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for UAV Power Line Collision Avoidance
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Abstract— Detecting and estimating distances to power lines
is a challenge for both human UAV pilots and autonomous
systems, which increases the risk of unintended collisions. We
present a mmWave radar-based perception system that pro-
vides spherical sensing coverage around a small UAV for robust
power line detection and avoidance. The system integrates mul-
tiple compact solid-state mmWave radar modules to synthesize
an omnidirectional field of view while remaining lightweight.
We characterize the sensing behavior of this omnidirectional
radar arrangement in power line environments and develop
a robust detection-and-avoidance algorithm tailored to that
behavior. Field experiments on real power lines demonstrate
reliable detection at ranges up to 10 m, successful avoidance
maneuvers at flight speeds upwards of 10 m/s, and detection
of wires as thin as 1.2 mm in diameter. These results indicate
the approach’s suitability as an additional safety layer for both
autonomous and manual UAV flight.

A video demonstration of the system can be viewed in [1],
and instructions and code can be found in [2].

I. INTRODUCTION

With the proliferation of UAVs in recent years and the
continued build-out of power transmission networks around
the world, the risk of collisions between UAVs and power
lines is increasing. The severity of such a collisions range
from mostly harmless, where both UAV and infrastructure
remain undamaged, to worse collisions leading to UAV
crashes, damage to infrastructure, and potential disruptions
to power distribution. UAV pilots are challenged by power
lines whose distances are often difficult to assess from the
ground or through compressed video streams on remote
control stations. For autonomous systems, power lines may
be hard to detect because of their thin and feature-poor
appearance. UAV platforms may also lack omnidirectional
sensing, leading to blind spots and increased risk of collisions
from certain angles. This is critical for multirotor-type UAVs
which can move in any direction and are therefore at greater
risk of collisions.

In this work we propose a multi-sensor millimeter-wave
(mmWave) radar-based power line avoidance system with
omnidirectional sensing. The system, shown in Fig. 1, re-
liably detects power lines from multiple meters away and
avoids them while flying at high speeds. The power line
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Fig. 1: Top: Omnidirectional power line avoidance system
flying near power lines with all six radar devices visible.
Bottom: Time-lapse of power line avoidance maneuvers.

avoidance scheme can then be added as a layer of protection
on top of either manual or autonomous flight modes.
The contributions of this work are:

« A lightweight solid-state multi-radar perception archi-
tecture that synthesizes omnidirectional coverage.

« A characterization of the sensing behavior of the omni-
directional radar architecture with power line targets.

« A robust power line avoidance algorithm that exploits
radar’s specific interaction with power lines.

The structure of the paper is as follows: Sec. II explores
related work; Sec. III outlines the scope of the work; Sec. IV
describes the physical system; Sec. V examines the behavior
of radar with power line targets; Sec. VI describes the
avoidance algorithm; Sec. VII shows the flight test results;
And Sec. VIII concludes on the work.

II. RELATED WORK

In previous work we have demonstrated how mmWave
radar devices can perform reliable power line detection [3] to
enable lightweight tracking [4] and thereby facilitate physical
interaction with and recharging from power lines [5] [6]
as well as mapping and reconstruction [7] of power lines
using UAVs. All these previous systems have relied on just
a single radar sensor to achieve their respective capabilities,
thus leaving them effectively blind outside of the sensor field
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of view. Furthermore, none of these systems implement any
kind of obstacle avoidance. Lastly, no characterization of
mmWave radar behavior in power line environments has been
conducted. This is especially evident in [4], which relies on
an additional camera sensor and image processing pipeline
to determine the direction of the power lines - information
that may instead be extracted directly from the radar data,
as shown in this work.

