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M
odern consumer and industrial unmanned 
aerial vehicles (UAVs) are easy-to-use flying 
sensor platforms. They offer stable flight, 
good maneuverability, hovering, and even 
waypoint flights in autopilot mode. For sta-

bilization and localization, sensors such as inertial measure-
ment units (IMUs)—including gyroscopes and accelerometers—
barometric sensors, and the Global Navigation Satellite System 
(GNSS) are used. To sense the UAV’s direct en  vironment, e.g., 
for collision avoidance or fully automated flight, additional 
sensors are needed. State-of-the-art combinations of infrared, 
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ultrasonic, and vision-based sensors (monocular and/
or stereo vision) capture the close vicinity. Using ra-
dar sensors is advantageous, as they are able to di-
rectly sense range and velocity and are not affected 
by lighting conditions and contrast. With the help of 
a multichannel radar, the angular information may 
also be extracted.

UAVs can lift a considerable payload with respect to 
their size. All of their characteristics, combined with 
radar sensors, make them a promising tool for a large 
variety of applications.

Application Areas
In industrial environments, UAVs equipped with a 
combination of visible-light and thermal cameras 
are used for inspection purposes in areas that are 

difficult to access, including power lines, structures 
(e.g., bridges), and wind turbines [1]. Cameras and 
light detection and ranging (lidar) sensors are used in 
forestry to estimate tree canopy heights [2], woody-
tree abundance, or even species diversity [3]. Radar 
sensors are particularly beneficial when it comes to 
environments in which metallic objects need to be 
inspected, such as power lines or structural steel in 
reinforced concrete.

Parcel services are very interested in UAVs because 
of the possibility of fast and autonomous delivery, even 
in remote areas. For example, autonomous delivery 
flights by a Parcelcopter connecting the harbor of Nor-
ddeich, Germany, and the North Sea island of Juist are 
being tested by Deutsche Post DHL Group [4] to per-
form emergency delivery of medications (Figure 1). 
The 12-km route is used when no alternative transport, 
such as ferries or conventional planes, is available 
because of low water or heavy fog. Newer approaches 
use a copter-based last-mile delivery in alpine regions, 
with a parcel station handling the Parcelcopter’s auto-
mated loading and offloading [5]. Increasing autonomy 
demands reliable safety features, with radar offer-
ing excellent performance in terms of distant obstacle 
detection and collision avoidance, particularly under 
conditions where other sensors fail.

According to [6], the agriculture industry is the 
biggest worldwide commercial market for UAVs. Un -
manned aircraft can monitor field conditions and 
plant health with an easy-to-handle setup and cap-
ture images at a higher resolution than satellites, even 
under cloudy conditions. UAVs are also used to spray 
fertilizer or pesticide [7], as shown in Figure 2. For 
such applications, the distance between the UAV and 
the plants must be kept constant to assure uniform 
spraying. This can be achieved using a radar, as shown 
in [8]. In addition, radar—i.e., ground-penetrating 
radar (GPR)—is the only sensor concept able to per-
form subsurface measurements [9]; it could be used 
to prevent harvesters from being damaged by buried 
metal objects.

Barometric sensors and GNSS do not fulfill this 
requirement. Vision-based sensors for altitude evalua-
tion and collision avoidance can be precisely operated 
at 0.1–8 m downward-looking and 0.5–12 m forward-
looking, and they have a maximum detectable range 
of up to 30 m [10]. But they often have difficulties with 
regular surface patterns, and the performance depends 
on the reflectivity of the material and the illumination. 
With radar sensors, on the other hand, one can detect 
not only the altitude above ground level (AGL) but also 
obstacles such as vegetation [11]. Radar can directly 
measure the velocity of obstacles, has a large detect-
able maximum range, and is robust regarding weather 
influences. For these reasons, drone manufacturers 
now offer radar sensors at 24 GHz for terrain following 
as well as collision avoidance [7], [12].

Figure 1. A DHL Parcelcopter 2.0 approaching the German 
island of Juist in the North Sea. (Photo courtesy of Deutsche 
Post AG.) 

Figure 2. An octacopter spraying a field.

