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Abstract—Anti-personnel fragmentation mines are relatively
large metallic mines, which are only partially buried and often
triggered by a metallic tripwire. In humanitarian mine clearance,
the search for the wires is usually carried out manually. As a
new approach, an airborne system for the detection of tripwires
using a synthetic aperture radar is presented. The system consists
of an industrial multicopter, a frequency-modulated continuous-
wave radar, and a real time kinematic global navigation satellite
system. For image formation, a back-projection algorithm is used.
Measurements with tripwires attached to a dummy mine success-
fully demonstrate the functionality of this system approach. In
addition, the influence of wire length, vegetation, and incidence
angle are investigated. It is shown that several overflights with
different directions of flight are required to detect randomly
oriented tripwires.

Index Terms—anti-personnel mine, frequency-modulated
continuous-wave radar, multicopter, synthetic aperture radar,
tripwire, unmanned aerial system.

I. INTRODUCTION

ANTI-PERSONNEL (AP) fragmentation mines pose a
major lethal risk in humanitarian demining. In contrast

to blast mines, fragmentation mines are much larger, have a
high metallic content, and are usually either placed on the
ground or only partially buried. They use an area fuzing system
and have a large lethal range. A slight pull on a tripwire is
enough to trigger the mine and injure or kill people in a radius
of more than 50 m [1]. The mine itself should be very well
detectable with metal detectors (MD), radars, or visually, but
the challenge lies in the detection of hidden tripwires that
trigger the mine from a distance.

The current mine clearance procedure for detecting and
locating tripwires is carried out by hand with a tripwire
feeler and by a visual search. The tripwire feeler is inserted
parallel to the ground repeatedly and lifted slowly upwards.
After searching for the tripwires, the vegetation is cut back.
However, in dense vegetation this procedure has to be repeated
multiple times. Moreover, this process is very time-consuming
and requires maximum concentration, as one mistake could
cost lives [2].

In addition to radars and metal detectors, chemical, acous-
tical, and optical sensors have been tested to detect land-
mines [3]. Likewise, various sensors have also been tested for
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the detection of tripwires. In [4], an acoustic method to detect
non-metallic tripwires is proposed. The authors of [2] exploit
the polarimetric infrared (IR) features of the light scattered and
emitted in a scene to distinguish between man-made objects
like tripwires and natural backgrounds. In [5], an imaging
pulse radar mounted on a mobile platform is used to detect
metal wires at stand-off range.

Due to the recent progress in the field of multicopters, it is
now possible to integrate the above-mentioned sensors into an
unmanned aerial system (UAS). The usage of an autonomous
flying sensor platform in humanitarian demining enables the
safe collection and analysis of data, before a deminer has to
enter the hazardous environment.

In [6], partially buried landmines are detected optically
using a down-looking on-board camera on a low-cost UAS. A
UAS equipped with a metal detector and a thermographic cam-
era is reported in [7]. UAS-based approaches using a down-
looking ground penetrating radar (GPR) for mine detection are
presented in [8], [9], [10]. The down-looking approach has the
advantage that the radar can directly measure the depth of a
target. However, the area throughput is low. The area under
investigation has to be scanned in parallel straight lines (B-
scans) so that a high-resolution 3D image (C-scan) can be
generated. With regard to the detection of tripwires, depth
resolution plays a subordinate role. Compared to the down-
looking approach, the advantage of a side-looking radar is the
increased area throughput and the lower ground reflections.
In [11], different UASs designed for military applications in
combination with a side-looking GPR are investigated for mine
detection. However, due to the low altitude required to detect
landmines with a GPR and the high material and financial
risk associated with this type of UASs, the approach was
considered impractical.

