the past for few. Unfortunately, this technology also has many negative
consequences related to illegal activities (surveillance, smuggling). For this reason, particularly
sensitive areas should be equipped with sensors capable of detecting the presence of even miniature
drones from as far away as possible. A few techniques currently exist in this field; however, all have
significant drawbacks. This study addresses a novel approach for small (<5 kg) drones detection
technique based on a laser scanning and a method to discriminate UAVs from birds. The latter
challenge is fundamental in minimizing the false alarm rate in each drone monitoring equipment. The
paper describes the developed sensor and its performance in terms of drone vs. bird discrimination.
The idea is based on simple cross-polarization ratio analysis of the optical echo received as a result
of laser backscattering on the detected object. The obtained experimental results show that the
proposed method does not always guarantee 100 percent discrimination efficiency, but provides
certain confidence level distribution. Nevertheless, due to the hardware simplicity, this approach
seems to be a valuable addition to the developed anti-drone laser scanner.

Keywords: UAV detection; drone detection; laser scanner; drone vs. bird discrimination; drone
monitoring; anti-drone system

1. Introduction

Drones’ capabilities to perform illegal observations or transport unauthorized objects,
combined with low price and easy access, presents high risk and new security challenges
to cope with [1–7]. The key technology associated with counteracting this issue is drone-
oriented monitoring of airspace, especially above sensitive areas. In this context, the
capability to distinguish between drones and birds is a vital factor to obtain low-false-
alarm technology. There are a number of existing techniques, both passive and active, to
detect drones remotely. The most common methods include the application of visual or
thermal cameras [8–10], where typically long-range lenses are applied to analyze the image
of the monitored sector. Unfortunately, taking into account the size of small UAVs and
a large distance, even for high-resolution FPA sensors, a drone corresponds hardly to a
few pixels. The identification is thus highly problematic. Increasing the focal length of the
optics is a method to improve this situation, however at the same time is associated with
the reduction of angular sector monitored, which is a significant drawback. As a result,
the application of cameras for drone detection/identification cannot be used effectively
on its own. It requires input from some assisting sensor providing possible direction to
potentially suspicious objects. Radars constitute the second most common technology for
drone detecting systems [11–20]. The assets of the corresponding methods are indisputable.
The analysis of micro-Doppler shifts in the detected frequencies allows even to assess
the number of UAVs rotors. However, the main problem results from extremely low
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radar cross-section of small drones located in large distances. Audio detection also has
been proposed as an effective method for UAVs detection [21–23]. Flight of even the
smallest drone cannot be realized noiselessly. The effectiveness of audio methods associated
with analyzing acoustic spectra to find signatures of drones, strongly depends on the
distance, background noise, and finally the completeness of the data base covering the a.m.
signatures. Radio-frequency or Wi-Fi detection [24–27] both constitute another passive
methods to detect UAVs which typically use these channels to communicate with an
operator. Unfortunately, it is not always the case. Sometimes drones do not require any
link, since their mission is pre-programmed. An excellent review of the current methods to
detect and classify drones remotely is provided in [28], where the authors underline the
problems with detecting small drones at large distances and distinguishing them from other
flying objects. In order to increase the effectiveness of anti-drone sensors, the whole variety
of advanced data analysis methods are implemented, including artificial network and
deep learning techniques [26,29]. Depending on the complexity, different drone-detecting
systems provide various levels of sensitivity, range, and effectiveness in localizing drones
in space. Generally, it can be concluded however, that due to small cross-sections of many
lightweight drones, most of the radar-based and image-based techniques seem to suffer
from relatively short range. Concerning acoustic and radio/Wi-Fi methods, the main issue
comes from the lack of drone positioning capabilities.

Apart from just a drone detection, the demanding technical challenge of reliable dis-
crimination capabilities—if drones and naturally occurring interfering factors (like birds),
must be taken into account if a sensor is considered to work automatically. Nevertheless,
a lot of effort has been allocated, especially in radar data processing in terms of such
discrimination capabilities [14,17]. However, most of the currently operating anti-drone
systems have to be assisted by an operator, who performs the final classification of the
detected object and react accordingly.

Our intention was to address the drone detection problem in a novel way to create a
dedicated laser scanner, which additionally, in terms of detection and classification, could
work partially unattended. Thus, it required to develop effective technique to distinguish
between drones and birds, with minimum false alarm rate. To meet this challenge, our laser
scanner was supplemented with depolarization analysis optical module. Another goal was
to achieve detection maximum range at the required level of about 1 km, even regarding the
small (c.a. 5 kg) UAVs. The approach to detect drones and identify them by the application
of a laser scanner, to the best of our knowledge, was not reported before. According to the
project limitations in revealing the details of scanning geometry, it is not discussed in this
paper, which has been devoted solely to a “drones vs. birds” discrimination challenge.

