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ABSTRACT In this work, we present quasi-monostatic Radar Cross Section measurements of different
Unmanned Aerial Vehicles at 26-40 GHz. We study the Radar Cross Section signatures of nine different
multi-rotor platforms as well as a single Lithium-ion Polymer battery. These results are useful in the design
and testing of radar systems which employ millimeter-wave frequencies for superior drone detection. The
data shows how radio waves are scattered by drones of various sizes and what impact the primary construction
material has on the received Radar Cross Section signatures. Matching our intuition, the measurements
confirm that larger drones made of carbon fiber are easier to detect, whereas drones made from plastic
and styrofoam materials are less visible to the radar systems. The measurement results are published as an

open database, creating an invaluable reference for engineers working on drone detection.

INDEX TERMS Drone detection, millimeter-wave, radar cross section, unmanned aerial vehicle.

I. INTRODUCTION

Recently, unmanned aerial vehicles (UAVs) have captured the
interest of the academy, industry and general public due to
their enormous potential. These UAVs (also often referred to
as drones) are useful in a wide range of applications such as:
cinematography, agriculture, mapping, forensics, stockpile
measurements, shipping, law enforcement, mobile commu-
nication and many others. As wireless communication tech-
nologies evolve to enable higher data rates and lower latency,
new application areas are emerging, e.g., drone assisted driv-
ing. As exciting as these new applications are, it is important
to recognize that the misuse of drone technology presents a
real threat for privacy, property damage, and the health and
safety of the public. The anticipated explosion in the number
of UAVs [1] will require more stringent regulations and con-
trol by the authorities. However, these new regulations can be
violated unintentionally or even deliberately. In comparison
to other more established technologies such as cars, drones
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present a unique challenge when it comes to the enforcement
of regulations that govern how a drone may behave.

In the last few years, there have been numerous episodes
when drone operators violated regulations and have used
drones in the restricted areas. Such incidents can lead to catas-
trophic economic consequences and, more importantly, can
present a real danger to people’s lives.! Nowadays, the drone
regulation topic is under development and, possibly, common
rules will be applied for all countries in the EU in the near
future.” However, there might be custom built unregistered
drones flying in the restricted areas. Undoubtedly, it is more
difficult to detect drones due to their small dimensions rela-
tive to other moving objects, for example cars. Typical max-
imum radar cross section (RCS) values for consumer cars
vary around average values of 18 dBsm at 23-27 GHz and
25 dBsm at 76-81 GHz [2], [3]. On the other hand, typical
RCS value for drones are from —15 to —20 dBsm in the
X-band [4] and smaller than —20 dBsm at 30-37 GHz [5].

1 https://en.wikipedia.org/wiki/List_of_UAV-related_incidents
2https://WWW.easal.europa.eu
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This shows the urgent need for better technologies to monitor
the presence of drones and prevent possible threats.

One possible method to detect malignant drones is to
employ millimeter-wave (mmWave) radar systems. With the
release of the new 5G New Radio (NR) standard, cellular
networks are shifting to higher frequency bands such as
28 GHz due to the large available bandwidth and less prob-
able interference [6]. The use of mmWave frequencies in
the radar systems has some advantages, e.g. better resolu-
tion, and makes it possible to detect smaller objects. Based
on the measured RCS signatures the flying object can be
identified and necessary actions can be undertaken by the
authorities. Cellular operators have already begun deploying
the new infrastructure required for 5G NR, and soon 5G base
stations operating at mmWave frequencies will be densely
deployed in cities. Adopting this infrastructure for drone
detection would result in a great cost savings, since the work
of provisioning and deploying the equipment would already
be handled by cellular operators. Recent work has shown
that these base stations could operate as a radar with small
modifications [7].

In this work, we provide extensive measurement results
of diverse drone models at one possible 5G frequency band
along with a study of the particular drone’s frame materi-
als. In addition, we estimate the effect of different drone
parts on the total RCS values through simulation results.
A large number of the research papers (e.g. [5], [8]-[12]),
in which authors study the RCS signatures of drones at
different frequencies, show the relevance and impact of this
topic. For example, in [8], the authors present measurement
results of the DJI Phantom drone using a 94 GHz radar
system. In [9], the RCS of two consumer drone models are
presented in the 5.8 to 8.2 GHz frequency range. Another
research work [5], provides wideband RCS measurements
of non-metallic objects at 30-37 GHz. RCS results obtained
using a K, band radar are presented in [10]. However, in the
previous research activities only a handful of drone mod-
els (with a limited range of materials) were studied and
many frequencies were not covered. In addition, there is a
lack of RCS covering full or quasi-3D space. Following a
similar framework to the measurements above, we aim to
fill the gap and present comprehensive 3D measurements
of RCS characteristics of nine UAVs as well as the RCS
of the Li-Po batteries, since the batteries are the immense
reflective object in the drone configuration. In this work,
we study quasi-3D RCS signatures of a diverse range of drone
models over the frequency band of 26-40 GHz, which may
provide essential material for the drone database.> With this
database, researchers who lack the expertise, equipment or
facilities to perform these RCS measurements themselves
can develop new techniques to detect drones. For example,
Machine Learning researchers can use this data to test the
effectiveness of the many tools available in their field of