Other existing UAV platforms also rely on both a camera
and radar sensor for obstacle avoidance, such as Yu et al.
[8] and Bigazzi et al. [9], and object detection as in the
system by Wang et al. [10]. A few other UAV systems rely
solely on radar sensors for tasks such as target detection
by Milias et al. [11], 3D reconstruction by Sun et al. [12]
and generic obstacle avoidance by Wessendorp et al. [13]
However, none of these systems have omnidirectional radar
sensing and all of them are therefore susceptible to collisions
with objects in their blind spots. Wu et al. [14] attempt to
address the lack of omnidirectional sensing by developing a
360° radar device meant for UAV obstacle avoidance. The
authors mainly evaluate the antenna and beam-switching of
their device, but no object detection experiments are carried
out. Furthermore, their device only targets the horizontal
plane, neglecting anything above and below this plane.

III. ScoPE

A review of the existing literature reveals a number of

shortcomings:

o There is an absence of systems that rely purely on radar
sensors for long range, all-weather power line detection
and avoidance.

« Existing work lacks spherical sensing to enable detec-
tion and avoidance in any direction.

o There has been little work towards analyzing the be-
havior of mmWave radar sensors in power line environ-
ments and subsequently taking advantage of the unique
interaction.

o There is a lack of testing of existing work in real world
power line environments to validate their functionality.

To address the shortcomings in existing literature, the
scope of the presented work is to achieve spherical radar-only
sensing coverage by surrounding the UAV frame with multi-
ple mmWave radar devices. With a functioning platform, the
aim is then to characterize how the omnidirectional mmWave
radar perception behaves in power line environments and
to take advantage of the unique interaction to develop an
efficient and lightweight power line avoidance algorithm.
The developed system is then extensively tested in both
laboratory and outdoors power line environments to evaluate
the detect-and-avoid functionality and determine its limits.

IV. HARDWARE SETUP

The base UAV platform of the overall system (seen in
Fig. 2) is a quadcopter Holybro QAV250 with a wheelbase
of 250 mm. At the center of the frame sits a Pixhawk 4
Mini autopilot that runs the PX4 flight control software
stack v.1.13.0 built from source with Real-Time Publish

GNSS

receiver Battery

Flight controller

Right radar

(a) System seen from the the top rear, showing the location of the GNSS
receiver, battery, autopilot, and some of the radar sensors.

Bottom radar USB hub

Front radar

Right radar

“Raspberry
Pi 4

(b) View of the system from the bottom front, highlighting the locations of
the USB hub, Raspberry Pi 4, and some of the radar sensors.

Fig. 2: Layout of the physical system from two perspectives.

Subscribe (RTPS) functionality. A GNSS receiver with Real-
Time Kinematic Positioning (RTK) capabilities sits on top of
the frame. The RTK functionality provides highly accurate
(£2 cm) positioning and is used for obtaining ground truth
position data during testing. However, the system has been
successfully tested without RTK.

Surrounding the UAV frame are six Texas Instruments
mmWave radar devices pointing mostly along the +X,
+Y and £Z directions. The front +X radar device is a
IWR6843ISK 60-64 GHz long-range antenna mmWave sen-
sor [15]. A long range device was chosen for the front facing
direction because this is the flight direction along which the
highest speeds are typically travelled. The antenna provides
120° azimuth field of view (FoV) and 30° elevation FoV,
and the device is oriented such that the wide azimuth FoV
sweeps up and down (£Z) while the narrower elevation
FoV sweeps horizontally (+Y). While flying forward at high
speeds, the UAV assumes a steep pitch angle. This specific
sensor orientation makes sure that targets horizontally in
front of the UAV remain within the front sensor FoV during
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Fig. 3: Visualization of the radar sensors’ effective FoV and measurement errors relative to a 1 meter target in the XZ (left),
YZ (middle), and XY (right) planes. Dots represent measurements and shaded regions show the resulting effective FoV.
Shades of regions with overlapping FoVs are a blend of the two overlapping shades.

high speed flight.

