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Abstract

Vertical Takeoff and Landing Systems (VTOLs) offer huge potential for various use cases. During the critical
ﬂight phases of takeoff and landing, a safe and reliable ﬂight operation is crucial. This paper presents an autonomous precision takeoff and landing system based on thermal imaging. As thermal imaging is not affected
by poor visibility, safe and reliable navigation is enabled. Inspired by visual approaches, a landing platform
with thermal makers is developed. A downfacing thermal camera detects the landing platform and enables
precision takeoff and landing. The proposed system is evaluated in simulation and in testﬂights with a motion
capture system. Demonstrations in bad visual conditions prove the approach. A comparison to a previously
developed radar-based precision takeoff and landing system is carried out.
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INTRODUCTION
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Research on Vertical Take Off and Landing Systems
(VTOLS) has shown huge potential in various ﬁelds
of application. Examples are the delivery of parcels
[1, 2] or medication [3, 4], the application for surveillance and search and rescue [1, 5], remote sensing of vegetation [6] or the transformation of the mobility of people [7, 8]. Autonomous operation is already widely possible relying on the Global Navigation
Satellite System (GNSS). During takeoff and landing,
however, relying on GNSS only yields limitations regarding availability and safety. GNSS is in particular
close to the ground susceptible to spooﬁng and jamming. Structure close to the landing area like buildings or urban canyons can cause errors due to multipath or shading. Safe and reliable operation has to be
ensured even in bad visual conditions like darkness,
direct sunlight, fog or smoke.
This paper presents a precision takeoff and landing
system based on thermal imaging and radar. Both
sensors can operate even in bad visual conditions.
The system consists of a landing platform with thermal markers which are implemented with Peltier modules. A thermal camera is attached to the VTOL facing
towards the ground. Detection of the thermal markers
enables pose estimation which is the key to our precision takeoff and landing approach. Even though thermal cameras are expensive sensors, they are widely
used e.g. for remote sensing of vegetation [6] surveillance or search and rescue [5]. Thus, using them for
precision takeoff and landing does not necessarily imply an additional sensor which adds weight and cost.
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FIG. 1. Proposed system: Snapshot of the simulation
(left) and a real test ﬂight with bad visual conditions
(right). The proposed system enables safe and reliable takeoff and landing even in bad visual conditions.
Our contributions are:
• A robust precision takeoff and landing system
based on a thermal camera and a radar altimeter
which can be used even on small VTOLs.
• A design of a landing platform consisting of thermal markers suitable for precision takeoff and
landing.
• A robust and real time capable detection algorithm for the landing platform.
The remainder of the paper is structured as follows.
The ﬂight scenario is described at ﬁrst, followed by
related work on precision takeoff and landing. Next,
the proposed precision takeoff and landing with thermal imaging is presented. Finally, results from simulation, test ﬂights and a comparison to a previously
developed radar based precision takeoff and landing
system are given.
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The following conventions are used in this paper. Vectors are printed as bold lower case letters (e.g. p),
matrices as bold upper case letters (e.g. R), scalars
as non bold letters (e.g. m) and constants as upper
case non bold letters (e.g. L). A vector in the global
frame (navigation-frame) is pn and the rotation matrix
from the body frame into the n-frame is Cnb .
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This section summarizes the scenario which integrates our proposed system into autonomous ﬂights
of VTOLs. A typical VTOL ﬂight consists of the three
phases takeoff, mission and landing.
The mission depends on the use case. Urban air mobility, parcel delivery or search and rescue missions
are some examples. These missions can be carried
out autonomously relying on GNSS. We assume, that
during mission, a certain height is kept such that typical GNSS errors can be neglected.
For takeoff and landing, an accurate control of the
horizontal position is required such that the VTOL
keeps centered above the center of the landing platform. This is called precision takeoff and landing.
During takeoff and landing, a different navigation
technique is required as GNSS is not reliable during
these ﬂight phases. In particular, close to the landing area, threats due to spooﬁng and jamming are
present. In addition, errors caused by multi path or
shading due to buildings or urban canyons further degrades the GNSS position accuracy. Thus, a GNSS
denied navigation technique is required.
To enable safe and reliable operation even in bad visual conditions, we propose a thermal camera based
navigation. This system provides an accurate localization which is suitable for precision takeoff and landing. A visualization of the whole ﬂight scenario is
given in Fig. 2. The takeoff and landing height is
considered to be 15 m within this paper.
3.