3The measurement data is available as a supplementary material.
http://dx.doi.org/10.21227/m8xk-dr55
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research to see if they can advance the state-of-the-art in
drone detection.

The structure of this document is as follows: Section II
presents the basic principle of radio detection, a descrip-
tion of the measurement setup, and overview of the stud-
ied drone models. Section III provides the analysis of the
calibration measurement results, measured RCS signatures
of drones®, and preliminary simulation results estimating
the effect of different drone parts on the RCS characteris-
tics. Finally, Section IV concludes the paper, discusses the
obtained results, and describes the plan for the future work.
The appendix includes measured RCS values along with
mean and standard deviation for the frequency range from
26 GHz to 40 GHz.

Il. METHODOLOGY

In this work, we perform quasi-monostatic RCS measure-
ments of different types of drones. The frequency range
of 26 to 40 GHz is covered in 1 GHz increments.

A. RADIO DETECTION PRINCIPLE
There are several methods of radio detection and ranging
available: monostatic, quasi-monostatic and bistatic. For the
monostatic case the transmitter (Tx) and receiver (Rx) are
spatially co-located, i.e. in practice the same antenna is used
both for transmission and reception. In the bistatic configura-
tion the transmit and receive antennas are placed at different
locations. The quasi-monostatic case refers to the setup where
different antennas are used for Tx and Rx but they are placed
as close to each other as their physical dimensions allow.
In this work, we utilize the quasi-monostatic approach to
characterize the different targets. By transmitting a signal
from the Tx antenna and monitoring for reflections that arrive
at the Rx antenna, we can determine if the target is present,
identify moving parts of the target (such as propellers),
and make an estimation of possible drone models. For the
quasi-monostatic case the received power is determined by
the radar equation [13]:

P,G,G,0)?

" (4m)’R*

In Eq. (1) P; is the transmitted power, G; is the transmitter
antenna gain, G, is the receiver antenna gain, X is the wave-
length, o is the quasi-monostatic radar cross section in m?,
and R is the distance to the target. It should be noted, that the
RCS is generally a function of the direction of the transmitter
antenna and the receiver antenna with respect to the target.
In this quasi-monostatic case we assume both angles to be
approximately the same. The antenna parameters, distance
to the target, and the transmitted power are known, while
the received power is obtained via measurements. Hence,
the radar cross section is the only unknown quantity in this
equation and can easily be calculated.

B. MEASUREMENT EQUIPMENT
To ensure that the only reflections present were from the tar-

get, measurements were performed in an anechoic chamber at
Aalto University, Finland. The anechoic chamber, which was

ey
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FIGURE 1. The schematic view of the measurement setup.

originally constructed for antenna pattern measurements, was
modified to better serve RCS measurements. The schematic
view of the measurement setup is presented in Fig. 1. The
Tx and Rx antennas are mounted on the mast at one end
of the anechoic chamber, consistent with the definition of
quasi-monostatic radar. A standard gain horn antenna is used
at the Tx side, while a dual polarized Vivaldi horn antenna
is used as the Rx. A VNA is used as a generator and also
to record the received signal. The measurements were per-
formed at 26-40 GHz (1 GHz step) with an IF bandwidth
of 1 kHz. It takes approximately 5 hours to measure one drone
model, therefore, two sets of measurements were performed
at different periods. One set with an amplifier in the Tx path
and one without the amplifier (due to unavailability during
the second set of measurements). The transmitted power was
set to —20 dBm and an amplifier was used in the Tx signal
path to achieve the desired input power to the antenna, while
for the second set, without power amplifier, 0 dBm input
power was used. Before conducting each set of measure-
ments, a back-to-back calibration was performed. During this
measurement, the RF output port of the Tx is connected to the
RF input port of the Rx through a 20 dB attenuator. By per-
forming such calibration, any losses in the cables and the
equipment can be taken into account and the reference signal
level is obtained. The object under test (OUT) is located on
top of a rotating pillar on the opposite side of the chamber
than antennas. Stepped motors allow two axes of rotation of
the OUT. First, the object is rotated in the azimuth plane
(6-axis), then it is rolled around the center axis (¢-axis).
Angular ranges were set to 6 € [—90°,90°] and ¢ €
[0°, 180°] with steps of 1°. For each UAYV, the bottom hemi-
sphere was measured. In this way, we replicate the realistic
scenario when the UAV is illuminated by a radar station
located on the ground. In addition, measuring only half of
the sphere significantly reduces the measurement time. The
distance R between the test antennas and the OUT is 5.8 m.

