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Abstract—A 26 GHz low-cost, low power, and low complexity
pulse correlation radar (PCR) for online altitude over ground
estimation of an unmanned aerial vehicle (UAV) is presented.

In the experimental part of this paper, measurement results
of the customized lightweight radar are shown. Therefore, this
radar, a commercially available lidar sensor, and a real time
kinematic global navigation satellite system (RTK GNSS) are
mounted on a UAV.

It is shown that in sparse vegetation, the radar in combination
with a particle filter outperforms the lidar sensor. Besides, it is
explained, why strong radar reflections can lead to a time offset
of the particle filtered altitude. As an application, a radar-based
terrain map is presented.

I. INTRODUCTION

In many applications the altitude above ground of a UAV
has to be precisely known. By default, UAVs are equipped
with pressure altimeters and GNSS systems. Both sensor
principles provide an altitude information in relation to a
reference plane. Pressure altimeters measure the changes in
atmospheric pressure and use them to calculate the altitude.
GNSS systems provide an altitude above a mathematical
model that approximates the shape of the earth.

However, during the flight above rough terrain, e.g. upward
and downward slopes, trenches, or undulating terrain, the
altitude above ground, the so-called absolute altitude, can-
not be measured by these sensors. Additionally, both sensor
principles fail indoors, if there is no GNSS reception and the
atmospheric pressure is influenced by air conditioning.

State-of-the-art consumer UAVs overcome this problem by
using a downward looking vision system or ultrasonic sensors
[1]. The drawback of these sensor principles is the limited
measurement range, e.g. from 0.3m to 13m for the down-
ward looking vision system, and the dependence on ambient
conditions, e.g. temperature, light, and surface properties.

Many of these challenges can be overcome by using radar
sensors. In [2] and [3] frequency modulated continuous wave
(FMCW) radar altimeters are presented. However, FMCW
radars are complex sensors. In order to record and process the
output signal, a high-speed analog-to-digital converter (ADC)
and a digital signal processor (DSP) to calculate the fast
Fourier transform (FFT) are required.

In this paper a 26 GHz low-cost radar sensor of low com-
plexity for UAV online altitude estimation is presented. The

advantage of this radar altimeter compared to an FMCW radar
is the low power consumption, the low computational cost, and
the low required ADC sampling frequency. The drawback is
the comparatively low measurement rate.

The paper is organized as follows: The PCR is presented in
Section II. Section III briefly describes the overall measure-
ment system. In the Sections IV and V measurement results are
presented and discussed. A radar-based terrain map is shown
in Section VI. Section VII gives a short conclusion.

II. PULSE CORRELATION RADAR

The block diagram of the 26 GHz radar is shown in Fig. 1.
The radar front-ends are available as monolithically integrated
radio frequency circuits. The functional principle of the PCR
is explained in detail in [4]. The range to be observed is
sequentially sampled by a varying time shift between the
transmit oscillator (TX) and the local oscillator (LO) pulses.

The effective bandwidth of the radar is 1 GHz resulting in
a range resolution of about 15 cm. The power consumption of
this chip is 3mA, when supplied with a voltage of 3 V. The
pulse repetition frequencies (fprgs) determine the maximum
unambiguous range (80 m) and the measurement rate (10 Hz).
Instead of using two fine-tuned oscillators [5], the PRFs to
trigger the transmit and the local oscillator are provided by a
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Fig. 1. Block diagram of the radar chip and its external circuit. The PCR

consists of a transmit oscillator (TX), a local oscillator (LO), a power amplifier
(PA), a coupler, a low noise amplifier (LNA), and a mixer.



single programmable clock generator (PCG) chip. This allows
the PRF to be changed dynamically during the flight. For
instance, the measurement rate could be increased to (40 Hz)
at the expense of the maximum unambiguous range (20 m)
during take off and landing.

The intermediate frequency (fir) signal is amplified by a
bandpass amplifier and a logarithmic detector (LOG). Subse-
quently, the signal is lowpass filtered with a cutoff frequency of
10kHz, amplified, and sampled by a 20kHz microcontroller-
integrated ADC. The recorded raw radar signal, the so-called
envelope curve (e.g. Fig. 8), can be interpreted without further
signal processing. At the time of writing the envelope curve
is simply forwarded via the universal serial bus (USB).

The size of the radar prototype excluding the antenna is
about 53 mmx43 mmx10mm and it weights 27 g. The total
power consumption of the radar sensor is about 480 mW. For
electromagnetic compatibility (EMC) reasons the radar is built
into a tin shielding.

III. OVERALL MEASUREMENT SYSTEM

The overall measurement system is shown in Fig. 2. As
UAV a commercial available hexacopter is used. A differential
RTK GNSS is mounted on top of the UAV and connected to
the flight controller. The position data is broadcasted by the
flight controller with an update rate of 5 Hz via the USB. The
vertical positioning accuracy of this system is 2cm [7].

The radar altimeter is mounted below the UAV. For mea-
surement comparison, a lidar sensor is mounted next to it.
The accuracy of the lidar is stated to be +2.5cm up to Sm
distance and £10cm beyond [6]. It runs with an update rate
of 200 Hz and provides a single distance measurement value
per measurement via inter-integrated circuit (I2C).

All measurements are recorded by a central data logger. It
stores the RTK GNSS data, the lidar data, and the raw radar
data and provides a time stamp to each measurement.

Since no gimbal is used, an inclination of the UAV results
in a deviation of the measured altitude. Therefore, the sensors
will illuminate an area that is not exactly below the UAV. This
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Fig. 2. DIJI Matrice 600 Pro in conjunction with a DJI differential RTK
GNSS. The radar altimeter, a lidar sensor, and a single-board computer are
mounted below the UAV.