Radar sensors are particularly 
beneficial when it comes to 
environments in which metallic 
objects need to be inspected, such 
as power lines or structural steel in 
reinforced concrete.
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UAVs and Radar: Remote Sensing  
and Safety Improvement
Because of UAVs’ significant flexibility, they are quite 
interesting for remote-sensing applications. In the field 
of radar sensors, synthetic aperture radar (SAR) is used 
to enhance the aperture, resulting in high angular res-
olution. Larger UAVs, e.g., with a maximum weight of 
85 kg, have already been equipped with a 94-GHz SAR 
with 1-GHz bandwidth [13]. The potential for sensing 
small-scale features, as shown in Figure 3, is leading to 
the use of SAR with smaller consumer drones (fewer 
than 5 kg). In [14]–[16], commercial, off-the-shelf pulse 
radar sensors with a frequency range of 3.1–5.3 GHz 
were used for surface and subsurface imaging. 

A platform using a 24-GHz frequency-modulated 
continuous wave (FMCW) radar with a 250-MHz 
bandwidth for full interferometric SAR imaging and 
processing was evaluated in [17]. In [9], an approach 
was presented for UAV-based mine detection using 
ground-penetrating SAR. It was shown that a real-time 
kinematic (RTK) GNSS is required for the demanding 
position accuracy necessary when using a 1–4-GHz 
ultrawide-band FMCW radar to detect targets with low 
reflectivity. Besides remote sensing, radar can also be 
used to improve safety features for UAVs. Radar can 
detect obstacles for collision avoidance and surface 
monitoring, even in low-contrast situations and under 
severe surrounding conditions, e.g., with backlight.

An easy way to detect moving targets is to use a 
Doppler radar, as in [18], which operates in the X-band 
at a frequency of 10.5 GHz. In addition to the detec-
tion of moving targets, Doppler signatures are used to 
identify previously characterized aircraft. However, 
this setup is not suitable for evaluating the distance 
to the targets. With FMCW modulation, the distance 
as well as the velocity can be measured. The measure-
ments in [19] showed the potential of a 24-GHz FMCW 
radar with 1-GHz bandwidth for potential intruder 
and ground target detection. But the device in this case 
was mounted not on a UAV but on a stationary or mov-
ing ground station.

Sensing of the altitude AGL with a 24-GHz FMCW 
radar and its fusion with accelerometer data were vali-
dated indoors using a motion-capture system consist-
ing of 24 cameras [20]. An in-depth analysis of a 77-GHz 
radar-based altimeter was given in [11]. With 2-GHz 
bandwidth, 15 measurements/s, and an effective isotro-
pic radiated power (EIRP) of approximately 1 W, a num-
ber of different experiments were performed. It was 
shown that a constant false alarm rate (CFAR) algorithm 
can reliably detect altitudes up to 40 m over grass. In 
addition, the influence of tilting caused by acceleration 
of the UAV was examined; an example for a roll angle 
of 17° is depicted in Figure 4. Despite the degradation of 
the signal-to-noise ratio by 10 dB, not only the ground 
but also the crop are visible. The same is valid for other 
vegetation, such as trees. Because of the high band-
width, even single steps of stone masonry (between 
20 and 25 cm high) can be resolved.

To reduce hardware complexity and thus achieve 
lower costs, a pulse-correlation radar can be used for 
altitude AGL estimation. In [8], a 26-GHz radar having 

Figure 3. A UAV SAR image of urban terrain taken with 
a MIRANDA radar, offering 1-GHz bandwidth. (Used 
with permission from [13].)
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Figure 4. The influence of the roll angle on altitude AGL measurements for a 77-GHz FMCW radar altimeter with an angle 
of (a) 0° and (b) 17°. Detected targets are marked with *.

Increasing autonomy demands 
reliable safety features, with radar 
offering excellent performance in 
terms of distant obstacle detection 
and collision avoidance.
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an update rate of up to 40 Hz, used in conjunction with 
a particle filter to track the altitude AGL, was com-
pared with a low-cost lidar and an RTK GNSS. As Fig-
ure 5(b) shows, in the presence of vegetation between 
the UAV and the ground, the radar outperforms the 
lidar, which measures the distance to the vegetation 
instead of the altitude AGL.

To improve obstacle detection and collision avoid-
ance, measuring radial velocity and the distance of tar-
gets is not enough. It would be useful to have at least the 
azimuth angular or direction-of-arrival (DoA) data to 
obtain two-dimensional spatial information concern-
ing the location of the potential obstacle. The increas-
ing use of radar in the automotive industry [21], [22] has 
led to a considerable decrease in cost and a high level of 
integration. Complete radar front ends in a single pack-
age, including antennas, are available in the industrial, 
scientific, and medical (ISM) bands at 60 and 122 GHz 
for industrial applications [23]–[25], making the realiza-
tion of small form factor and lightweight radar sensors 
feasible for UAV applications.