C. INVESTIGATED DRONE MODELS

In this measurement campaign, eight multi-rotor platforms,
one radio-controlled (RC) helicopter, and one 6-cell Li-Po
battery were measured. Photographs of the studied drones
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FIGURE 2. Photographs of the empirically studied objects (i.e. multirotor
platforms, helicopter, battery).

are presented in Fig. 2, while all the dimensions as well
as the materials of the measured objects are summarized
in Table 1. The most popular drones with different config-
urations (e.g. quadrocopters with X-shape, H-shape frame,
hexacopter, Y-shape tricopter, etc.) were selected for the RCS
measurements in order to provide a representative sample of
available UAVs. The largest drone models are a custom built
hexacopter, DJI Matrice M100 quadrocopter, HMF Y600,
and Walkera Voyager 4. On the DJI Matrice M 100 protective
cages were mounted during the measurements, increasing the
drone size. However, these cages do not have a significant
effect on the RCS since they are made from plastic material
(this is demonstrated in the analysis shown in Section III.)
These drones all have carbon fiber frames. In addition, carbon
fiber propellers are installed on the DJI Matrice M100 and
custom built hexacopter, while the other drone models have
plastic propellers. There were no installed electronics or any
other components installed on the HMF Y600 (only the frame
was measured). The other investigated drones are mainly
made of plastic material (DJI Mavic Pro, DJI Phantom 4 Pro,
helicopter Kyosho, and DJI F450) and styrofoam (Parrot
AR.Drone). The helicopter frame is plastic with a plastic
propeller. It should be noted that the diagonal dimensions
for the multi-rotor platforms exclude propellers, except the
Parrot drone. The Parrot drone dimensions include also the
outer frame since the propellers are located inside the frame.
Each drone was measured with an attached battery, corre-
sponding to the drone dimensions. The exceptions are the
HMF Y600 and custom built hexacopter. Only the frame of
the tri-copter HMF Y600 was measured. On the hexacopter
two aluminium blocks were used to replicate the batteries

VOLUME 8, 2020
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TABLE 1. The measured drone types and their parameters.

Measured object Dimensions (mm) Main material VV (set N?) HH (set N2) VH/HV Group
(set N2)
DJI Mavic Pro Diagonal, 335 Plastic v (1) I
DIJI F450 Diagonal, 450 Plastic v (1) I
DIJI Matrice 100 Diagonal, 650 Carbon fiber v 2) v (1,2) v 2 1I
Parrot AR.Drone Diagonal, 580 Styrofoam v (1) I
Custom built Hexacopter Diagonal, 900 Carbon fiber v 2) v (1) 1I
Helicopter Kyosho 780 x 130 x 200  Plastic v (1) I
DJI Phantom 4 Pro Diagonal, 350 Plastic v 2) v 2) I
HMF Y600 Diagonal, 600 Carbon fiber v 2) v 2) 1I
Walkera Voyager 4 465 x 465 x 352  Carbon fiber v 2) v 2) II
Battery 6S LiPo 170 x 50 x 50 Lithium-ion polymer v (1) I

in order to decrease the drone weight and avoid overloading
the rotational pillar in the anechoic chamber. Since the Li-Po
battery is one of the largest reflective object in any drone
model, similar measurements of the RCS of the Li-Po battery
were performed separately. The largest battery available was
used in these measurements, a Li-Po 6-cell battery with a
capacity of 10000 mAh. For example, two of these batter-
ies are used to operate the custom built hexacopter during
normal use.