In this paper, a PROM-1 (Protupjeaka Rasprskavajua
Odskona Mina-1) dummy mine is used as a test target. The
PROM-1 is a bounding fragmentation AP mine manufactured
in the Socialist Federal Republic of Yugoslavia [12], [13]. The
housing of the mine consists of metal, weighs about 3 kg, and
has a total height of 27 cm. A small primary explosion throws
the mine in the air before it is shattered in all directions. The
lethal range is more than 20 m in radius. Usually the mine
is buried with the prongs 11 cm above ground. The PROM-1
can be triggered by up to 6 tripwires which are usually several
meters in length with a diameter of less than 1 mm. Generally,
these tripwires are placed at a small distance parallel to the
surface of the ground [5].

The focus of past research was either on the UAS-based
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Fig. 1. UAS consisting of an industrial multicopter, an RTK GNSS, and an
FMCW SAR.

detection of landmines or, in particular, on the detection
of tripwires. In this work, the two topics are combined. In
the following, a multicopter-based approach with a synthetic
aperture radar (SAR) to detect PROM-1 fragmentation mines
including their tripwires is investigated. First, the measurement
system and the signal processing chain are briefly presented
in Section II. In Section III, the measurement results with
respect to wire length, incidence angle of the electromagnetic
wave, and vegetation are discussed. Section IV gives a short
conclusion.

II. MEASUREMENT SYSTEM

A. Hardware

The measurement system employed is shown in Fig. 1. It
consists of an industrial multicopter with an integrated inertial
measurement unit (IMU) [14], a real time kinematic global
navigation satellite system (RTK GNSS) with a horizontal
and a vertical accuracy of ±10 mm and ±20 mm, respec-
tively [15], and a bistatic frequency-modulated continuous-
wave (FMCW) SAR operating in the frequency range from
1 GHz to 4 GHz [16]. The output data of the RTK GNSS
(5 Hz), the multicopter integrated IMU (50 Hz), and the SAR
(30 Hz) are time-stamped and stored on a single-board com-
puter for offline processing.

The transmit power of the radar is PT = 15 dBm and the
ramp time of the linear frequency chirp is T = 1 ms. The beat
signal is sampled with a 4 MHz analog-to-digital converter.
The maximum chirp repetition frequency (CRF) is currently
limited to 30 Hz by the data transfer between the radar and
the single-board computer used for data storage.

The lightweight 3D-printed horn antennas can be manu-
ally rotated by 360° to change the polarization between the
flights in a few seconds [17]. The frequency-dependent 3 dB
beamwidth is approximately 60° in the E-plane and 50° in the
H-plane and the gain of the antenna is approximately 6 dBi.

The flight time of the multicopter with the payload of
2.3 kg is about 23 min. Currently, most flights are operated
manually, with the exception of simple patterns, which can
be flown automatically using a mobile application from the
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Fig. 2. Signal processing tool chain.

manufacturer. The first multicopter-based SAR and GPSAR
measurement results are presented in [18], [19].

B. Signal Processing

Due to the highly non-linear flight path of the multicopter,
a standard back-projection algorithm is used for the image
formation [20]. The image at the location (x0, y0, z0) results
from

im(x0, y0, z0) =

N∑

n=1

w(n)S(n) exp(−jφx0,y0,z0) , (1)

where N is the number of chirps, w a weighting factor, S
the interpolated and range-compressed radar signal, and φ the
expected phase for the pixel. The expected phase is given by

φx0,y0,z0 = 2πf0∆t− πK∆t , (2)

with f0 being the start frequency, K the slope of the chirp, and
∆t the round-trip time. ∆t results from the distance between
the antenna and the target

∆t =
2

c0

√
(xa − x0)2 + (ya − y0)2 + (za − z0)2 , (3)

with the speed of light c0 and the position of the antenna dur-
ing a chirp (xa, ya, za). For each chirp, the algorithm requires
the exact antenna position with respect to the the target pixel
(x0, y0, z0), where x0 and y0 are the pixel coordinates in the
2D-SAR image. In the case of a flat surface, z0 is zero.

In the following, the signal processing chain depicted in
Fig. 2 is described in more detail. Depending on the desired
frequency range, the time domain radar data are truncated.
After the range offset is corrected by multiplying the time
domain signal with a complex correction term, the data are
range-compressed and interpolated by performing a Hann-
windowed fast Fourier transform with 16-fold zero-padding.
The result of this pre-processing chain is S(n).