Seeing Even More with Imaging Radar
For collision avoidance, an imaging radar has to ful-
fill several requirements. The separability of targets 
in the range direction is important, so a resolution in 
the single-digit-centimeter range is desirable. Assum-
ing a maximum velocity vdrone  of the UAV of ,15 m/s!  
an unambiguous velocity of at least vdrone  for station-
ary and v2 drone  for moving targets should be achieved. 

For classification purposes, a high Doppler resolution 
would be advantageous. To gain high angular resolu-
tion, an adequate number of channels is required.

Extracting Range and Velocity: The 
Modulation Format Used
Because of the expected multitarget scenario, the notion 
of an FMCW radar with fast ramps (also called chirp-
sequence frequency modulation [26]) is chosen as the operat-
ing principle of the imaging radar. As the radar transmits 
several sawtooth-shaped ramps (called a block), range 
and velocity can be extracted using a two-dimensional 
Fourier transform (FT) [27]. Because of the fast ramps, 
the velocity influence can be neglected for the range 
calculation, realized by a first FT over each ramp. With 
a second FT over several ramps, the motion-induced 
phase change from ramp to ramp can be extracted; this 
is proportional to the velocity. 

At a carrier frequency fc  of 76.5 GHz, a bandwidth 
B of 2 GHz is chosen to achieve a range resolution rD  
of 75 mm. The maximum unambiguous velocity vmax  
is limited by the ramp repetition interval TRRI  and is set 
to ,60 sn  resulting in ,v16 m/s max! =  which is higher 
than .vdrone  The chirp duration Tc  is ,05 sn  which is 
evaluated for range extraction. The overall measure-
ment time (the time of a single block) determines the 
velocity resolution vD  and results from the number 
of chirps L  per block multiplied by .TRRI  A summary 
of the modulation parameters used and the resulting 
radar performance appears in Table 1. 

In the following experiments, only stationary or 
slow-moving targets are considered, so the used TRRI  is 
sufficient. For applications with higher relative veloc-
ity, decreasing TRRI  and B by a factor of two would 
double vmax  and halve .rD  This would not change the 
maximum expected intermediate frequency; therefore, 
the sampling frequency could remain the same.
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Figure 5. A comparison of the altitude AGL measurements of a 26-GHz pulse-correlation radar with particle filter and lidar 
when flying over a cornfield: (a) the radar data from a flight above a cornfield and (b) the altitude AGL from radar data with a 
particle filter versus lidar data [8].

Radar can directly measure the 
velocity of obstacles, has a large 
detectable maximum range, and is 
robust regarding weather influences.
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The Way to Imaging Radar:  
DoA Estimation
For high angular resolution, a large aperture is needed. 
Because of the limited space and weight when attached 
to a UAV, a multiple-input, multiple-output (MIMO) 
radar can be used to generate a large virtual aperture 
with a limited number of transmitters and receiv-
ers. Several orthogonal waveforms for FMCW radars 
are discussed in [28]. Here, time-division multiplex-
ing (TDM) was applied, achieving orthogonality by 
switching transmitters consecutively on and off, with 
only one transmitter active at a time. For the actual 
DoA estimation, there are several techniques available, 
as discussed in [29]–[31].

The radar has four transmitters and eight receiv-
ers on one printed circuit board (PCB). The antenna 
system is placed on an extra PCB to allow different 
antenna setups without the need to remanufacture the 
radar board. The transition between both PCBs is real-
ized by a PCB-to-waveguide transition using a coplanar 
patch radiating in the H-plane of a WR10 waveguide 
(compare to [32]). The transition is available in two ver-
sions: one for down-facing antenna arrays and one for 
forward-facing arrays.

Figure 6(a) depicts the antenna front end employed 
in the following experiments. It uses three transmit-
ters and eight receivers. The positions of the elements 
are chosen in such a way that, by the convolution of 
the transmitter positions with the receiver positions, 
a 24-element uniform linear array (ULA) is obtained 
as a virtual aperture [Figure 6(b)] [33]. The ULA has 
a ±90° ambiguity-free region, low sidelobe levels, and 
straightforward DoA estimation. The single channels 
are realized with series-fed patch antennas having 
12-dBi gain and a 3-dB beamwidth of ±40° in azimuth 
and ±7° in elevation, which is considered the mini-
mum field of view (FoV).