IIl. MEASUREMENT AND SIMULATION RESULTS

A. CALIBRATION MEASUREMENTS

First, we verify that the presented measurement setup can be
utilized for the RCS measurements and meaningful results
can be obtained. In order to do that, we perform RCS
measurements and simulations of a reference target. The
reference trapezoidal cuboid and the employed coordinate
system are presented in Fig. 3a. The longest dimension
of the cuboid is 180 mm, and the front side is 128 mm
long. The width is 60 mm (along the Z-axis). The height is
53 mm (dimension along X-axis). The cuboid is made from
aluminum. To demonstrate the validity of the measurement
setup, the RCS of an identical cuboid was calculated via
electromagnetic simulations in the CST Microwave Studio
ray tracing tool. Ray tracing simulations are faster than Inte-
gral Equation solver and may achieve the same accuracy for
basic-shaped objects such as parallelepipeds. Fig. 3b shows
the measured and simulated RCS characteristic of the cuboid
at 40 GHz in the YZ-plane, i.e. ¢ = 90°, and 6 = £90°.
Besides a small misalignment, there is a fair comparison
between the measurement and the simulation results. The
strong reflections can be observed at 6 = +90°, 6 = £45°,
and & = 0°, as expected for an object of this shape. A
maximum value of 10.2 dBsm is obtained. Differences are
visible away from the specular reflections due to the asymp-
totic solver used in the simulations. At several points there are
small peaks visible in the measured results that are not seen in
the simulated results. This was empirically verified and was
found to be caused by the rotational pillar of the measurement
system. In general, we note that there is a good agreement
between the measurement and the simulation.

VOLUME 8, 2020

(a) Schematic view of the reference object: trapezoidal
cuboid and the relevant coordinate system.

RCS [dBsm]

Measurements - - - - Simulations

-90 -60 -30 0 30 60 90
o[°]
(b) Simulated and measured RCS of the cuboid at 40 GHz

in the YZ-plane. Simulations are performed with ray-tracing in
CST Microwave Studio.

FIGURE 3. The schematic view of the cuboid and the relevant coordinate
system.

B. ANALYZING THE RCS SIGNATURES

In this section, the analysis of the measured RCS signatures
of different drone models (see Fig. 2) is presented. It is
likely that radar systems will observe drones from below.
Under this assumption, only the bottom hemisphere of the
drones was measured (highlighted region in Fig. 3a). Based
on the obtained measurement results all studied objects were
divided into two groups. The first group contains the Li-Po
battery and small drones made of plastic (DJI F450, DJI
Phantom 4 Pro, DJI Mavic, Parrot, helicopter Kyosho), while
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FIGURE 4. RCS signature of the 6S Li-Po battery at 28 GHz.

the second group includes large drone models made of carbon
fiber material (DJI Matrice M 100, custom build hexacopter,
Walkera Voyager 4, and HMF Y600). It is necessary to men-
tion, that obtained results are presented for the near field (NF)
or semi-far-field, depending on the frequency and the mea-
sured model. According to our assumption, the total scattered
power measured in semi-far-field and far-field are approxi-
mately the same, whereas the RCS patterns may have slightly
different shapes in the angular domain. In practice, however,
the differences are likely very small (especially because none
of the drones have long, perfectly flat surfaces or long straight
edges, except Li-Po batteries, that would conserve plane
waves after reflection). In addition, the measurements were
performed only for one Tx polarization and only for bottom
hemisphere, which complicates the NF to FF transformation
and is not in a scope of this paper. However, the measured
data is available as a supplementary material® and NF to FF
transformation may be applied later [14]-[16]. The presented
results give an insight on drone detection and still might be
useful for developing detection methods and systems.

1) SMALL DRONES MADE OF PLASTIC MATERIALS

For any drone, batteries play a substantial role in the total
reflected power [17], [18]. Even if the drone is fully made
of plastic or styrofoam the battery will be a large “metallic”
object which reflects a substantial amount of energy.
Therefore, we present the RCS of the battery first. As will
be shown later, the RCS of the standalone measured battery
is similar to the RCS measured from small plastic drones.

In Fig. 4, the RCS signature of the 6-cell Li-Po battery
is presented. The strongest reflections are obtained when
the battery is illuminated from 6 = 0° for all ¢ angles.
The strongest reflection is observed when the larger face
of the battery is illuminated. In addition, one can see some
reflections for all 6 angles at ¢ = 0, 90, 180°. Generally,
the geometry of the battery is similar to that one of a rectangu-
lar cuboid, therefore, the RCS characteristic will also match.