FIG. 2. Flight scenario: Takeoff, mission and landing.
Thermal camera based navigation is applied during
takeoff and landing.
on the ground. Although, the MLS has been evaluated for the application on helipads for conventional
helicopters in [11], required space on the ground is
unrealistic for urban environments and especially for
the landing areas of small VTOLs.
A solution is to apply visual navigation techniques
[12–14]. Typically, visual markers placed on the landing platform are detected with a down facing camera.
Many different types of visual marker have been developed. Popular examples based on squared markers are AprilTag [15] and AruCo [16]. Circular patterns
are for example proposed by [17]. To enable operation also during night, [12] proposed to illuminate the
visual markers. Precision landing with visual marker
in clear sight proved to be accurate and reliable. Bad
visual conditions like fog or smoke, however, renders
vision based approaches infeasible.
Approaches based on radar or Ultra Wideband (UWB)
also proved to be suitable for precision landing [18–
22]. These approaches are based on radio frequencies that are less affected by bad visual condition as
compared to the visual spectrum. Systems based
on UWB apply runtime measurements between each
UWB tag. Thus, localization can be carried out
[18, 21]. For precision landing, a huge area has to be
covered with UWB tags to achieve good localization
accuracies [19]. Therefore, [20] proposed to combine
a single range measurement with and Angle of Arrival
(AoA) measurement. Thus, only a single tag is required on the ground. Recently, we proposed to use
only passive radar reﬂectors on the ground [22]. This
system will be compared with the proposed, thermal
based system at the end of this paper.
Advances in thermal imaging achieved light weight
sensors which can be integrated even on a small
VTOL (takeoff weight < 2 kg). Thermal imaging offers the possibility to apply state of the art image processing algorithms. In addition, bad visual conditions
do not affect thermal imaging strongly. The authors
of [23] presented thermal markers. These are cre-

RELATED WORK

Precision takeoff and landing is an active ﬁeld of research. It is summarized and evaluated in the following. Precision landing based on high precision GNSS
like Real Time Kinematic (RTK) has been showed e.g.
in [9]. High accuracy GNSS based navigation which
does not need custom ground stations, like Precise
Point Positioning (PPP) [10] is also widely applied
even in commercial products. Due limited safety and
availability during takeoff and landing, such systems
do not fulﬁll our requirements.
Technology from general aviation which does not rely
on GNSS like the Instrument Landing System (ILS)
or Microwave Landing System (MLS) cannot be used
for our VTOL use case due to cost, size and weight
of the required components onboard of the VTOL and
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Marker Size
10 cm
15 cm
20 cm
25 cm

ated using space heaters with an overlaying mask
structure. Building upon visual marker detection, thermal markers have been developed and their applicability in bad visual conditions demonstrated. Our approach, however, implements thermal marker with low
cost and low power Peltier modules. We combine an
ArUco marker with blob-like features for a robust detection of the landing platform.
4.

TAB. 1. ArUco marker: Marker size versus detection
range analysis.

PRECISION TAKEOFF AND LANDING WITH
THERMAL IMAGING

4.1.

like OpenCV [24], ArUco [16] is evaluated in more
detail. We observed different detection properties
within the individual markers from the marker dictionary. Therefore, the most stable detectable marker id
has been determined in experiments. Next, the maximum detection range depending on the marker size
has been evaluated with the previously determined
marker. This has been done using a visual camera with the same resolution and comparable Field of
View (FOV) as the thermal camera. A ﬁnal test of the
same marker size using visual and thermal images
showed the same results. Thus, the same properties
for visual and thermal marker detections can be assumed for the thermal AruCo marker in this case. An
analysis of the detection range experiments is given
in Tab. 1 using a camera with 640 × 512 pixels resolution.
We opted for easy manufacturing of the thermal
markers. Thus, more complex markers like AprilTag
or WhyCon were neglected. Instead, the best detectable ArUco marker and blob marker are selected.
The thermal markers are build with Peltier modules.
These create a temperature difference between their
upper and lower side. A heat sink is placed on the
cool side and the warm side is left free (blob) or connected to an aluminum plate (ArUco). The aluminum
plate is coated with a non reﬂective material. An
mask is placed in short distance on top the plate at
the ArUco marker to provide a temperature contrast.
Since the Peltier modules forces temperature difference, markers are clearly visible in thermal images
independent of the ambient temperature.