2. Materials and Methods

Identification of surface type, its microscopic or macroscopic parameters, based on re-
flected light polarization state measurements have been reported many times [30–41]. Most
of the research in this field however deals with laboratory methods based on full Stokes
vector and Mueller matrix analysis. For example, in [30] authors analyze scatter polariza-
tion properties of selected man-made objects, using Mueller matrix imaging polarimeter
technique. Variety of incoming polarization states and angles of incidence-reflection have
been analyzed. The aim of this research was to determine classifiers which would easily
enable to discriminate between man-made objects and natural background. In [32], the
impact of surface micro-roughness and albedo on Mueller matrix components was studied.
In [37], the authors prove that it is possible to discriminate between metallic and dielectric
surfaces by analyzing the angular dependence of specularly scattered light. To achieve
such discrimination however, one has to measure the polarization state of reflected light
at numerous angles. Exploiting any useful phenomenon or property, lab methods are
typically oriented at maximum possible precision, while measurements time and hardware
requirements, are of less importance. On the other side, our work was primarily focused
on a method, which despite its drawbacks and limitations, could give acceptable level of
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performance, but primarily could be easily implemented in a commercial device. Follow-
ing this remark, we intentionally limited the measured depolarization effects, in order to
reduce the developed device complexity, cost, and size.

Drones are made of the whole variety of materials not only in terms of type, but
also in terms of surface finish, ranging from well-polished to very rough. Nevertheless,
polarized light, upon reflection (scattering) from any type of surface experiences changes
in terms of the polarization state [35]. If mirror-like surface is considered, the phenomenon
is described by well-known analytical Fresnel formulas. Reflected light keeps its high level
of degree of polarization—DoP or polarizance [30,32], typically defined as

DoP =

√
Q + U + V

I
, (1)

where I, Q, U, V correspond to the Stokes vector S components typically addressed in

S =


I
Q
U
V

 =


Px + Py
Px − Py

P45o − P135o

Pright − Ple f t

, (2)

where Px—power of horizontal linear polarization component; Py—power of vertical lin-
ear polarization component; P45

o—power of 45◦ oriented linear polarization component;
P135

o—power of 135◦ oriented linear polarization component; Pright—power of right direc-
tion circular polarization component; and Pleft—power of left direction circular polarization
component. For example, linearly polarized light, after reflection from metallic surface
becomes elliptically polarized. The only case in which polarization state (every Stokes
vector component) and DoP remains unchanged is normal incidence and back-reflection
from a perfect mirror. On the other side, if reflection from rough surface or even more
complicated one, like a biological tissue is considered, the rigorous mathematical descrip-
tion is complicated [34,36,38,40] and it is difficult to find any universal model capable of
describing great variety of surface types. Nevertheless, reflection from a surface which
cannot be treated as a smooth interface, becomes a complex process that can be heuristically
compared to the combination of coexisting reflections, refractions, and scattering (Figure 1).

Sensors 2021, 21, x FOR PEER REVIEW 3 of 14 
 

 

while measurements time and hardware requirements, are of less importance. On the 
other side, our work was primarily focused on a method, which despite its drawbacks 
and limitations, could give acceptable level of performance, but primarily could be easily 
implemented in a commercial device. Following this remark, we intentionally limited the 
measured depolarization effects, in order to reduce the developed device complexity, 
cost, and size. 

Drones are made of the whole variety of materials not only in terms of type, but also 
in terms of surface finish, ranging from well-polished to very rough. Nevertheless, po-
larized light, upon reflection (scattering) from any type of surface experiences changes in 
terms of the polarization state [35]. If mirror-like surface is considered, the phenomenon 
is described by well-known analytical Fresnel formulas. Reflected light keeps its high 
level of degree of polarization—DoP or polarizance [30,32], typically defined as 

𝐷𝑜𝑃 = , (1)

where I, Q, U, V correspond to the Stokes vector S components typically addressed in 

𝐒 = 𝐼𝑄𝑈𝑉 = ⎣⎢⎢
⎡ 𝑃 + 𝑃𝑃 − 𝑃𝑃 − 𝑃𝑃 − 𝑃 ⎦⎥⎥

⎤
, (2)

where Px—power of horizontal linear polarization component; Py—power of vertical 
linear polarization component; P45o—power of 45° oriented linear polarization compo-
nent; P135o—power of 135° oriented linear polarization component; Pright—power of right 
direction circular polarization component; and Pleft—power of left direction circular po-
larization component. For example, linearly polarized light, after reflection from metallic 
surface becomes elliptically polarized. The only case in which polarization state (every 
Stokes vector component) and DoP remains unchanged is normal incidence and 
back-reflection from a perfect mirror. On the other side, if reflection from rough surface 
or even more complicated one, like a biological tissue is considered, the rigorous math-
ematical description is complicated [34,36,38,40] and it is difficult to find any universal 
model capable of describing great variety of surface types. Nevertheless, reflection from a 
surface which cannot be treated as a smooth interface, becomes a complex process that 
can be heuristically compared to the combination of coexisting reflections, refractions, 
and scattering (Figure 1). 