The five other radar devices are IWNR6843AOPEVM 60-
64 GHz antenna-on-package (AoP) mmWave sensors [16].
These are shorter range devices with a greater FoV - 120°
azimuth FoV and 120° elevation FoV. To save space and
weight, these devices have been reduced to just the mission
AOQOP board by removing the optional breakaway board. The
rear (—X), top (+Z), and bottom (—Z) sensors have their
boresight aligned with the frame directions. To make up for
the front sensor’s narrower horizontal FoV, the left and right
sensors are both angled 15° towards the front. Relative to the
front sensor at 0° in the XY plane, the left sensor boresight
angle is therefore 75°, and the right sensor -75°. See Fig. 3
for the sensors’ effective FoVs. The combined weight of all
six radar sensors is 58 g.

All radar sensors run the out-of-box firmware and operate
in 3D mode (3RX, 4TX) with a data rate of 10 Hz. A custom
ROS2 node [17] interfaces with the devices.

The top, left, right, and front sensors connect via USB to
an externally powered USB hub for both power and data.
This hub then connects via USB to a Raspberry Pi 4 which
runs Ubuntu 20.04 with ROS2 Foxy as the middleware. The
rear and bottom sensors are externally powered and both
connect directly via USB to the Raspberry Pi for data. A
USB-to-serial device connects the Pixhawk Mini autopilot to
the Raspberry Pi. Power from the 4S LiPo battery is regulated
to 5 V with two DCDC converters; one powering all six
sensors, and the other powering the Raspberry Pi.

A. Validation of omnidirectional sensing

With the hardware completed, multiple tests were con-
ducted to evaluate the effective FoVs of the sensors as well
as the accuracy of the distance measurements. Three separate
test configurations were set up, one for testing inside each
plane (XZ, YZ, XY, i.e. left, middle, right in Fig. 3). For
a given test, the UAV was placed on a turntable such that
the normal of the plane of interest was parallel with the
gravity vector. For example, the UAV should be placed on

the turntable such that its Y-axis is parallel to gravity in
order to test in the XZ-plane, and the axis of rotation of the
turntable should be exactly aligned with the UAV’s Z-axis. A
metallic corner reflector target is positioned on a thin wooden
stick exactly 1 meter from the axis of rotation. As the UAV
is slowly rotated, measurements from all six radar sensors
is collected and transformed into the UAV frame. For any
of the three tested planes, only four sensors detect the target
during a full revolution. Fig. 3 plots the collected data in
the three planes. From the plot it is evident that all sensors
are reasonably accurate to within a few centimeters. Tab. I
contains a breakdown of the results.

TABLE I: Combined summary of the distance measurement
errors of the three tests. All values in meters.

Sensor u c Min Max RMSE
Top 0.0603 0.0173  0.0262 0.0907 0.0628
Bottom  0.0810 0.0116  0.0510 0.0940 0.0819
Left 0.0326 0.0186 —0.0004 0.0593 0.0375
Right 0.0426  0.0106  0.0145 0.0704 0.0439
Rear 0.0627 0.0233  0.0079 0.1116 0.0669
Front 0.0785 0.0318 0.0340 0.1136 0.0847
Overall 0.0607 0.0279 -0.0004 0.1136 0.0663

An average distance measurement error of around 6 cm is
acceptable in an obstacle avoidance context. Further testing
is required to evaluate if this is a constant offset, a percentage
offset, or differently scaling error.

With the same data it is also possible to estimate the actual
fields-of-view of the six sensors. Tab. II shows the estimated
FoVs of the radar sensors.

Curiously, all of the five IWR6843A0OPEVM devices
exhibit significantly narrower-than-expected azimuth FoVs
and slightly narrower elevation angles. Only the rear sensor’s
measured elevation FoV is wider than the expected value.
On the other hand, the front sensor shows slightly better
measured elevation and azimuth angles compared to the
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TABLE II: Measured vs. expected sensor fields-of-view
(FoV). All values in degrees (°).