The next step is to estimate the antenna positions
(xa(n), ya(n), za(n)) for each chirp n. The altitude z is
extracted from the range-compressed radar data S(n). The x
and y components are obtained from the RTK GNSS. Then,
x, y, z, the lever arms from the IMU to the antennas, and the
Euler angles α, β, γ provided by the IMU are used to calculate
the position of the phase centers (xa,ya,za) via translations and
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rotations. Afterwards, the position data are interpolated to fit
to the timestamps of the radar data.

The weighting factor w(n) of each chirp is chosen propor-
tionally to the distance to the previous chirp. The longer the
distance, the larger the weighting factor. This ensures that the
radar image is not distorted by changing flight speeds.

III. MEASUREMENT RESULTS

A slow airspeed (or a high CRF) increases the available
integration time and ultimately improves the sensor sensitivity.
The detection performance is then limited to the signal-to-
clutter ratio only. A prerequisite for coherent SAR integra-
tion, however, is very accurate positioning throughout the
integration time. In these measurements, the multicopter was
controlled with the aim of achieving a trajectory as straight
as possible (linear SAR) at a constant speed of about 2 m/s
in order to comply with the sampling theorem and to achieve
maximum efficiency in terms of area per time.

For the evaluation of the following measurement results, the
operating frequency of the radar was truncated from 1 GHz
to 2.3 GHz due to the frequency-dependent behaviour of the
signature of the tripwires. The antennas were mounted in
horizontal polarization. The diameter of the tripwires was
0.5 mm.

A. Angle and Length Dependencies

The radar cross-section (RCS) of tripwires is reduced in the
case of oblique incidence [5]. However, in real applications,
the orientation of the tripwires is arbitrary and unknown, and
depending on the angle of incidence, the wire may not be
visible at all. In order to ensure that all tripwires are detected,
the area to be investigated must be overflown several times
with different flight directions. To analyze the angular system
performance, tripwires with a length of 3 m were tensioned
at an angle of 0°, 5°, 20°, 25°, and 40° at a height of
approximately 15 cm parallel to the ground. The measurement
setup and the measured trajectory projected on the ground
plane are shown in Fig. 3. The wires were attached to small
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Fig. 3. Sketch of the measurement setup to analyze the angular system
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Fig. 4. Photo of the measurement setup sketched in Fig. 3.

wooden rods over a freshly ploughed field without vegetation.
A photo of the setup is shown in Fig. 4.

The UAS was flown manually parallel to the measurement
setup. In total 351 chirps were recorded leading to a total
length of the synthetic aperture of LSAR = 23 m. Regarding the
minimum wavelength λmin = 0.13 m and the mean sampling
distance ∆x= 0.065 m, the sampling theorem is fulfilled. The
range compressed radar data (range profile) and the extracted
altitude of the UAV are shown in Fig. 5. The range profiles
are plotted versus the chirp number, where the first chirp was
recorded at position (x,y) = (−5.5 m,−4 m) and the last chirp
was recorded at the position (17.5 m,−5 m) as illustrated in
Fig. 3.

The strong crosstalk of the antennas can be recognized in the
range up to about R = 3 m. Therefore, the gain of the receiver
chain is limited to avoid clipping. The continuous reflection at
about 3 m corresponds to the altitude of the UAV. In the range
of about 5 m to 7 m, the border between meadow and field is
visible.

The reflectors are targets that are visible over a wide angular
range, along almost the full length of the synthetic aperture.
Their reflections lead to the four hyperbolas cleary visible in
the image. In contrast, the wires are extended targets. They
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Fig. 5. Range compressed radar data and the extracted altitude of the UAV
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Fig. 6. Processed sub-apertures of the data shown in Fig. 5. (a) from chirp 78 to 132, (b) 132 to 183, (c) 183 to 245, (d) 245 to 300, and (e) 300 to 350.
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Fig. 7. SAR image of the data shown in Fig. 5 processed along the full length
of the synthetic aperture.

are only visible in a few chirps, as they are only detectable
from a small angular range.