TDM MIMO Limitations and Their 
Compensation
Compared to other orthogonal waveforms, TDM MIMO 
comes with low hardware efforts but introduces a 

phase error when a movement by the targets and/or the 
radar is present during switching between transmitters. 
This phase error leads to inaccurate or even completely 
unusable angular estimation. One way to overcome this 
problem is to realize a virtual aperture with overlap-
ping elements where the phase offset between the differ-
ent active transmitters can be directly measured [34]. As 
Figure 6(b) shows, no overlapping element is used here 
to maximize the virtual aperture. The phase error in 
this case is fully compensated for with no extra effect by 
adapting the FT processing, as presented in [35].

For UAV-based collision avoidance, the TDM scheme 
reduces the maximum unambiguous velocity

 v
f
c

MT2 2
1

max
c RRI

!=  (1)

by the number of used transmitters .M  With the solu-
tion presented in [36], the same unambiguous Doppler 

TABLE 1. A summary of the modulation parameters 
used and the resulting radar performance in range 
and velocity.

Parameter Value 

Carrier frequency fc  76.5 GHz 

Bandwidth B 2 GHz 

Chirp duration Tc  50 sn  

Ramp repetition time TRRI  06 sn  

Number of chirps L 258 

Radar Performance 

Range resolution rD  75 mm 

Maximum unambiguous velocity vmax ±16 m/s 

Velocity resolution vD  ±13 cm/s

Tx1 Tx2 Tx3Rx1–Rx8

λ0
2 4λ0

(a) (b)

Figure 6. (a) A fabricated antenna array on a PCB and (b) the resulting virtual aperture of the antenna array with three 
transmitters (Tx) and eight receivers (Rx). 0m  is the free-space wavelength. 

Radar—i.e., ground-penetrating 
radar—is the only sensor  
concept able to perform subsurface 
measurements.



48  November/December 2018

velocity as for the single-input, multiple-output case 
can be achieved with phase evaluation of the virtual 
aperture. Applying these compensation techniques to 
the signal processing chain of the TDM MIMO radar 
fulfills all previously specified requirements for UAV-
based collision avoidance and environment sensing.

Measurement System and  
Target Extraction
The UAV used for the measurements is a DJI Matrice 
600 Pro hexacopter. It offers high reliability, with 
three redundant IMUs and GNSS systems, and can 

lift a payload of up to 6 kg, with a flight time of 
approximately 15 min. If higher positional accu-
racy is needed, an RTK GNSS can be mounted. The 
telemetry data provided by the drone are captured at 
50 Hz. The imaging radar and a custom-made mea-
surement personal computer (PC) are mounted to the 
drone. The raw time-domain data are simultaneously 
sampled with an eight-channel analog-to-digital con-
verter (ADC) card connected to a peripheral com-
ponent interconnect express (PCIe)  . 83 0 #  slot. The 
sampling clock is coherently derived from the radar 
reference clock. For each transmitted set of frequency 
chirps, an industrial camera mounted to the UAV is 
hardware-triggered to obtain a picture of the mea-
sured scenario. The PC is built around a micro-ITX 
mainboard and features a low thermal design power 
Core i7 central processing unit with 16 GB of random-
access memory and a solid-state drive (connected to 
a PCIe . )3 0 4#  for fast data rates of up to 1.5 GB/s. 
The PC with the imaging radar mounted on top is 
depicted in Figure 7.

Live status information on the sampling card, telem-
etry script, and overall measurement status as well 
as the actual camera image are transmitted over the 
video link of the Matrice 600 Pro to a smartphone con-
nected to the UAV remote controller. The complete 
system and additional sketches of the UAV showing 
the area covered by the antennas’ FoV are depicted 
in Figure 8.

After analog-to-digital conversion of the raw data, 
the time-domain data are zero-padded by a factor of 
two, and the data of a complete block, consisting of 
258 frequency chirps, are arranged in a three-dimen-
sional (3-D) array. A Hann window is applied to 
all three dimensions. A linear prediction algorithm 
is used, and the DoA estimation is applied to each 
range-Doppler cell for better visualization, using 
a Bartlett beamformer. With a 3-D FT, the range, 
velocity, and angular data can be calculated. A CFAR 
algorithm is applied to the range–velocity data to 
extract possible targets. The radar measurement, 
video image, and telemetry data are synchronized by 
a GNSS time stamp. The radar specifications are sum-
marized in Table 2.