Sensor Elevation Azimuth
Measured Expected =~ Measured Expected

Top 108 120 76 120
Bottom 106 120 76 120
Left 104 120 75 120
Right 104 120 75 120
Rear 135 120 75 120
Front 41 30 122 120

expected FoVs. The result of these unexpected measured
FoVs is that narrow blind spots show up when looking
at the results in the XY-plane. A simple way to address
this would be to substitue the ITWR6843ISK device with
another IWR6843A0OPEVM, sacrificing long-range detection
for a wider FoV. However, there is also the chance that the
observed deviation is somehow due to the corner reflector
target used during these tests. As shown later, testing with
real powerlines seems to greatly diminish this discrepancy.

V. RADAR BEHAVIOR IN POWER LINE ENVIRONMENTS

To build a reliable power line detection and avoidance
algorithm requires knowledge on the behavior of mmWave
radars in such environments. In particular one question needs
answering: which point on the power line does the radar
detect? Fig. 4 illustrates the situation. A mmWave radar
device points toward a power line. However, the boresight
of the radar is not perpendicular to the power line, i.e.
there is some non-zero angle between the boresight and the
vector from radar to the closest point on the power line. The
question now is: which point does the radar detect?

To find out, a simple test is performed. While hovering in
front of a power line the UAV is commanded to slowly yaw
while recording data from all sensors as well as the relative
rotation of the UAV to the power line. For each detection
of the power line in the collected data, the angle between

Power line

Actual
detection

Boresight
intersection

Closest: ¢ &
point

Field of view

Fig. 4: When pointed at an angle towards a power line, where
does the radar sensor detect the power line?

the detected point (black in Fig. 4) and closest point (green
in Fig. 4) can now be compared to the angle between the
boresight of the radar from which the detection originated
(red in Fig. 4) and the closest point.

Detected point to closest point angle vs boresight to closest point angle
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Fig. 5: Plot showing the relationship of the angle between
detected and closest point vs angle between boresight and
closest point. While the radar boresight is still relatively close
(£30°) to being perpendicular to the power line, the detected
point is approximately equal to the closest point on the power
line. As the boresight becomes even less perpendicular to
the power line, the detected point moves further towards the
boresight intersection with the power line.

Fig. 5 shows the relationship between the two angles.
The plot highlights an interesting phenomenon (from here
on referred to as P;): as long as the radar boresight is
still relatively close (£30°) to being perpendicular to the
power line, the detected point is approximately equal to the
closest point on the power line. Getting the closest point on
the power line with just a single measurement and without
needing to do any processing is valuable and can be used to
greatly simplify collision avoidance processing. Even though
the effect of P, begins to subside as the boresight becomes
less perpendicular to the power line, the rest of this work
assumes that detections of power lines are approximately
equal to the closest point on the power line.

VI. POWER LINE AVOIDANCE

Given FP,, the avoidance problem can be reduced to two
dimensions. Since power lines are roughly straight (at least
within the detection radius of the UAV), and all conductors
are typically parallel, any detection p; will lie approximately
on the plane K, that is perpendicular to the unit direction of
the power lines ¢ and contains the UAV position d. For any
three dimensional vector, e.g. the UAV velocity v;, obtained
from the autopilot’s state vector x(¢), only their components
within K, can be considered. Fig. 6 shows the simplified
scenario, i.e. the projection onto K.

A. Scenario 1: Tangential avoidance

While the UAV is not in immediate risk of collision,
power line avoidance is based on calculating tangents to the
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Fig. 6: Three scenarios of power line avoidance in the plane
K,. 1) When the UAV ftravels at medium speeds, tangents
to detections are used to steer UAV. 2) At high speeds,
detections within the e-brake horizon immediately slows the
drone to medium speeds. 3) Very close detections triggers a
retreat away form the detection.

detections and using those to steer the UAV around the power
lines. Corrections are calculated once with both the UAV’s
current velocity v; as well as with the user desired velocity
v, (e.g. from a pilot or autonomy stack). For brevity, only
calculations with v; are shown here.