Their RCS strongly depends on the angle of incidence. To
further investigate this effect, the radar data are divided into
sub-apertures shown in Fig. 6.

Although the 2 wires on the left side (Fig. 6 (a) and (b))
and the 3 on the right side (Fig. 6 (c), (d) and (e)) are in the
same x-range, each of them can only be detected if the angle
of incidence is close to normal.

The signature of the tripwire in Fig. 6 (e) is limited due
to the increasing distance between radar and target, the finite
length of the aperture, and the radiation pattern of the antenna.
This measurement clearly shows the limits of the UAS.

The SAR image processed along the full length of the
synthetic aperture is shown in Fig. 7. For reliable detection
of randomly oriented tripwires, 4 overflights with a flight
direction of 0°, 45°, 90°, and 135° are recommended. The
best result can be achieved with circular SAR, as the wire is
illuminated from all possible angles.

In addition to the orientation, the tripwire length influences
the RCS value. To investigate this effect, 4 tripwires with
lengths of 25 cm, 50 cm, 1 m, and 2 m have been tensioned
at a height of approximately 15 cm parallel to the ground and
parallel to the flight direction. The experimental setup was
carried out on the same site as shown in Fig. 4 and the resulting
SAR image is shown in Fig. 8.

The tripwires of a PROM-1 are a few meters long [21]. The
measurement result shows that all but the shortest wire with a
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Fig. 8. SAR image of a measurement setup to investigate the influence of
the wire length.

length of 25 cm are clearly visible. Thus, with respect to the
RCS, the length of the wire is not of critical concern. With
regard to a classification, it is obvious that from a length of
1 m and more, the shape of a wire could be very well deduced.

B. Influence of Vegetation
In order to simulate a more realistic scenario, a metal bottle

was used as a PROM-1 dummy. The prongs and fuze extension
were made of brass and aluminium, respectively. The total
height of the dummy is about 33 cm. It was buried about
halfway and 4 wires with a length of 3 m were tensioned at
a height of about 15 cm to 18 cm above ground. Four corner
reflectors were placed as reference. The measurements were
made early in the morning, so the grass was still very wet
with dew. A picture of the setup is shown in Fig. 9. Although
the wires have a red sheath, they are hardly visible.

Several overflights in different altitudes and with different
directions of flight have been performed. Depending on the
flight direction, at least 2, or in the best case all 4 wires
were recognized. In comparison to the previous unvegetated
measurements (cf. Fig. 7), the reflected power of the wires
is significantly reduced by the vegetation as can be seen in
Fig. 10.

Thus, a reliable detection cannot be guaranteed. To over-
come this problem, single-look radar images are combined
using an incoherent addition to create a multi-look image.
In advance, the distance-dependent signal attenuation is com-
pensated. For comparison, a multi-look image consisting of 4
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Fig. 9. Measurement setup consisting of a PROM-1 dummy and 4 tripwires
in wet grass, covered with dew.
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Fig. 10. Single-look stripmap SAR image of the setup shown in Fig. 9.

single-looks is shown in Fig. 11. The PROM-1 dummy in the
center of the 4 reflectors as well as all 4 wires are reliably
detectable.

IV. CONCLUSION

In this work, a functional multicopter-based SAR system
for the detection of metallic tripwires was presented for the
first time. It was shown that randomly orientated, vegetation-
obscured tripwires can be detected by overflying the area in
four different directions. Both the wire length and the vegeta-
tion have a strong influence on the signal strength. However,
the multi-look processing ensures reliable detection. In areas
with light vegetation, this system could detect tripwires before
a deminer has to enter the potentially hazardous area and thus
accelerate the process of mine clearance. Currently, an area
throughput of approximately 10 m2/s is achieved (single-look).
In order to be able to operate the system in a real minefield, the
focus is on automatic or ideally autonomous flight operations.
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