The following section presents two scenarios with 
the imaging radar facing down. Subsequently, we 
investigate two different scenarios for obstacle avoid-
ance with the imaging radar facing forward.

Downward-Facing Measurements
In the case of downward-facing measurements, the 
antenna beam in azimuth covers the x  axis, and the 
antenna beam in elevation covers the y  axis (compare 
to Figure 9). This setup can be used to obtain terrain 
profiles, sense any vegetation present, find suitable 
sites for planned or emergency landings, and keep a 
constant altitude AGL.

±40°

(a)

(b) (c)

±7°

Figure 8. The minimum FoV of the imaging radar: (a) a 
top view (azimuth) and (b) a side view (elevation). (c) The 
complete UAV with the mounted imaging radar sensor and 
the measurement PC.

Measurement PC Inside

Imaging Radar

Antenna Front End
and Transition

Figure 7. The imaging radar mounted on the measurement 
PC. 

High flexibility and easy usability 
boost the popularity of UAVs in 
consumer and industrial applications, 
ranging from autonomous parcel 
delivery to agriculture. 
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The first scenario presents a UAV takeoff on a 
meadow. The ground profile (xz  plane) is shown in 
Figure 10(a). With the measured roll angle of approxi-
mately 0.5° based on IMU data, we can see that the UAV 
takeoff area is located on a slightly descending surface. 
Additional targets at a distance of up to 1 m are also 
visible. These arise from direct transmitter–receiver 
leakage and from the landing skid, which is not yet 
retracted [compare to Figure 10(c)].

From the range–velocity plot in Figure 10(b), the 
takeoff movement is clearly observable. Several tar-
gets with velocities around 0.5 m/s are visible in the 
range from −1.8 to −3 m. In contrast to the DoA esti-
mation, only the radial distance and velocity can be 
evaluated, so this distribution of targets is expected. 
Targets that are farther away also have a lower veloc-
ity. This is caused by the Doppler dependency on the 
cosine of the incidence angle. In addition, the landing 
skid being retracted is visible in the range–velocity 
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Figure 10. The measurement of a takeoff with the landing 
skid being retracted: (a) a ground profile plot in the xz 
plane, (b) a range–velocity diagram, and (c) a bird’s-eye 
view of the scenario. Detected targets are marked with 
small red circles.

TABLE 2. A summary of the radar parameters, 
including information about the MIMO scheme 
used, available number of transmitters and 
receivers, and information on the antenna.

Parameter Value 

Modulation Chirp sequence 

Sampling frequency 20 MHz 

ADC resolution 14 bit 

Update rate 15 Hz

MIMO scheme TDM 

Number of transmitters Three used, four available 

Number of receivers Eight 

EIRP 17 dBm 

Virtual aperture 24-element ULA 

Antenna gain 12 dBi 

Minimum FoV azimuth ±40º

Minimum FoV elevation ±7º

x

y

x

z
y

Figure 9. The coordinate system used for all the 
measurements, with the illuminated area sketched in the 
case of a downward-facing antenna array.
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diagram and is marked red in Figure 10(b). The land-
ing skid is very close, so multiple reflections between it 
and the radar are present. This could be used to check 
whether the landing skid is ready before touchdown.

A measurement by the UAV flying over 1.2-m-high 
stepped stone masonry is considered next. The aerial 
vehicle is moving with a constant velocity in the y  
direction. The ground profile has two clearly dis-
tinguishable levels, and there are nearly no velocity 
 components present. The measured ground profile 
is depicted in Figure 11(a) and the scenario from a 
side view in Figure 11(c). Two distinct levels at ap  pro-
ximately −4.2 and −5.4 m are present, as expected. 
In the encircled area, the steep masonry can be seen. 
Compared to the previous measurement shown in 
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Figure 11. The measurement of the ground profile of an area of stone masonry: (a) a radar ground profile in the xz plane,  
(b) a range–velocity plot, and (c) a photo of the UAV flying to the side of the stone masonry. Detected targets are marked with 
small red circles.

Experiments with the imaging  
radar facing forward show the  
ability to survey a broad area in  
front of the UAV.
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Figure 10(a), it is obvious that the landing skid is 
retracted and no longer visible as a close target. 
Considering the range–velocity diagram depicted in 
Figure 11(b), widely spread targets in the range direc-
tion, with almost no velocity components, are visible 
between −4 and −6 m.