In Fig. 5, the RCS signatures at 28 and 38 GHz of the
drones from the first group, i.e. quadrocopters DJI F450,
Phantom 4 Pro, DJI Mavic Pro, and helicopter, are presented.
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One can observe that the RCS of the DJI F450 is very sim-
ilar to the RCS of the Li-Po battery shown in Fig. 4. The
strongest RCS values are obtained for & = 0° and for all ¢
angles, as well as, for ¢ = 90° and all . The arms of the
quadrocopter DJI F450 are made of plastic with a honeycomb
structure. In the center of the drone, there is a board with the
electronics and, usually, on the bottom, the battery is located.
The battery is the largest reflective object in this drone model
and this is exactly what can be seen from the RCS signatures
(Fig. 5a and 5b).

The next drone model to be analyzed is DJI Phantom 4 Pro.
This model is the most popular among amateurs and pro-
fessionals for its low price and large capabilities in different
applications. The received power levels (Fig. 5d and Se, PAP)
are a bit different from the received RCS signature of DJI
F450. However, the battery structure is also visible on the
RCS plot. The main difference between the RCS characteris-
tic of the DJI Phantom and the DJI F450 is that the Phantom
does not have high reflections received at ¢ = 90° for all 6
angles. There are a lot of reflections all over 6 and ¢ angles
observed in Fig. 5d and 5h. There are more electronics and a
larger amount of wires in this drone model when compared
to the quadrocopter DJI F450. Therefore, we assume that
all the electronics, GPS antennas and dense wires inside the
Phantom 4 drone increase the baseline of the RCS charac-
teristic by scattering the signal to many different directions.
The DJI Mavic Pro (Fig. 5g and Fig. 5h) has similar RCS
characteristic to the Phantom. Hovewer, the maximum RCS
values are lower than for the Phantom and DJI F450. This is
due to the smaller size of this drone.

Last in this group is the RC helicopter (Fig. 5j and Fig. 5k).
If we take a closer look at the RCS characteristic, we can
verify that the RCS of the helicopter is also similar to the
battery RCS. The difference is only that the orientation of
the battery in helicopter was rotated 90° from that of the
measured standalone battery. This means that the reflections
which were visible for the battery at ¢ = 90 and all6 = 0
angles are relocated and are visible at angles ¢ = 0° and
¢ = 180°.

In this subsection, we have presented the measurement
results of the RCS signatures of drones from the Group L.
It was confirmed by the measurements that the drone battery
has the largest impact on the small drone RCS.

In addition to the RCS characteristic, the probability
density functions for these drone models are presented
in Fig. 11. The PDF plot shows the distribution of average
RCS values for each drone at 28 GHz. More detailed analysis
is presented in the end of this section.

2) LARGE AND CARBON FIBER DRONE MODELS

In this subsection, the RCS analysis for “large” drones made
of carbon fiber material is provided (group Il in Table 1). Car-
bon fiber material is very reflective due to its structure [19].
Hence, drones made from this material will be more visible
to radar than the drones from the previous group. The RCS
signatures for quadrocopter DJI Matrice M 100, custom built
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FIGURE 5. Monostatic RCS of drones from the Group I, with respect to the azimuth and elevation angles. Left(right)
column corresponds to measurements at 28(38) GHz.

hexacopter, tricopter HMF Y600, and H-shape Walkera Voy- the measurements to verify the idea that electronics and wires
ager 4 are presented in Fig. 6. It must be noted that for the in the drone provide more reflections to all angles.
Y-shape tricopter HMF Y600 only the frame was measured. From Fig. 6, we can clearly identify the shape of each

Specifically for this model all electronics were excluded from drone. For example, the carbon fiber arms of the hexacopter
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FIGURE 6. Monostatic RCS of drones from Group II, with respect to the azimuth and elevation angles. Left(right) column

corresponds to measurements at 28(38) GHz.

can be seen at ¢ = 0°, 60°, 120°, and 180°. Theoretically,
the RCS signature should be symmetric for the measured
hexacopter drone model. However, analyzing the RCS at
28 GHz for this drone, higher values of the RCS are obtained
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between ¢ = 30° and ¢ = 90° (Fig. 6a), with & = 0°. This
is owed by the drone misalignment in this particular mea-
surement. By contrast, the next drone, which is DJI M100,
is almost perfectly aligned and is perpendicular to the incident
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FIGURE 7. Cross-polarization RCS measurement of DJI M100 at 28 GHz.

wave. As a result, the RCS characteristic is fully symmetric
(Fig. 6d) for all ¢ angles, for fixed & = 0°. Additionally,
a cross-polarization RCS measurement at 28 GHz for the DJI
MI100 is presented in Fig. 7. During this measurement the
Tx was horizontally polarized, while the Rx was vertically
polarized. These results provide additional insight on the
drone RCS characteristic. As can be observed, the reflections
for the cross-polarization measurement are weaker than in
the corresponding co-polarization measurement (Fig. 6d and
Fig. 7). Only the frame of the drone is visible, letting us con-
clude that combining the cross-polarized component with the
co-polarization measurement will slightly increase received
power levels only for the frame of the drone.