 
Figure 1. Heuristic presentation of a reflection of light from rough surface, as a combination of 
several physical mechanisms. Visualization of magnified rough surface micro-relief and six possi-
ble examples of how a ray of light can interact with it. 

The relative contributions of the above-mentioned ingredients depend on material 
itself—its conductivity, refractive index, and surface irregularity sizes with respect to 

Figure 1. Heuristic presentation of a reflection of light from rough surface, as a combination of
several physical mechanisms. Visualization of magnified rough surface micro-relief and six possible
examples of how a ray of light can interact with it.

The relative contributions of the above-mentioned ingredients depend on material
itself—its conductivity, refractive index, and surface irregularity sizes with respect to
wavelength of light. For example, if metallic surface is considered, light will not penetrate
into the volume of the object. Thus, factors numbered as 3, 4, and 6 in Figure 1 will not
exist, however those numbered as 1, 2, and 5 will produce the main contributions. It is well
known, that in general, each reflection/refraction leads to modification of Stokes vector
(change of polarization state). Being a net effect of numerous acts of reflection/scattering
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on randomly oriented and shaped microscopic objects, reflection from rough surface
corresponds to more or less depolarization, understood as the decrease of DoP. In other
words, polarized incoming light, after reflection becomes only partially polarized or, in the
extreme case, totally depolarized. The general rule states that the more complex surface
micro-relief, the more depolarization it causes upon reflection. Quantitatively, a surface
reflection induced polarization changes of a beam, are commonly described by the Mueller
matrix M [31,32], which provides the full information how the Stokes vector transforms

Sout = MSin, (3)

where Sin and Sout refer to incident and reflected beam Stokes vector respectively. Thus,
Mueller matrix provides complete description of the averaged effect of a surface on a
polarization state transformation resulting from reflection of a beam from that surface.
DoP, Stokes vector and Mueller matrix are very useful tools used to completely analyse
beam polarization state and depolarization properties of surfaces. Unfortunately, their
practical implementation in commercial laser scanner, where size and price are of high
importance, could be problematic. For example, Stokes vector evaluation requires multiple
power measurements of a beam with different configurations of polarizers. It is easily
realizable in a lab, however considering the architecture of a laser scanner, would require
applying several detection channels and a number of optical components. For this reason,
our research was directed to verify measurement method that requires as little hardware
as possible. Thus, instead of analysing the complete Stokes vector of the received optical
echo signal, we investigated the simpler concept of measuring just cross-polarization ratio.
It should be underlined, that such approach was the result of an acceptable compromise,
since it requires to apply just two receiving paths. It is important to note, that we were not
trying to build the best possible identification capability of the scanner, however just the
classification potential. For example, it was not expected to be able to distinguish between
different species of birds. It was also not intended to identify individual types of drones.
The main goal of the developed sensor was just to distinguish drones from birds.

Considering this challenge, it was reasonable to analyse the depolarization effects
upon reflection from both UAVs surfaces and birds’ feathers. For this reason, laboratory
experiments were carried out in the setup presented in Figure 2.
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Figure 2. Laboratory setup for experimental search of optimum output/measured polarizations
combination in terms of feathers vs. artificial surfaces discrimination.

It allowed us to modify both output (Retarder 1) and measured (Retarder 2) polar-
ization state. For each set of output/measured polarization combination, targets were
swapped (feathers, drones, and other artificial materials that could potentially be an UAV
surface). Also, the goal was to verify how the discrimination between feathers and artificial
surfaces improves if more polarization settings in the detection channel are collected. In this
way, we intended to find a compromise between the required complexity of the optical de-
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tection channel for the designed laser scanner and its acceptable level of performance. The
main purpose of these measurements was to check if there is any specific output/measured
polarization combination, in which feathers are significantly most differentiated from
the rest of the targets. Measurements proved that the analysis of full Stokes vector will
not result in proportional increase of system discrimination efficiency. The main reason
comes from the fact, that if linearly polarized laser light is reflected from both a bird and a
drone surface, the circular polarization in the scattered signal will be negligible. The main
contributions are limited to linear polarization and depolarized light.

Following the conclusions of laboratory experimental stage, the detection optical train
for the developed anti-drone laser scanner was designed (Figure 3).
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Figure 3. Optical configuration of the developed scanner (rotating mirror omitted).