Thermal Marker

In contrast to visual cameras, thermal imaging is not
affected by challenging visual conditions. Thermal
imaging offers the ability to deal with DVEs like fog.
An experiment is given in Fig. 3. The top row shows
the visual images and the bottom row the thermal images. On the left good visual and on the right bad
visual conditions are present. The marker detection
of the thermal image is not affected by the fog shown
by the blue square in Fig. 3.
Marker detection with visual cameras has been well
researched. The application of ﬁducial markers like
ArUco [16], AprilTag [15] is well established. These
approaches encodes an ID into the marker. Assuming that each marker ID exists only once in the environment, ﬁducial marker detection solves the association problem. Detection of ﬁducial markers however,
is computationally demanding which implies a high
load on embedded platforms. Thus, more light weight
markers based on circular patterns like WhyCon [17]
or blobs [24] has been proposed. Since additional information, like IDs cannot be encoded in such markers, a more sophisticated association is required.
Due to the processing speed, robustness and integration into state of the art computer vision frameworks
%DG9LVXDO&RQGLWLRQV
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4.2.

Landing Platform

Goal of the landing platform design is to enable a detection up to 15 m. Using ArUco markers only would
require large markers with a size above 25 cm. Since
the markers need to be heated, they have to be as
small as possible to conserve energy. Using blob
markers only enables the required detection height.
Advanced marker association would, however, be required. This would be difﬁcult during takeoff as only
a single marker is visible due to the close proximity to
the landing target.
Therefore, we use a single ArUco marker with three
blob markers to combine the complementary characteristics of both marker types. The ArUco marker has
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FIG. 3. Visual (top) and thermal (bottom) image with
good (left) and bad (right) visual conditions. Thermal
images are not affected by the fog.
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Maximum Detection Range
4 − 5m
7 − 8m
9 − 10 m
11 − 12 m
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FIG. 4. Landing platform used for simulation (left) and
demonstrator for test ﬂights (right).
a edge length of 10 cm and the squared blob markers
of 4 cm. Fig. 4 shows the landing platform used for
simulation on the left and the landing platform prototype for test ﬂights on the right. The ArUco marker is
placed a little above the center. That way, it will be
in the FOV of the thermal camera if the quadcopter is
placed in the center of the landing platform. The landing platform is 1 m × 1 m. Low power was required
during our ﬂight experiments, 10 W total turned out to
be sufﬁcient to enable robust detection.
4.3.

(a) Height: 0.5m, ArUco only

Landing Platform Detection

Depending on the height above the landing platform
different detection modes are applied:
• At low altitudes (h < 1 m), only the ArUco detection will be done as the blob markers are not in
the FOV of the thermal camera.
• At mid range altitudes (1 m ≤ h < 4 m) the ArUco
detector and the blob detector will be run.
• At high altitudes (h ≥ 4 m) only the blob detector
will be executed as an ArUco detection will fail at
these altitudes.

(b) Height: 3m, ArUco and Blobs

Three examples for each detection interval are depicted in Fig. 6. Since the height is assumed to be
measured by the radar altimeter, the detection interval can be determined online.
An advanced detection algorithm does not need to
be applied if in AruCo only detection mode. Known
image points to world points association is given in
this case, since this information in encoded in ArUco
markers. The detection strategy for the two other detection modes will be explained in the following
The detection algorithm assumes that the landing
platform is approximately gravity aligned. Furthermore, the height above the landing platform has to
be approximately provided. Using the radar altimeter worked good in our case. The ﬁnal input is the
roll angle θbn and pitch angle φnb of the VTOL. Both
angles are provided by the onboard ﬂight controller
since both are vital for the attitude control.
The detection is done in various steps. At ﬁrst all image points from blobs and, if available, the mean of
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(c) Height: 5m, Blobs only

FIG. 5. Visualization of the three different landing platform detection modes.
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the ArUco marker corners are transformed into the
gravity aligned body frame or stabilized frame {}s .
Deﬁning the intrinsic camera matrix K as:
⎡
⎤
fx 0 c x
K = ⎣ 0 fy c y ⎦
(1)
0 0 1

ID_0

ID_1
ߙଵ

݀

݀ଵ

ߚ
center

with the focal length fx and fy and the principal point
cx and cy enables the projection of a point from image
coordinates ppx = [u, v] into homogenous camera coordinates p̃c∗ by:
⎡ ⎤
u
p̃c∗ = K−1 ⎣v ⎦ .
(2)
1