Another measured drone model in this group is the
H-shaped Walkera Voyager 4. The RCS signatures are pre-
sented in Fig. 6g and Fig. 6h at 28 and 38 GHz, respectively.
This drone was measured with a camera mounted on a gimbal
as a payload. Since the shape of the hull of this drone is not
flat, there were some difficulties in aligning this drone for
the measurements. This resulted in small asymmetries which
can be seen in the RCS signature. The RCS signatures of the
Y-shaped HMF Y600 drone are provided in Figs. 6j and 6k.
Only the frame of this drone was fixed on the rotational
pillar. The reason behind was to test a drone without any
electrical components, antennas and motors. As can be seen,
the signatures of this tri-copter are more visible.

It is worth noting one distinctive feature for the hexacopter,
Walkera Voyager 4, and HMF Y600, which is carbon fiber
landing gear (Fig. 6c¢, 61, 61). These are used to protect the
drone’s payload and for safe take off and landing. The pres-
ence of this landing gear is apparent in the obtained RCS
signatures (Fig. 6). Let us focus on the RCS values obtained at
38 GHz for these drone models. The hexacopter has three car-
bon fiber tubes acting as a chassis, which are slightly rotated
relative to the perpendicular plane to the ground. The chassis
is visible in Fig. 6b: two curved lines between 6 = —90° and
6 = —60° as well as one curved line between 6§ = 60° and
6 = 90°. The Walkera Voyager has two carbon fiber landing
gears, represented by two curved lines in the RCS figure.

VOLUME 8, 2020

FIGURE 8. Drone model used in the simulations with relevant coordinate
system.

The tricopter Y600 has similar landing gear to Walkera,
however, the initial position of both drones was offset by
90°. Thus, there are two curves observed between the same 6
angles.

3) SIMULATION RESULTS OF DIFFERENT DRONE PARTS

In this subsection, we present simulation results obtained
with the Integral Equation (IE) solver in CST Microwave
Studio. We analyse the impact of different drone parts on
the total RCS signature at 28 GHz. This provides a better
understanding of what components affect the total drone
RCS characteristics. The IE solver provides exact solution
(comparing with ray tracing), however, simulation of bottom
hemisphere at mmWave frequencies would be time consum-
ing, therefore, only cuts at the specific angles are studied. The
cuts for the following angles ¢ = 0° : 2° : 180°, 60 = 0°,
and 6 = 45° are presented in Fig. 8. A general drone model
is used in the simulations. The drone material is set to PEC
and its diagonal dimension is 450 mm. The battery has the
following size 135 mm x 42 mm x 31 mm and is located
inside the frame. The propellers are assumed to be flat in order
to simplify the model.

Fig. O presents the simulated RCS signatures of different
drone parts (i.e. one motor with propeller, drone frame only,
and the battery) as well as, the full model. It can be observed
that the impact of the drone frame is the largest so that the
RCS of the full drone model is very close to that of the frame
only. This is true for a fully PEC drone model, therefore,
applicable to the carbon fiber drones. If the drone has dielec-
tric arms, the effect of different parts may be more visible.
Unfortunately, performing such simulations is not possible
using IE in a reasonable time. This issue may be studied more
carefully in the future. The battery effect on the total RCS is
minor due to the location of the battery, which is visible only
at 0 = 90°, ¢ = 45°. Undoubtedly, if the battery is located
under the frame, it will have larger impact on the RCS since
it will be visible from more observation angles assuming
that the radar is located below the drone. The motor and
the propeller have some effect, but it must be added that the
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FIGURE 9. Simulated RCS signatures of different drone parts and full
drone model.

propeller was approximated as a flat structure for simulation
purposes, which might artificially increase its impact on the
RCS. Under a plane wave illumination, a realistic curved
propeller might distribute the reflected energy into a larger
angular range thus resulting into smaller RCS.