The concept relies on the standard polarization beamsplitter cube and two separate
detectors—one responsible for s and the second for p polarization. Polarization axis
direction of the beam (linearly polarized laser is applied), is alligned with the beamsplitter
in such a way, that in case of no depolarization of optical echo, only s detector receives
signal. On the other side, if echo is completely depolarized, one is tempted to say that both
detectors would receive the equal power levels. Indeed, it would happen, however in case
of the dichroic beamsplitter absence. In our system, dichroic beam splitter induces constant
and deterministic depolarization factor. According to this scheme, in order to evaluate the
discussed depolarization effects quantitatively, we introduced cross-polarization ratio δ
defined as

δ =
Pp

Ps
, (4)

where Pp and Ps correspond to the power received by p and s detector respectively. Theo-
retically, δ can reach values in the range from zero to infinity, however taking into account
partially depolarizing targets this domain is limited to (0 ÷ 1). Referring to Stokes formal-
ism, one can easily arrive at the connection between δ and S components, namely

δ =
I −Q
I + Q

. (5)

Being interested only to the first two Stokes vector components and taking into account
Equation (3), it can be concluded that in terms of Muleller matrix description, our method
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is limited to half of this matrix, namely to components Mij, where i = {1, 2} and j = {1, 2, 3,

4}:


M11 M12M13 M14
M21 M22M23 M24

x x x x
x x x x

.

3. Results
3.1. Scanner Prototype Development

The anti-drone scanner was designed and its prototype was created according to the
discussed optical configuration (photography of the developed system in Figure 4). The
platform is based on fiber pulsed laser operating at 1550 nm wavelength. Additionally, the
dedicated software environment was developed. This prototype was used to perform a lot
of experimental work both in a field and in a lab. It was our intention to collect parameters
of the measured objects, not in the lab on some other apparatus, but applying directly the
constructed device. In such approach, the results are affected by all the hardware constants
specific for this instrument. Accordingly, we do not have to take care of the correction
factors which would be the case upon transferring depolarization signatures from lab
measurements to the scanner.
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Figure 4. Photography of the constructed anti-drone laser scanner prototype.

3.2. Experiments

First of all, the theoretical maximum detection ranges were confirmed in real condi-
tions. Secondly, the depolarization signatures of drones were collected. So far, we have not
arranged experiments with real birds flying in the air, however numerous targets prepared
with a whole variety of feathers were fabricated. Each such target has been thoroughly
investigated in terms of its cross-polarization ratio δ resulting from different orientations
of its surface with respect to the laser beam direction. In effect, we collected the valuable
statistics of depolarization signatures representing both drones and birds. In order to
prepare the samples representing birds, we used the natural feathers of the species listed in
Figure 5. On the other side, samples associated with UAV-type objects have been presented
in Figure 6.
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Figure 6. Samples representing drones.

The experiments were performed in open terrain. Scanner was located in the distance
of 230 m from the place where samples could be swapped (Figure 7). Such distance allowed
to obtain 25 cm laser spot—sufficient size to average spatial irregularities effects of the
samples. Additionally, the detection electronics could work at nominal settings, which
would be not possible in shorter ranges, due to saturation.
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Each sample was measured in several angular orientations, in order to verify also the
impact of this geometrical aspect. We changed the sample orientation in order to find the
maximum and minimum level of the measured cross-polarization ratio. The results are
summarized in Figure 8. It shows, for each measured sample, the obtained extreme values
of δ.
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Figure 8. Results of cross-polarization ratio field measurements using the developed laser scanner
module. Samples naming corresponds to Figures 5 and 6 (red color—drones; green color—birds).

For example, considering D7 it can be seen that the maximum measured cross-
polarization ratio was about 0.27 and minimum observed δ dropped to 0.24. Any other
angular orientations of this sample resulted it the values in between. Additionally, in case
of D4 sample we got a single result while rotor was rotating (marked as D4rot).

4. Discussion

The visual inspection of the presented data allows to clearly distinguish the distri-
butions features of the samples representing drones and those associated with birds. The
former shows significantly broader range than the latter. Additionally, mean values seemed
to be slightly shifted. Tempted to quantify these differences, we fitted normal distributions
for both data groups (Figure 9).
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It allowed us to asses both standard deviation σ and average (mean) values δ, which
appeared to be:{

σδ(drones) = 0.105
δ(drones) = 0.33

{
σδ(birds) = 0.037
δ(birds) = 0.38

. (6)

It proved a large discrepancy especially in terms of standard deviations σ (0.105 vs.
0.037). The distribution associated with birds is significantly more tightly focused around
its mean value. It corresponds to potential classification methodology. Namely, one can
state that if the measured (by the developed scanner) cross depolarization ratio of unknown
airborne object, is close to 0.38, at high probability it is a bird and at lower probability it is
a drone. On the other side, if the obtained δ is far from 0.38, at high probability it is a drone
and at lower probability it is a bird. Taking another example, if the measured value of δ goes
below 0.27 level, there is very high probability, that drone was detected. Such approach
is obviously not deterministic, since the obtained results revealed meaningful overlap
between both data groups. Let us consider the unnormalized Gaussian distributions f (δ)
associated with both data sets (Figure 10).
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They can be interpreted as probability density distributions of obtaining the specific
values of cross-polarization ratio both for drones and for birds. Namely, the probability P
of obtaining δ in the range of any δ* ± (∆/2) is equal to