ߙଶ

ߙଵଶ

ߚ

݀ଶ

[

ID_2

Next lens distortions are removed which results in
undistorted, homogenous camera coordinates pc∗ .
Assuming that the z-axis of the thermal camera and
radar altimeter coincides enables to calculate the projected point in the camera frame {}c :
(3)

\

FIG. 6. Landing platform detector: Detection is based
on geometric matching whereas the light green areas
are used as search space for the outer blobs.

pc = hz pc∗

with the z-component hz of the ground target measured by the radar altimeter. Using the global roll angle θbn and pitch angle φnb of the VTOL enables to state
the rotation matrix Csb from the body frame {}b to the
stabilized frame {}s . Transformation of the projected
point into the stabilized frame using a previously calibrated body frame to thermal camera frame rotation
matrix Cbc yields:
(4)

with an Extended Kalman Filter whereas an outlier rejection is carried out as well. This architecture enables easy integration with state of the art ﬂight controllers e.g. Pixhawk [25] as used in our work. In
addition, the application of low cost IMUs is proved.
Two approaches regarding pose estimation are explored:
• Pose estimation based on the so called
Perspective-n-Point-problem (PnP) [26].
• Position and yaw estimation aided by IMU and
radar altimeter.

ps = Csb Cbc pc .

This is done for all detected image points which results in Cartesian coordinates. The geometric matching relies only on the x and y coordinate. Goal is to
determine the center and to associate the other three
blobs to their ID as depicted in Fig. 6. The association is achieved using a geometric matching based on
the distances d0 , d1 , d2 and angles α01 , α02 , α12 of the
surrounding blobs to the center. The light green area
in Fig. 6 shows the search area during the matching. The association, that matches best regarding distance and angle is assumed to be correct one. Based
on the association, the pose estimation is performed
as described in the next section.
4.4.

Pose estimation with PnP is a well established
method for image based pose estimation which has
a good support in state of the art image processing
frameworks like OpenCV [24]. Given at least three
image point to world point correspondences along
with the camera calibration enables to solve the PnPproblem. This results in the 6-DoF pose of the landing
platform which minimizes the reprojection error. Main
disadvantage of this method is, however, the requirement for very exact image point coordinates. Even
small displacements yields in particular in difﬁcult perspectives huge pose estimation errors. These difﬁcult
perspectives are quite common in our use case. All
features are placed on the 1 m × 1 m landing platform.
At larger altitudes, e.g. > 3 m, all features are located
at a quite small area of the image. Thus, pose estimation based on PnP will degrade. Therefore, the application of another localization method is presented.
The main idea of the IMU and radar altimeter aided
method is make use of these sensors. Since we
want to determine only the position and yaw angle,

Pose Estimation

The aim of the our approach is to integrate our thermal based precision takeoff and landing with state of
the art ﬂight controllers. Thus, a loosely coupling of
the image based pose estimation and the navigation
ﬁlter of the ﬂight controller is implemented. Based on
the landing platform detection, an image based pose
estimation is done. This pose estimate is then fused

ΞϮϬϮϬ

]

ϱ

ĞƵƚƐĐŚĞƌ>ƵĨƚͲƵŶĚZĂƵŵĨĂŚƌƚŬŽŶŐƌĞƐƐϮϬϮϬ

< 1 m), a reﬁnement phase is executed. The VTOL
hovers until the horizontal position is sufﬁcient close
the center of the platform. In addition, the horizontal
velocity must be close to zero. If both conditions are
met, the ﬁnal touch down is performed.

the pose estimation can be simpliﬁed. This approach
uses the projected detections in the stabilized frame
ps from (4). Based on this, a similar approach of pose
estimation as proposed in [22] can be applied. At ﬁrst
the yaw angle of the VTOL is estimated, then the estimation of the position is done. The angles of the
vector connecting the outer blobs with the center is
calculated by:
(5)

ψ̂c0 = atan2(ps0,y − pscenter,y , ps0,x − pscenter,x ),

(6)

ψ̂c1 = atan2(ps1,y − pscenter,y , ps1,x − pscenter,x ),

(7)

ψ̂c2 = atan2(ps2,y − pscenter,y , ps2,x − pscenter,x ).

5.

The proposed system has been evaluated in simulation and real test ﬂights. The real test ﬂights have
been done in a motion capture system for accuracy
evaluation and in a gym with bad visual conditions
which were created with a fog machine.