This experiment shows that an imaging radar can 
provide highly detailed ground profiles with a single 
measurement. Because UAVs are trending toward 
greater autonomy, they must also perform autono-
mous landing maneuvers in case of emergency. A 
UAV equipped with an imaging radar could deter-
mine a suitable landing area based on the measured 
ground profile.

Forward-Facing Measurements
With the imaging radar in the forward-facing orien-
tation, scenarios for obstacle detection and collision 
avoidance are considered. In this setup, the antenna 
beam in azimuth again covers the x  axis, and the 
antenna beam in elevation covers the z  axis, as depicted 
in Figure 8(a) and (b). The orientation of the camera is 
adjusted to have a first-person view (FPV) of the UAV 
and the radar.

At first, a measurement with the UAV moving along-
side a high metal fence at a speed of approximately 
5 m/s is considered (Figure 12). A photo from the FPV 
perspective is provided in Figure 12(c). Because of the 
FoV of ±40° in the x  direction, it is expected that even 
closely spaced fenceposts should be visible in the xy  
plane. The subsequent fenceposts and other parts of 
the fence between the posts are visible at distances 
greater than 10 m. Based on the range–velocity dia-
gram in Figure 12(b), we see that the targets are dis-
tributed over the velocity in a cosine-shaped manner, 
which can be derived from the dependency of the 
Doppler frequency on the cosine of the angle of arrival.

Second, the collision-avoidance capability is inves-
tigated with a moving target while the UAV with the 
mounted imaging radar is hovering at a fixed altitude. 
A second, smaller UAV (a DJI Phantom 3 with a body 
diameter of 30 cm, excluding the propellers) is used 
as a target. The target is flying by from the front right, 
heading to the rear left. Two snapshots, separated by 
740 ms from the FPV perspective, are depicted in Fig-
ure 13(a), with the photo on the left side representing 
the earlier point in time. As can be observed in the xy  
diagram of Figure 13(b), even this relatively small UAV 
can be clearly detected and located. It is possible to 
extract the radial velocity from the range–velocity dia-
gram of Figure 13(c). From snapshot to snapshot, the 
route of the target can be followed. Several consecutive 
measurements could be evaluated to estimate the tar-
get’s orientation and trajectory. With the trajectory and 
the direct velocity measurement, the flight controller 
can monitor whether a collision is imminent and per-
form an evasive maneuver.
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Figure 12. A UAV with forward-facing imaging radar 
moving alongside a high metal fence: (a) the measurements 
for a front view in the xy plane, (b) the measurements for 
range and velocity, and (c) an FPV. Detected targets are 
marked with small red circles.

The relatively high frequencies 
enable small and lightweight sensors, 
making radar feasible for even small 
unmanned aircraft.
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Conclusions
High flexibility and easy usability boost the popular-
ity of UAVs in consumer and industrial applications, 
ranging from autonomous parcel delivery to agricul-
ture. Using unmanned aircraft as a sensor platform for 
SAR and GPR is not the only use for radar. Radar can 
provide reliable data where other state-of-the-art sen-
sors attached to UAVs reach their limit, e.g., in cases of 
low contrast or backlight in vision-based systems. It has 

been shown that measuring the altitude AGL is a sim-
ple task with a radar sensor. Additionally, detailed sec-
tions of a terrain profile can be obtained with a single 
radar measurement, using a 3 8# -channel TDM MIMO 
radar with a 2-GHz bandwidth at a center frequency of 
76.5 GHz and chirp-sequence frequency modulation.

Further experiments with the imaging radar fac-
ing forward show the ability to survey a broad area in 
front of the UAV, with the capability of simultaneous 
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Figure 13. (a) A camera image from an FPV shows a small drone (a DJI Phantom 3) with a diameter of approximately 30 cm, 
excluding its propellers, passing by from right to left. Two snapshots separated by 740 ms depict (b) radar measurements in 
the xy plane and (c) a range–velocity diagram. Detected targets are marked with small red circles. 
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multitarget range, velocity, and angle measurement. 
Targets in an angular range of up to ±60° in azimuth 
have been detected. Even small UAVs passing by could 
be observed. With appropriate tracking algorithms 
and trajectory estimation, collision avoidance and eva-
sive maneuvering could be realized.

With the integration of complete radar front ends on 
single chips (which are becoming available in the ISM 
bands at 60 and 122 GHz), bolstered by the results of the 
survey presented here, radar can increase the sensing 
capability and safety of UAVs. The relatively high fre-
quencies enable small and lightweight sensors, making 
radar feasible for even small unmanned aircraft.
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