P(δ∗) =
∫ δ∗+ ∆

2

δ∗− ∆
2

f (δ)dδ. (7)

In the discussed problem, we are more interested in the difference in probabilities of
certain δ detection, if drones vs. birds are considered. Thus, let us implement the following
classification probability factor

∆P(δ) =
Pdrones(δ)− Pbirds(δ)

Pdrones(δ) + Pbirds(δ)
. (8)

Being the probability of obtaining any result (drone or bird), the denominator serves as
a normalization component. Taking into account Equation (7) and the fact that integration
ranges are identical, one obtains

∆P(δ) =
fdrones(δ)− fbirds(δ)

fdrones(δ) + fbirds(δ)
. (9)

The plot of this function is presented in Figure 11. It can be interpreted as an indicator
of the δ ranges, where the discrimination between drones and birds is efficient (∆P ~ 1) and
those δ ranges, where the a.m. discrimination potential is reduced (∆P < 1).
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Following the obtained ∆P(δ) curve, it can be concluded, that the proposed scanner
solution and classification method efficiency depends on cross-polarization signature of a
specific target. It may not be highly successful if the measured δ are in the vicinity of 0.32
and 0.44, which simply results from the equality of probability density distributions f (δ) for
drones and birds. Nevertheless, one can also spot broad δ ranges, where the classification
potential is very promising (∆P ~ 1).

Additionally, it should be clarified that during the described experimental campaign
the measurement distance was constant, so no impact of this parameter on the registered
δ was analyzed intentionally. It results from the fact that the strength of the proposed
depolarization signature lies in its independence of distance. Atmosphere propagation,
especially on such short routes, does not induce significant change of polarization state.
It is observed experimentally and also proved theoretically [42] that multiple Rayleigh
scattering does not depolarize more than 1%. Nevertheless, in order to visualize exper-
imental confirmation of our discrimination capability immunity to range, we overlaid
the distributions obtained during the described campaign and the results obtained in the
experiments devoted to the verification of our scanner range performance (Figure 12).
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In such campaigns however, we did not have the opportunity to control the angular
orientation of the targets precisely, so the presented data points correspond to single
measurements. Anyway, one can easily notice that the rules deduced from static campaign
are valid for dynamic experiments in various distances, too. The cross-polarization ratio δ
associated with birds shows the mean value of 0.388 (0.38 for static campaign), while in
case of drones (for all distances) it is 0.297 (0.33 for static campaign). Similarly, standard
deviations of δ for drones and birds (0.09 and 0.01 respectively) shows the same discrepancy
in distributions spread, as obtained in static experiments.

5. Conclusions

In this paper, a novel approach for drone detection and distinguishing them from birds
was described. Unlike most current detection techniques in this field (radars, imaging,
radio, and acoustic techniques) we proposed the application of a laser scanning. Regarding
high angular resolution of this type of method, such approach enables to detect even the
smallest drones at greater distances, which may become problematic for other techniques
mentioned above. Additionally, similarly to radar technology, laser scanning provides
precise location of the detected object in space, which is not possible in case of imaging,
acoustic and radio frequency techniques. Going beyond just drone detection, we inves-
tigated the potential of reflected laser light depolarization signature as a discriminant
between a drone and a bird.

In order to verify the whole concept, we created a dedicated laser range-finding
module, additionally equipped with cross-polarization ratio determination functionality.
The module was used for numerous terrain experiments, where both the expected range
and drone vs. bird discrimination capability were verified. The latter issue became the
main subject of this paper. The experimental results and corresponding data analysis
show, that cross-polarization ratio can be used for the a.m. discrimination, which leads to
significant reduction of false alarms in the developed laser scanner.

The proposed discrimination scheme is probabilistic in nature and its efficiency de-
pends on the obtained cross-polarization ratio value. For some δ ranges, distinguishing
a drone from a bird is straightforward, and for the others it is not. We identified these
ranges, so the sensor algorithm is aware how likely a discrimination is successful. The
obtained compromise is the cost of maximum simplicity of the implemented solution.
The future tests, and especially the planned application of our scanner in real life border
protection duty, will show if further improvements concerning the discussed discrimina-
tion efficiency are required. If so, in order to retrieve more Mueller matrix components
associated with the detected object surface, additional channel or channels in detection
unit will be implemented.
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and M.Z.; funding acquisition, M.Ż. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by National Centre for Research and Development of Poland,
grant number DOB-BIO9/21/01/2018.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors express their gratitude to the 37th Air Defense Missile Squadron
authorities for enabling tests on Sochaczew-Bielice Airport runway.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhi, Y.; Fu, Z.; Sun, X.; Yu, J. Security and Privacy Issues of UAV: A Survey. Mob. Netw. Appl. 2020, 25, 95–101. [CrossRef]
2. Khan, N.A.; Brohi, S.N.; Jhanjhi, N. UAV’s Applications, Architecture, Security Issues and Attack Scenarios: A Survey.