Applying (5) - (7) using the real landing platform prototype yields the true angles ψc0 , ψc1 , ψc2 . Assuming
alignment of the landing platform with the global xand y-axis yields the estimated yaw angle ψ̂bn of the
VTOL:
(8)

ψ̂bb =

5.1.

2

1
ψ̂ci − ψci .
3 i=0

p̂n{0,1,2,c} = Cnb Cbc pc{0,1,2,c} .

The mean of all detection residuals yield the estimated global position p̂nb :
(10)

p̂nb =

1
4



5.2.

i∈{0,1,2,c}

Guidance

The guidance manages the takeoff and landing of the
VTOL. During takeoff the horizontal position is controlled such that the VTOL stays centered above landing platform. In our test ﬂights, we applied a maximum
vertical velocity of 1 m/s. The position controller is a
cascaded PID controller implemented as part of the
Pixhawk ﬂight controller. The landing guidance operates in two modes: Approach and touch down. In
the approach phase, a maximum vertical velocity of
1 m/s is applied while the horizontal position is kept
centered above the landing platform. As soon as
the VTOL gets close to the landing platform (height
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Simulation

The system has been evaluated in simulation. A realistic simulation setup is used based on Gazebo. The
software in the loop mode of Pixhawk is applied such
that the same ﬂight controller code is executed for
both simulation and real ﬂights. Sensor noise was
simulated with values observed on real test ﬂights. A
snapshot of the simulation along with example images
and detector visualization is given in Fig. 8.

p̂ni − pni .

The estimated global position p̂nb and yaw angle ψ̂bn
are fused with the data of an IMU in an Extended
Kalman Filter. The measurement is, however, only
fused if it passed an outlier test. Result is a smooth
localization at high rate. Even short outages of the
thermal camera based motion estimation are bridged
using this kind of sensor fusion.
4.5.

Quadcopter

The quadcopter prototype shown in Fig. 7 has been
used for the test ﬂights. The motors are mounted
facing downward. The quadcopter has a diameter of
55 cm and a takeoff weight below 2 kg. Fig. 7 shows
the thermal camera and radar altimeter. A FLIR Boson 640 thermal camera with a resolution of 640 × 512
pixels and a TI IWR1443Boost EVM radar are used.
The thermal images are processed with 10 Fps and
the radar altimeter is running at 20 Hz. All processing
is done onboard on a credit card size UpCore embedded computer. A Pixhawk [25] ﬂight controller is
used. ROS [27] is widely used for communication and
as base framework.

The rotation matrix from the body frame to the global
navigation frame Cnb is calculated using the global roll
angle θbn , the pitch angle φnb of the VTOL and the
global yaw angle ψbn from (4). Thus, each detected
point can be transformed into the global frame:
(9)

EXPERIMENTAL RESULTS
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FIG. 7. Bottom view of the VTOL used for the test
ﬂights: Quadcopter with < 2 kg takeoff weight.
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FIG. 8. Snapshot from the simulation (left) with the
corresponding simulated image (right, top) and the
output of the landing platform detector (right, bottom).
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The images of the thermal camera have been simulated with a gray scale camera model. The same
FOV and image size has been used. Fig. 9 shows
an example of a simulated image on the left and a
thermal image from one of the test ﬂights on the right.
The landing platform looks quite similar, despite more
noise and non uniformity of the thermal image. Detection of the landing platform was in fact better with real
thermal images. Based on thermal images, detection
of the landing platform worked even at a distance of
15 m. Due to the heat of the Peltier modules, they appear very clear, even from far distance. In simulation,
however, the maximum detection range is circa 10 m.
This can be explained by the fact that only a passive
structure is simulated, which does not act as a light
source.
Two different types of pose estimation has been presented in Sec. 4.4. They have been evaluated in our
ﬁrst simulation experiment. A takeoff and landing are
executed. During takeoff, a stepwise height proﬁle is
ﬂown for better evaluation. The step size is 1 m and
changed every 3 s with a maximum at 9 m. The resulting ground truth height is shown in the upper plot of
Fig. 10a. The errors of the PnP based and IMU based
pose estimation are analyzed in the lower three plots
of Fig. 10a. At low altitudes (below 4 m) this method
turns out to be quite accurate.
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FIG. 9. Simulated image (left) and real thermal image
from test ﬂights (right).
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FIG. 10. Evaluation of the two simulation results:
Pose estimation (top) and circle ﬂight (bottom).
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At higher altitudes, however, the perspective gets difficult for the PnP based pose estimation since the distance between the blobs gets small. The IMU based
method on the other hand shows small errors which
are proportional to the altitude. This method depends
on accurate roll and pitch angles. Due to offsets of
the accelerometers, roll and pitch also shows small
offsets. Thus, the position error grows with larger altitudes. The position error norm of the IMU based
pose estimation is circa by a factor of 10 smaller than
the PnP based method at higher altitudes.
The yaw error is similar for both methods and shows
little dependency on the altitude. Below 1 m (around
6 s and 60 s), however, larger yaw errors can be observed. Only the ArUco marker is detected which results in a less accurate yaw estimation.
The second simulation flight experiment evaluates
the the accuracy and detection performance at more
challenging conditions. Therefore, a circular flight at
8 m was simulated. The ground truth along with the
IMU based pose estimation are at the top of Fig. 10b.
During the circle phase, yaw was always controlled
such that the quadcopter pointed forward. Thus, yaw
covered values for full 360 ◦ at an altitude close to
the maximum detection height. Successful pose estimation with position norm errors below 0.4 m (mean:
0.13 m) and absolute yaw errors below 2 ◦ (mean:
0.35 ◦ ) prove the robustness of the detector and the
accuracy of the IMU based pose estimation.