The process begins by filtering points based on the avoid-
ance sphere. This is a sphere around the UAV with radius r,
inside which any detections are considered for avoidance.

|pill < ra (D

The next step is to determine if a correction is needed, i.e.
if v; has a component towards detection p;:

Diva>0 2

where p; and P, are unit vectors. The detection tangent
vector t;, which is orthogonal to p;, can then be found by
first crossing the detection unit vector p; with the negative
gravity unit vector g, and then crossing the result of that
with p;:

ti=(p; < &,) < P; 3)

The dot product between the tangent ¢, and UAV velocity
v, can then be used to determine which tangent direction 7; ¢
to go around the detected power line p;

R f,’, if t;-vy >0,
tiyr=1< . ) 4
—t;, otherwise,

Finally, the magnitude of the tangent is scaled by the
degree of parallelity between the unit tangent #; ; and the
unit drone velocity .

tis=(P;-Va)tis )

The closer the unit drone velocity ¥, is to pointing directly
towards the detected power line p;, the larger the magnitude
of the final tangent ¢; ; will be.

Egs. 1-5 are then performed once more, this time with
user desired velocity v, substituting the drone velocity v,
to obtain a second tangent for that detection. Eqgs. 1-5 are
then repeated for every detection with both v; and v,. The
resulting set of tangents is then summed into a single tangent
tg. tg is then summed with v,, and this vector’s magnitude
is clamped to that of v, to create the final corrected output
velocity vy .

. v :
mln(l, ”u”) (ts+vy), if [[ts+vu][ >0,
Vour = [[£5+vull

0, if [|ts + val| = 0.
G

This value is then sent to the autopilot. The overall data
flow is shown in Fig. 7.

B. Scenario 2: High speed

The second scenario, as also illustrated in Fig. 6, is related
to avoiding power lines while flying at greater speeds. Under
such circumstances, an e-brake horizon cone H expands
outward in the direction of v,. As ||v4|| increases, so does
the length of H. The length /5 of the cone is defined as

b ll?
2 max

+ Smargin (7)

where a,,,,, 1s the maximum acceleration of the UAV and
Smargin 18 a safety margin. At the far end, the cone is defined
to have a length-to-width ratio of 2:1, yielding an angle ¢ of
atan(1/4) = 0.245 radians from center to diagonal. When the
UAV moves above a certain speed v, each detected point
p; is checked if it is within the e-brake horizon.

Radar sensors

1‘ Front H Rear H Top

Bottom ‘ ‘ Left ‘ ‘ Right ‘
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, [.; i,,,,,,,,,,,
Vu
User _ —> Raspberry Pi 4
(autonomous system or pilot)
¥ Vour £ x(®
Pixhawk Mini Autopilot

Jo  Je  Jo  ja

‘ Motor 1 ‘ ‘ Motor 2 ‘ ‘ Motor 3 ‘ ‘ Motor 4 ‘

Fig. 7: Data flow in the power line avoidance system.
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If Egs. 8 and 9 are both true, immediate maximum braking
is commanded. Braking continues until the UAV no longer
moves faster than v,;, at which point the situation turns into
scenario 1 or 3.

C. Scenario 3: Close proximity

As indicated in Fig. 6, scenario 3 is straight forward; if
a power line is detected within a safety sphere, the UAV
immediately rejects itself from that detection. The safety
sphere is similar to the avoidance sphere but significantly
smaller and defined by its radius r;. All detections are
checked against the safety sphere.

lpill <75 (10)

If Eq. 10 equates to true, a corrective velocity v, is
calculated as

Y

where k; is used to scale the intensity of the rejection.
Furthermore, the closer the detection is to the center of the

Vour = ks<||pl|| _rs)i’i

it vl vl %Qa‘

HHH

(a) Power lines are avoided (left to right) while flying at upwards of 10 m/s. The top wire is 10 mm in diameter, while
between the power lines is about 3 meters.

the bottom three conductors are 20 mm in diameter. The shortest distance

> »

(c) Power lines are avoided even when approached from (d) The system is able to detect and avoid a 1.2 mm diameter (b) The UAV avoids multiple power
steel wire (moving right to left).

an oblique angle (moving right to left).

safety sphere, the more strongly the resulting rejection will
be.