In Intelligent Computing and Innovation on Data Science; Lecture Notes in Networks and Systems; Peng, S.L., Son, L., Suseendran,
G., Balaganesh, D., Eds.; Springer: Singapore, 2020; pp. 753–760. [CrossRef]

3. Al-Dhaqm, A.; Ikuesan, R.A.; Kebande, V.R.; Razak, S.; Ghabban, F.M. Research Challenges and Opportunities in Drone Forensics
Models. Electronics 2021, 10, 1519. [CrossRef]

4. Statement on the Security Threat Posed by Unmanned Aerial Systems and Possible Countermeasures. 2015. Available online:
https://radionavlab.ae.utexas.edu/images/stories/files/papers/statement-humphreys-20150318.pdf (accessed on 7 July 2021).

5. The Guardian. Gatwick Drone Disruption Cost Airport Just £1.4m. Available online: https://www.theguardian.com/uk-news/
2019/jun/18/gatwick-drone-disruption-cost-airport-just-14m (accessed on 5 July 2021).

6. Shi, X.; Yang, C.; Xie, W.; Liang, C.; Shi, Z.; Chen, J. Anti-Drone System with Multiple Surveillance Technologies: Architecture,
Implementation, and Challenges. IEEE Commun. Mag. 2018, 56, 68–74. [CrossRef]

7. Finnegan, P. World Civil Unmanned Aerial Systems Market Profile and Forecast 2017. Available online: http://tealgroup.com/
images/TGCTOC/WCUAS2017TOC_EO.pdf (accessed on 15 June 2021).

8. Liu, H.; Fan, K.; Ouyang, Q.; Li, N. Real-Time Small Drones Detection Based on Pruned YOLOv4. Sensors 2021, 21, 3374.
[CrossRef] [PubMed]

9. Coluccia, A.; Fascista, A.; Schumann, A.; Sommer, L.; Dimou, A.; Zarpalas, D.; Méndez, M.; Iglesia, D.; González, I.; Mercier, J.P.;
et al. Drone vs. Bird Detection: Deep Learning Algorithms and Results from a Grand Challenge. Sensors 2021, 21, 2824. [CrossRef]

10. Lian, D.; Gao, C.; Qi, F.; Wang, C.; Jiang, L. Small UAV Detection in Videos from a Single Moving Camera. In Proceedings of
the CCF Chinese Conference on Computer Vision, Tianjin, China, 11–14 October 2017; Springer: Singapore, 2017; pp. 187–197.
[CrossRef]

11. Nowak, A.; Naus, K.; Maksimiuk, D. A method of fast and simultaneous calibration of many mobile FMCW radars operating in a
network anti-drone system. Remote Sens. 2019, 11, 2617. [CrossRef]

12. Ma, X.; Oh, B.S.; Sun, L.; Toh, K.A.; Lin, Z. EMD-Based Entropy Features for micro-Doppler Mini-UAV Classification.
In Proceedings of the 2018 24th International Conference on Pattern Recognition (ICPR), Beijing, China, 20–24 August 2018;
pp. 1295–1300. [CrossRef]

13. Oh, B.S.; Guo, X.; Wan, F.; Toh, K.A.; Lin, Z. Micro-Doppler mini-UAV classification using empirical-mode decomposition features.
IEEE Geosci. Remote Sens. Lett. 2017, 15, 227–231. [CrossRef]

14. Molchanov, P.; Harmanny, R.I.; de Wit, J.J.; Egiazarian, K.; Astola, J. Classification of small UAVs and birds by micro-Doppler
signatures. Int. J. Microw. Wirel. Technol. 2014, 6, 435–444. [CrossRef]

15. Fuhrmann, L.; Biallawons, O.; Klare, J.; Panhuber, R.; Klenke, R.; Ender, J. Micro-Doppler analysis and classification of UAVs
at Ka band. In Proceedings of the 2017 18th International Radar Symposium (IRS), Prague, Czech Republic, 28–30 June 2017;
pp. 1–9. [CrossRef]

16. Messina, M.; Pinelli, G. Classification of Drones with a Surveillance Radar Signal. In Proceedings of the 12th International
Conference on Computer Vision Systems (ICVS), Thessaloniki, Greece, 23–25 September 2019. [CrossRef]