FIG. 11. Snapshot of motion capture test flight.
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FIG. 12. Accuracy analysis.
5.3.

Motion Capture Test Flight
PnP
IMU

The accuracy of the thermal based pose estimation
has been evaluated using a motion capture system.
A snapshot of the flight is shown in Fig. 11. During these flights, the height has been varied between
0.5 m and 2 m above the landing platform. Ground
truth is provided by a motion capture system. In particular close to the landing platform, a high accuracy
localization is crucial for a precise landing.
The thermal based pose estimation is evaluated regarding the position error norm and the absolute yaw
error. This is done for both pose estimation approaches from section 4.4 similar to our first simulation experiment. Fig. 12 shows the result for a 30 s
test flight. The mean absolute errors for both pose
estimation techniques are summarized in Tab. 2.
Both flights have a mean position error norm of circa
0.05 m. Both approaches yield a high accuracy position estimation as shown be the small errors. PnP
tends to more susceptible towards image noise. This
can be observed around 5 s, 18 s and 26 s. At these
timestamps, the height was below 1 m. Thus, only the
ArUco marker was detected which covers only a small
area of the image. Consequently, the PnP method
shows a high frequency noise error. The position error of the IMU based approach is not affected by this
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ex
0.05 m
0.02 m

ex
0.02 m
0.03 m

ex
0.01 m
0.03 m

eψ
1.67 ◦
0.59 ◦

TAB. 2. Mean absolute errors motion capture.
phenomenon. Similar position errors have been observed in simulation, see e.g. the first 10 s in Fig. 10a,
which corresponds to a max height of 2 m.
The mean absolute yaw error is circa 1.7 ◦ for the PnP
approach and circa 0.6 ◦ for the IMU based approach.
The PnP based yaw estimation has a larger mean error and also some outliers e.g. at 24 s. Both methods
show accurate yaw estimation once the whole landing platform is in the FOV and all blobs are used for
pose estimation. In this case, the distance of the detections in the image is quite large. Thus, detection
errors in the magnitude of a few pixels does not affect
the accuracy strongly.
5.4.

Indoor Test Flights

Demonstration of the thermal based precision takeoff
and landing system has been done indoors in a gym.
No localization other than the thermal based pose estimation method IMU has been used. All flights were
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conducted completely autonomously using the guidance from Sec. 4.5. Bad visual conditions have been
simulated with a fog machine. A snapshot of a test
ﬂight with good visual conditions is shown in Fig. 13a
and of bad visual conditions in Fig. 13b. Both snapshots are at 5 m above the landing platform which was
the maximum ﬂight height of this environment. The
onboard view for both ﬂights is shown in Fig. 13c. The
proposed system was not affected by the fog proving
it being suitable for degraded visual environments. All
10 test ﬂights up to different altitudes (2 m-5 m) has
been successful with a touch down close to the center of the landing platform.

4XDGFRSWHU

/DQGLQJ3ODWIRUP

5.5.

Due to the limited maximum ﬂight height at the gym
test site, a different experiment has been conducted
in one of our labs to evaluate the maximum detection
distance. The landing platform has been placed on
one side of the room. Due to furniture and reﬂections,
several blobs were detected as shown in Fig. 14a.
Robust detection of the landing platform was possible
up to a range of 15 m as shown in Fig. 14b.