VII. RESULTS

The functionality of the system is validated in an outdoor
power line environment. The specific environment is an
approximately 35 meter long stretch of decommissioned 3-
phase power transmission lines which consists of three 20
mm conductors arranged in a triangle relative to each other
with a single 10 mm conductor on top of the others - the
same arrangement as shown in Fig. 6. The closest distance
between power lines is approximately 3 meters, and the
stack is approximately 9 meters tall. Figs. 8a, 8b and 8c
show the system performing power line avoidance in the
described environment from various directions and angles.
When approaching the power lines with the long-range front
sensor, the power lines are typically detected from beyond 10
meters away, which enables the system to perform avoidance
maneuvers at velocities upwards of 10 m/s. The shorter range
sensors detect the power lines from approximately 7 meters,
and avoidance maneuvers in the direction of these sensors
can be performed at up to 5 m/s.

The tests in Figs. 8a, 8c and 8d were all performed by
inputting a desired velocity with only horizontal components
towards the power line and then continuously inputting the
same desired velocity throughout the test. As the system

lines while descending.

Fig. 8: Four examples of the system performing power line avoidance. Three of the examples are performed in a
decommissioned stretch of power line, while the fourth example (d) showcases the system’s ability to avoid even very
thin wires of just 1.2 mm in diameter. These tests and more are also shown in the supplemental video demonstration [1].
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10UAV trajectory and radar detections during power line avoidance maneuvers
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Fig. 9: Plot of the UAV’s trajectory around radar detections
during power line avoidance maneuvers. The input velocities
are entirely in the horizontal plane, and the avoidance algo-
rithm automatically corrects the output velocity to steer the
UAV around the power lines.

nears a power line, the avoidance algorithm corrects the
desired velocity to create an output velocity that steers
around the power lines. In Fig. 8a, the UAV approaches
the power lines at 5 m/s from the left. As the power line
is detected within the e-brake horizon, the UAV quickly
brakes until its velocity is sufficiently low, at which point
it continues at a constant medium speed while avoiding two
power lines, going below the first and above the second. Fig.
8c is a similar test but performed at an angle to the power
line. The purpose is to evaluate if the blind spots seen in Fig.
3 impact the system during real world testing. As visualized
by the image sequence, the UAV successfully avoided the
power lines without issue, indicating that the observed blind
spots may be an artifact of the laboratory test setup. The
image sequence in Fig. 8d shows the system avoiding a thin
steel wire of just 1.2 mm in diameter. This was the smallest
gauge wire available during testing, so the system may be
able to avoid even thinner wires. This opens up the work to
be applicable not only in power line environments, but also in
environments where thinner wires are used, such as telephone
wires. Since the UAV is not only equipped with sensors in
the horizontal plane but also pointing up and downwards,
it is able to safely navigate between power lines in these
directions as well. Fig. 8b shows the UAV smoothly avoiding
the wires while the only user-input is a velocity pointing
straight down. This may be especially useful in situations
where the UAV autonomously takes off or lands, for example
during emergency landings in the vicinity of power lines.

The plot in Fig. 9 shows the radar detections and UAV
trajectory in the plane K, while avoiding power lines. The
detections from various sensors are consistent throughout the
full 16 second test, and the system never gets closer than 1
meter to a detected power line.

VIII. CONCLUSION

This work presented a purely radar-based approach to
power line detection and avoidance for UAV. The multi-

sensor perception system ensures omnidirectional sensing,
with device specifications optimized based on typical flight

patterns. The sensor suite was tested in a laboratory setting to
verify its capabilities as well as with outdoors power lines
to characterize its behavior in a representative setting. An
interesting phenomenon was observed in which the radar
sensors detect power lines at approximately the closest point
to the sensor. This phenomenon was used to develop an effi-
cient power line avoidance algorithm, which was thoroughly
evaluated in a power line environment. The system proved
its effectiveness by robustly detecting and avoiding power
lines and even thin wires of just 1.2 mm in diameter.
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