17. Torvik, B.; Olsen, K.E.; Griffiths, H. Classification of birds and UAVs based on radar polarimetry. IEEE Geosci. Remote Sens. Lett.
2016, 13, 1305–1309. [CrossRef]

18. Fioranelli, F.; Ritchie, M.; Griffiths, H.; Borrion, H. Classification of loaded/unloaded micro-drones using multistatic radar.
Electron. Lett. 2015, 51, 1813–1815. [CrossRef]

http://doi.org/10.1007/s11036-018-1193-x
http://doi.org/10.1007/978-981-15-3284-9_86
http://doi.org/10.3390/electronics10131519
https://radionavlab.ae.utexas.edu/images/stories/files/papers/statement-humphreys-20150318.pdf
https://www.theguardian.com/uk-news/2019/jun/18/gatwick-drone-disruption-cost-airport-just-14m
https://www.theguardian.com/uk-news/2019/jun/18/gatwick-drone-disruption-cost-airport-just-14m
http://doi.org/10.1109/MCOM.2018.1700430
http://tealgroup.com/images/TGCTOC/WCUAS2017TOC_EO.pdf
http://tealgroup.com/images/TGCTOC/WCUAS2017TOC_EO.pdf
http://doi.org/10.3390/s21103374
http://www.ncbi.nlm.nih.gov/pubmed/34066267
http://doi.org/10.3390/s21082824
http://doi.org/10.1007/978-981-10-7305-2_17
http://doi.org/10.3390/rs11222617
http://doi.org/10.1109/ICPR.2018.8546180
http://doi.org/10.1109/LGRS.2017.2781711
http://doi.org/10.1017/S1759078714000282
http://doi.org/10.23919/IRS.2017.8008142
http://doi.org/10.1007/978-3-030-34995-0_66
http://doi.org/10.1109/LGRS.2016.2582538
http://doi.org/10.1049/el.2015.3038


Sensors 2021, 21, 5597 13 of 13

19. Ren, J.; Jiang, X. Regularized 2D complex-log spectral analysis and subspace reliability analysis of micro-Doppler signature for
UAV detection. Pattern Recognit. 2017, 69, 225–237. [CrossRef]

20. Mendis, G.J.; Randeny, T.; Wei, J.; Madanayake, A. Deep learning based doppler radar for micro UAS detection and classification.
In Proceedings of the MILCOM 2016—2016 IEEE Military Communications Conference, Baltimore, MD, USA, 1–3 November
2016; pp. 924–929. [CrossRef]

21. Casabianca, P.; Zhang, Y. Acoustic-Based UAV Detection Using Late Fusion of Deep Neural Networks. Drones 2021, 5, 54.
[CrossRef]

22. Anwar, M.Z.; Kaleem, Z.; Jamalipour, A. Machine Learning Inspired Sound-Based Amateur Drone Detection for Public Safety
Applications. IEEE Trans. Veh. Technol. 2019, 68, 2526–2534. [CrossRef]

23. Azari, M.M.; Sallouha, H.; Chiumento, A.; Rajendran, S.; Vinogradov, E.; Pollin, S. Key Technologies and System Trade-offs for
Detection and Localization of Amateur Drones. IEEE Commun. Mag. 2018, 56, 51–57. [CrossRef]

24. ANTIDRONE. Anti-Drone System Overview and Technology Comparison. Available online: https://antidrone.eu/blog/anti-
drone-publications/anti-drone-system-overview-and-technology-comparison.html (accessed on 29 June 2021).

25. Samaras, S.; Diamantidou, E.; Ataloglou, D.; Sakellariou, N.; Vafeiadis, A.; Magoulianitis, V.; Lalas, A.; Dimou, A.; Zarpalas, D.;
Votis, K.; et al. Deep Learning on Multi Sensor Data for Counter UAV Applications-A Systematic Review. Sensors 2019, 19, 4837.
[CrossRef]

26. Taha, B.; Shoufan, A. Machine Learning-Based Drone Detection and Classification: State-of-the-Art in Research. IEEE Access 2019,
7, 138669–138682. [CrossRef]

27. Basak, S.; Rajendran, S.; Pollin, S.; Scheers, B. Combined RF-based drone detection and classification. TechRxiv. Preprint. 2021.
[CrossRef]

28. Coluccia, A.; Parisi, G.; Fascista, A. Detection and Classification of Multirotor Drones in Radar Sensor Networks: A Review.
Sensors 2020, 20, 4172. [CrossRef]

29. Al-Emadi, S.; Al-Ali, A.; Al-Ali, A. Audio-Based Drone Detection and Identification Using Deep Learning Techniques with
Dataset Enhancement through Generative Adversarial Networks. Sensors 2021, 21, 4953. [CrossRef] [PubMed]

30. DeBoo, B.J.; Sasian, J.M.; Chipman, R.A. Depolarization of diffusely reflecting man-made objects. Appl. Opt. 2005, 44, 5434–5445.
[CrossRef]