Fig. 3. Photo of the rock walls. The step size, the flight path, the different
altitude levels, and the positions P; and Ps are illustrated.
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Fig. 4. Radar image from the flight above the rock walls.

error must be limited by a low airspeed, so that the UAV is
as level as possible.

IV. EXPERIMENTAL RESULTS — ROCK WALL

The UAV was flown horizontally over the two rock walls
shown in Fig. 3. The first wall is 1.2m high and is stepped,
the second wall is 0.4m high and has a sharp edge. From
its take-off point, the UAV was steered to position P;. From
there it was flown above the stepped wall and the wall with
a sharp edge to position P», and afterwards back to position
P, again. The GNSS altitude of the UAV was kept constant
at approximately 2 m above its take-off point.

The corresponding radar image is shown in Fig. 4. Each
column of the image represents a single radar measurement. In
total the image consists out of 466 measurements. The altitude
of the radar measurement was extracted using a particle filter.
For comparison the lidar data as well as the RTK GNSS
altitude are plotted.

The stepped rock wall (step of 1.2m) was overflown the
first time from 26s until 28s, and the sharp edge (step of
0.4m) was overflown in the time slot from 28s to 30s.
As expected, the RTK GNSS system does not measure any
altitude differences, since the altitude above mean sea level
(MSL) stays almost unchanged.

The lag of the extracted radar data, in particular during the
first overflight of the sharp edge, can be explained by the



Fig. 5. Photo of the boundary between low grass and cornfield from the radar
altimeters perspective. The flight path (P; to Ps) as well as the slope gradient
is illustrated.

inertia of the tracking algorithm and the large footprint of the
radar beam. It can be seen that the stone slab at the edge of the
rock wall leads to a strong reflection. As long as this strong
reflection lies in the footprint of the antenna, the particle filter
will track this reflection and not the weak reflection from the
layer below. The same behaviour can be observed while flying
over the stepped rock wall. The corners of the steps lead to a
strong reflection delaying the radar signal. On the way back,
the UAV speed was faster, so this effect is not visible.

The altitude above ground and the actual step size can be
measured quite accurate. Due to the smaller footprint and the
better resolution the performance of the lidar is advantageous
in this scenario.

V. EXPERIMENTAL RESULTS — CORNFIELD

In the second scenario the UAV was flown in a constant
altitude above MSL in meanders at the boundary of a cornfield.
The measuring field is illustrated in Fig. 5. Since the corn is
sparsely planted, the ground is still visible in-between the corn
TOwS.

The corresponding radar image is shown in Fig. 6. The
sinusoidal curve of the absolute altitude can be explained by
the slope gradient.

The radar image indicates, when the UAV is flying above the
cornfield (e.g. between 12s and 30s). The vegetation leads to
reflection (clutter) in different distances closer than the ground
reflection. Because of the large area illuminated by the radar
and the ability to penetrate the corn leaves, the ground is
visible in each measurement.

In Fig. 7 the particle filter extracted radar altitude and the
raw lidar data are shown. Since the ground is visible in each
radar measurement, the particle filter can track its reflection
and determine the altitude above ground. However, the lidar
with a small footprint only measures the distance between the
UAV and the vegetation. It is not possible to determine the
flight altitude above ground level. Thus, in this scenario the
radar in conjunction with a particle filter can outperform the
simple lidar sensor.

In Fig. 8 single radar measurements (envelope curves)
with a temporal distance of 400 ms are shown. In the first
measurement Fig. 8a the peak in a distance of 5.1 m represents
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Fig. 6. Radar image from the flight above the cornfield.
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Fig. 7. Cornfield: comparison between lidar and radar.

the ground reflection. In the second measurement Fig. 8b the
altitude above ground is approximately 5.4 m. The peaks in the
range from 3m to 4.5m are reflections from vegetation, e.g.
leaves, corncobs, and corn stalks. Regarding this, the closest
reflection 3 m and the ground reflection 5.4 m the plant height
could be estimated to 2.4 m.
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Fig. 8. Single radar measurements recorded in a temporal distance of 400 ms
at the boundary of the cornfield.



Fig. 9. Photo of the rock walls from the bird’s eye view.

VI. TERRAIN MAPPING

In many applications a 3D image is necessary, e.g. to
estimate the volume of bulk solids, to create 3D building
models, or to generate a digital elevation model (DEM). Using
the system described above and performing a grid flight a 3D
image can be generated. As example, a simple terrain map of
the rock walls shown in Fig. 9 is presented.

To generate the image shown in Fig. 10, the UAV was
manually steered several times above the rock walls in a
constant altitude. The radar as well as the lidar provide only
one altitude value per measurement point. Both sensors point
downwards. They can not be steered into a certain direction
to scan the area. Therefore, the resolution depends on the
measurement grid, on the movement of the UAV and the
beamwidth of the antenna.

The altitude above MSL obtained by the RTK GNSS was
used as reference. Due to the different measuring rates, the
position data was interpolated to fit to the radar measurements.
As input data the raw lidar data and the altitude data of the
radar sensor tracked with the particle filter were used.

In both terrain maps, the shape of the rock walls can be
reproduced. As previously discussed, the particle filter tracks
the strongest reflection. Thus, the edges of both rock walls
smear. In addition, the reflection from the bush (5.5 m/8 m),
clearly visible in the lidar image, is not present in the radar
image.

VII. CONCLUSION

A low complexity radar sensor in conjunction with a particle
filter tracking the UAV altitude above ground was presented.
The comparison of the radar with a commercial low-cost lidar
sensor in two different scenarios prove the functionality of the
system. In sparse vegetation the radar sensor outperforms the
lidar since the radar still can track the ground, whereas the
lidar measures the distance to the vegetation.
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Fig. 10. Terrain maps of (a) lidar and (b) radar.
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