Generally, it is possible to combine separate RCS of
different objects to estimate the overall scattering pattern
[20]. In practice, however, interactions between different
elements might hamper such estimation. A drone may con-
tain many wires and PCB boards which cannot be taken
into account in universal simulations. Provided simulations
present an estimation of the impact of different parts on the
total RCS, while empirically obtained results give substantial
drone characteristics.

C. PRELIMINARY STATISTICAL DATA ANALYSIS

In this subsection, we present an insight on the statistical
models of the RCS signatures and fit our measured data to one
of these models. For complex and electrically large targets,
the RCS varies several orders of magnitude as the observation
angle changes. Thus, the RCS can be expressed synthetically
using the simplified models. A common approach considers
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FIGURE 12. PDF of the measured RCS at 28 GHz for drone models from
the Group II.

the RCS signature as a random variable represented by its
associated probability density function (PDF). The complex
variations of the RCS are then usually modelled by com-
mon statistical distributions (normal, log-normal, gamma, x 2
etc.) [21]-[23]. The statistical models are required by the
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radar systems in order to decide if the observed radar bin
contains a specific type of a target [24].

Fig. 10 shows the PDF for the DJI Matrice M100 across
the measured frequency range. It can be seen that the dis-
tribution is shifted to higher RCS values with the increasing
frequency. The probability density functions (PDFs) of the
RCS for the two groups of drones are presented at 28 GHz in
Figs. 11 and 12. Each data point of the PDF corresponds to
the RCS value at a certain monostatic angle. Although the
PDFs look approximately Gaussian, this assumption could
not be verified through statistical tests. Hence, we restrict
our analysis to the mean and standard deviation values. It can
be noticed from Fig. 11 and Fig. 12 that the mean values of
the second group are higher than those for the drones from the
first group. Moreover, the highest RCS values are obtained for
the drones made of carbon fiber materials.

IV. CONCLUSIONS AND DISCUSSION

In this work, we presented the results of an extensive
measurement campaign of the RCS signatures of diverse
drone models at 26-40 GHz. Because drones are utilized in
many different areas, it is crucial to detect malignant drones
that are violating regulations and posing a threat to the public.
Therefore, it is worthwhile to explore the use of mmWave
frequencies for drone detection. The measurements show that
larger drones made of carbon fiber material are easier to
detect using radar systems. Moreover, the batteries installed
on the drones contribute to the RCS significantly and might be
detected even if the drone is small and made of non-reflective
materials. For carbon fiber drones, the battery may have a
small impact if it is installed inside the drone frame.

The main observations and measured values are
summarized in the Appendix. It includes values of © (mean)
and o (standard deviation) of each distribution associated
with each drone and for frequencies f € {26 : 2 : 40} GHz
as well as the maximum RCS values. Based on this measure-
ment data, the following conclusions may be outlined.

o Mean RCS values of Group II are roughly 7 dB higher
than those of Group I. This is predictable, since drones
from Group II are mostly made of carbon fiber rein-
forced polymer material (CFRP) [19]. The dimensions
of the drone also play an important role, as outlined in
[9], [17], where similar variations in the RCS have been
observed. It should be noted that this observation is not
valid for the Y600. This model is the only one from
Group II which was measured without the battery, hence
smaller RCS values are obtained.

« Mean RCS increases with respect to the operating fre-
quency, as observed in Fig. 10, and in [17], [19]. The rate
at which the RCS increases does not depend on the drone
model and is approximately equal to 0.25 dB/GHz.

o The standard deviation of the RCS is not impacted by
the drone model and the operating frequency. For all the
considered scenarios, ¢ is approximately 6 dB.

o For models that have been measured for both
polarizations (Hexa, M100, Walkera, PAP and Y600)
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the fitting parameters © and o for the co-polar mea-
surements (HH and VV) do not vary significantly.
This observation is not valid for the cross-polarization
measurements (only available for M100), where the
mean and the maximal RCS are significantly lower
than those of the co-polarization measurements. The
cross-polarized component is low because the data sam-
ples are acquired in a quasi-monostatic configuration.
Usually, this component increases when the transmitter
and the receiver are not collocated [5].

o The maximum RCS of the drones from Group Il is 10 to
20 dB higher than from the Group I. This is identified
by the longer right tail of the PDFs of Hexa and M100
(Fig.12) and on the surface plots of the RCS (Fig.6).
This large difference comes from the material of the
drones. Drones from Group II are mainly made up of
carbon while those from Group I are mostly made up
of plastic. It has been demonstrated by simulations that
the permittivity of the material significantly impacts the
RCS [18]. Other parameters such as the geometry of the
drone also have an impact on the RCS, but they are quite
hard to describe due to the complexity of the scattering
mechanisms.