31. Shane, R. Cloude, Depolarization synthesis: Understanding the optics of Mueller matrix depolarization. J. Opt. Soc. Am. A 2013,
30, 691–700. [CrossRef]

32. Li, L.W.; Chipman, R.A.; Kupinski, M.K. Effects of surface roughness and albedo on depolarization in Mueller matrices.
In Proceedings of the Defense + Commercial Sensing 2020—Digitial Forum, 27 April—8 May 2020; Online; p. 11412. [CrossRef]

33. Atkinson, G.A.; Ernst, J.D. High-sensitivity analysis of polarization by surface reflection. Mach. Vis. Appl. 2018, 29, 1171–1189.
[CrossRef]

34. Tuchin, V.V. Polarized light interaction with tissues. J. Biomed. Opt. 2016, 21, 071114. [CrossRef]
35. Hallberg, T.; Eriksson, J.; Björkert, S.; Kariis, H. Optical polarization and the dependence of angle of incidence for different

surfaces: Comparison between different wavelengths from UV to IR. In Proceedings of the Security + Defence 2018, Berlin,
Germany, 10–13 September 2018; p. 10794. [CrossRef]

36. Wilhelmit, G.J.; Rouse, J.W.; Blanchard, A.J. Depolarization of light back scattered from rough dielectrics. J. Opt. Soc. Am. A 1975,
65, 1036–1042. [CrossRef]

37. Gough, P.T.; Boerner, W.M. Depolarization of specular scatter as an aid to discriminating between a rough dielectric surface and
an "identical" rough metallic surface. J. Opt. Soc. Am. A 1979, 69, 1212–1217. [CrossRef]

38. Nee, S.M.F. Polarization of specular reflection and near-specular scattering by a rough surface. Appl. Opt. 1996, 35, 3570–3582.
[CrossRef]

39. Liu, L.; Li, X.; Nonaka, K. Light depolarization in off-specular reflection on submicro rough metal surfaces with imperfectly
random roughness. Rev. Sci. Instrum. 2015, 86, 023107. [CrossRef] [PubMed]

40. Rojas-Ochoa, L.F.; Lacoste, D.; Lenke, R.; Schurtenberger, P.; Scheffold, F. Depolarization of backscattered linearly polarized light.
J. Opt. Soc. Am. A 2004, 21, 1799–1804. [CrossRef]

41. Pöller, F.; Bloise, F.S.; Jakobi, M.; Wang, S.; Dong, J.; Koch, A.W. Non-Contact Roughness Measurement in Sub-Micron Range by
Considering Depolarization Effects. Sensors 2019, 19, 2215. [CrossRef] [PubMed]

42. Zhang, D.; Hao, S.; Wang, L.; Zhao, Q. Depolarization of laser beam propagating through atmosphere based on multiple Rayleigh
scattering model. In Proceedings of the SPIE/COS Photonics Asia, Beijing, China, 10–12 October 2016; p. 10021. [CrossRef]

http://doi.org/10.1016/j.patcog.2017.04.024
http://doi.org/10.1109/MILCOM.2016.7795448
http://doi.org/10.3390/drones5030054
http://doi.org/10.1109/TVT.2019.2893615
http://doi.org/10.1109/MCOM.2017.1700442
https://antidrone.eu/blog/anti-drone-publications/anti-drone-system-overview-and-technology-comparison.html
https://antidrone.eu/blog/anti-drone-publications/anti-drone-system-overview-and-technology-comparison.html
http://doi.org/10.3390/s19224837
http://doi.org/10.1109/ACCESS.2019.2942944
http://doi.org/10.36227/techrxiv.14991999.v1
http://doi.org/10.3390/s20154172
http://doi.org/10.3390/s21154953
http://www.ncbi.nlm.nih.gov/pubmed/34372189
http://doi.org/10.1364/AO.44.005434
http://doi.org/10.1364/JOSAA.30.000691
http://doi.org/10.1117/12.2556356
http://doi.org/10.1007/s00138-018-0962-7
http://doi.org/10.1117/1.JBO.21.7.071114
http://doi.org/10.1117/12.2327022
http://doi.org/10.1364/JOSA.65.001036
http://doi.org/10.1364/JOSA.69.001212
http://doi.org/10.1364/AO.35.003570
http://doi.org/10.1063/1.4908172
http://www.ncbi.nlm.nih.gov/pubmed/25725823
http://doi.org/10.1364/JOSAA.21.001799
http://doi.org/10.3390/s19102215
http://www.ncbi.nlm.nih.gov/pubmed/31091662
http://doi.org/10.1117/12.2247673

	Introduction 
	Materials and Methods 
	Results 
	Scanner Prototype Development 
	Experiments 

	Discussion 
	Conclusions 
	References