(a) Flight at good visual conditions.

4XDGFRSWHU

5.6.

/DQGLQJ3ODWIRUP

(b) Flight at bad visual conditions.
%DG9LVXDO&RQGLWLRQV

(c) Onboard views of the thermal camera.

FIG. 13. Summary indoor test ﬂights at 5m.

ΞϮϬϮϬ

Comparison to Radar based System

This section compares the proposed thermal based
precision landing system with previously proposed
radar based system [22]. The main components are
shown in Fig. 15. Only the FMCW radar is used as
main sensor. It detect passive radar reﬂectors placed
below the landing platform which enables pose estimation. The global pose estimates are also fused
with an EKF with outlier rejection. A summary of the
comparison is given in Tab. 3.
Both systems has been demonstrated in bad visual
conditions successfully. The same landing platform
size is used for a better comparison. We chose
1 m × 1 m for the demonstrators. The ground unit
or equipment needed for the landing platform is different. The radar based system requires only passive reﬂectors. The thermal based system, however,
needs active Peltier modules for heating. Both systems has been evaluated in similar ﬂight experiments
with motion capture in close proximity of the landing
platform (< 2 m above the landing platform). The
radar based system achieved an mean position error norm of 0.07 m [22]; the thermal based system
0.05 m. Thus, the position accuracy in close proximity is very accurate. The yaw error is more different.
The radar based system achieved a mean absolute
yaw error of 4 ◦ whereas the thermal based system
achieved 0.6 ◦ . The thermal based system showed
a more accurate pose estimation also during the test
ﬂights which resulted in more stable hover positions.
The detection range of the landing platform enables
a detection up to 5 m for radar and 15 m for thermal.

)RJ0DFKLQH

*RRG9LVXDO&RQGLWLRQV

Maximum Detection Range
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FIG. 15. Radar based system [22].

Bad Visual Conditions
Size Landing Platform
Ground unit
Position Accuracy
Yaw Accuracy
Detection range
Embedded Realtime
CPU Usage
Max Rate
Sensor cost
Total weight

(a) Blob detections at 15m distance.

Radar
yes
1m × 1m
passive
good
medium
ca. 5 m
yes
low
20 Hz
low
50 g

Thermal
yes
1m × 1m
active
very good
very good
ca. 15 m
yes
high
10 Hz
high
50 g + 80 g

TAB. 3. Comparison of precision takeoff and landing
systems: Radar based vs. thermal based.
6.

This paper presented an autonomous precision takeoff and landing system for VTOLs that can operate
in GNSS denied and degraded visual environments.
Relying on thermal imaging and a radar altimeter enables safe and reliable guidance during takeoff and
landing. The proposed system uses a down facing
thermal camera to detect the landing platform which is
built with thermal makers. Inspired by visual markers,
a combination of different makers is proposed and a
robust detection algorithm developed.
Our approach is tested in simulation and with real test
ﬂights. The accuracy close to the landing platform
has been evaluated with test ﬂights in a motion capture system. Demonstrations with indoor test ﬂights
proved the proposed system for precision takeoff and
landing even in bad visual conditions. A comparison
to a previously developed radar based precision takeoff and landing system showed the advantages and
disadvantages of both approaches.
Integration and test ﬂights with GNSS based missions
will be evaluated in future work.

(b) Landing platform detection at 15m distance.

FIG. 14. Maximum detection range landing platform.
Both systems are running in real time on a credit card
size embedded platform like the UpCore. The CPU
usage is low for radar whereas it is high for thermal
due to the image processing. Thus, the pose estimation rate of the thermal system is limited to 10 Hz.
Since a standard FMCW radar sensor is used, it is of
low cost in particular compared to a thermal camera.
The total weight of both systems is below 150 g even
for the thermal system. Consequently, both systems
can be applied even on small VTOLs like our quadcopter (takeoff weight < 2 kg and 55 cm diameter).
Thus, the thermal camera based system provides
higher accuracies and longer detection ranges at the
cost of higher computational load and the requirement of an active landing platform with Peltier modules. The radar based system is low cost, requires
only little CPU usage and only passive radar reﬂectors. However, it provides a lower maximum detection
range and is less accurate.

ΞϮϬϮϬ

CONCLUSION

Contact
christopher.doer@kit.edu
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