The results presented in this work (available as a
supplementary material®) can be used to form a substantial
RCS database of commercially available drone models at
different frequencies. This database would be a very valu-
able tool for future radar system operation. As future work,
we are interested in extending this measurement campaign to
perform measurements in other frequency bands as well as
measuring a larger variety of drones.

The measured RCS signatures may provide useful
information for future drone classification. Based on the mea-
sured RCS signatures, the drone model and/or pose might be
identified (e.g. quadcopter, hexacopter) and safety measures
can be undertaken if needed. Moreover, mmWave radars will
be able to measure received signals from multiple angles
at high spatial resolution over time. Future work can lever-
age these multi-measurement systems with machine learning
algorithms for more complex identification tasks.

APPENDIX
SUMMARY OF THE OBTAINED RESULTS
See Table 2.
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TABLE 2. Mean, standard deviation and maximal value of the RCS of each drone over the frequency range.

Mean, standard deviation and maximal value of the RCS of each drone over the frequency range

Model 26GHz 28GHz 30GHz 32GHz 34GHz 36GHz 38GHz 40GHz

# std max p o std max p std max o std max # std max p - std max p std max o std max
Group I
F450 (HH) -17.1 59 33 -15557 63 -16.162 7.6 -149 63 7.0 -157 63 80 -144 64 81 -1426.1 83 -1356.1 93
Helicopter (HH) -17.3 5.8 6.3 -1555.5 23 -163 5.7 86 -15258 69 -15659 54 -14459 124 -140 58 88 -134 58 84
Mavic (HH) -16.8 6.1 23 -16.8 56 24 -17.7 6.0 43 -167 63 65 -17.7 62 1.7 -16063 7.1 -157 63 65 -150 62 75
Parrot (HH) -195 62 46 -176 59 3.1 -180 6.0 57 -171 63 65 -178 63 82 -16.1 63 7.7 -157 63 95 -150 6.3 11.7
P4P (HH) -164 56 26 -14452 1.1 -14254 3.0 -14255 18 -15655 25 -142 54 3.11 -13255 25 -123 54 57
P4P (VV) -15.7 55 01 -13.1 50 54 -14655 38 -13755 41 -15155 26 -138 54 28 -129 54 46 -11.9 54 5.1
Group II
Hexa (HH) -10.5 6.3 109 -10.1 6.3 140 -10.1 6.3 115 -8.8 64 126 -93 64 200 -79 64 140 -7.8 6.5 150 -72 6.5 16.6
Hexa (VV) -105 62 114 95 58 119 -93 6.2 122 -87 64 140 -10.0 64 128 -8.6 64 149 -79 64 158 -72 6.4 183
M100 (HH) -10.5 6.8 158 -9.6 64 196 -86 64 160 -84 6.6 200 -9.7 6.6 205 -8.1 65203 -74 65 197 -6.6 6.6 225
M100 (VV) -10.0 6.5 148 -9.1 63 230 -85 64 178 -80 6.6 209 -9.1 65 183 -7.7 6.6 194 -7.0 6.5 20.0 -6.1 6.5 25.0
M100 (VH) -172 54 01 -16.6 53 55 -13955 50 -15457 33 -15559 40 -12957 55 -132 56 58 -13.1 58 7.0
M100 (HV) -17.8 55 -13 -183 58 1.2 -152 58 38 -16159 35 -15859 45 -126 56 6.1 -14057 50 -13.6 57 72
Walkera (HH) -126 6.1 81 -11.6 57 92 -10558 94 -106 6.1 100 -122 6.1 84 -10.6 6.2 123 -9.7 6.0 11.0 -9.0 6.1 11.7
Walkera (VV) -125 58 74 -114 67 99 -109 60 93 -103 6.1 11.5 -11.7 6.0 87 -10.1 6.0 12.6 -95 6.0 114 -85 59 132
Y600 (HH) -16.8 6.5 63 -13.7 55 80 -13.6 59 81 -147 6.7 93 -162 6.7 97 -15.0 6.7 10.0 -13.8 6.5 13.5 -13.3 6.6 123
Y600 (VV) -16.8 6.6 6.7 -13.6 55 88 -149 63 7.8 -148 6.8 11.8 -16.0 6.7 9.1 -15.0 6.8 11.8 -14.1 6.8 11.8 -13.0 6.6 12.3
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