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Abstract. Wildlife-related traffic accidents represent a persistent hazard on rural roads in Germany and beyond.
Current electronic wildlife warning systems typically monitor only very short distances and therefore cannot pro-
vide large-area coverage. This paper presents a novel multisensor approach that integrates radar and infrared (IR)
technology into existing roadside delineators. Due to regulatory requirements, delineators are placed at intervals
of 50 m on German country roads. Integrating sensors into these delineators thus provides a uniform infrastruc-
ture that can be utilised. The radial extension of the sensor range allows a monitoring zone to be formed along
the road. We evaluate thermal infrared arrays and high-resolution 60 GHz radar sensors for range, resolution and
robustness under varying environmental conditions. Field measurements in wildlife parks demonstrate that the
system can reliably detect deer at distances of up to 30 m and evaluate their moving speed as well. Challenges
such as ambient temperature effects, optical dispersion in IR detection and resolution limits are discussed. The

results highlight the potential of multisensor systems to reduce wildlife accidents and improve road safety.

1 Introduction

An analysis of wildlife accident statistics from the German
Hunting Association demonstrates a steady trend of increas-
ing wildlife accidents (Kauer/DJV, 2023). In order to as-
sist drivers in avoiding accidents, car developers are turn-
ing to driver assistance systems (Rigling et al., 2022; Car,
2011). Several pilot projects demonstrate how drivers can
be actively warned: an electronic wildlife warning system
has been tested and developed by the Forestry Testing and
Research Institute in Baden-Wiirttemberg, Germany, since
2007. This system involves the installation of a fence along-
side the road to guide wild animals to a crossing area. At this
point, infrared sensors are programmed to detect the presence
of an animal, leading to the triggering of a warning signal for
the driver (FVA, 2008). All existing sensor systems have one
key feature in common: they monitor only short sections of
5-7m, leaving the rest of the road unmonitored. These sys-
tems therefore require additional protection for monitoring
along the road. As described above, fences for instance are
used for this purpose.

To overcome this limitation, we propose a sensor system
that leverages both radar and infrared technologies. Installed
on existing roadside delineators spaced 50 m apart, the sen-
sors monitor a zone extending up to 50 m parallel to the road.
Reliable detection requires the recognition and segmentation
of wild animals, whether in radar range-Doppler maps or
thermal infrared images. The implementation of a higher res-
olution than that employed for presence detection is essen-
tial for the successful integration of an infrared sensor into
a detection and warning segmentation system. Consequently,
low-cost IR arrays are a possible option to identify deer using
imaging techniques. The combination of modalities enables
more robust detection and provides essential data for driver
warnings.

2 Sensor system
It seems appropriate to use sensors that cover the area be-

tween the delineators that look outwards and parallel to the
road. Geometric considerations for covering a secure area
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Figure 1. The schematic represents a road with delineators. The
distance between each delineator is 50 m, and the sensing radius
of the sensors forms a 30 m half-circle radius around a delineator
(Schneider et al., 2025) (https://creativecommons.org/licenses/by/
4.0/, last access: 11 February 2026).

show that sensors attached to a delineator must cover a 30 m
or greater radius in the form of a half circle. Figure 1 illus-
trates this. The radial overlap of 10 m results in an intersec-
tion point between two adjacent detection radii. The distance
between the road and the intersection point is 16.6 m, which
can be considered sufficiently large.

These requirements were used to select the sensors. These
include infrared detectors, which were previously used in
wildlife warning systems, as well as thermal sensors in gen-
eral (FVA, 2008; Animoth, 2025). However, directional de-
tection or imaging is required here to recognise the direction
in which the animal is moving.

A new approach that has already been investigated in
Lavrenko et al. (2021); Rippl et al. (2020) uses radar sensors
to detect micro-Doppler signatures for different living per-
sons and animals. Lavrenko et al. use a 77 GHz radar sensor
with a bandwidth of 3 GHz to detect the signatures. The sig-
nature of each body part is totally different for each of these
subjects. The high bandwidth should make it easy to detect
the animal’s direction of movement and to identify individ-
ual body parts. Based on the results of previous research, a
60 GHz radar sensor was identified that offers similar reso-
lution but can evaluate larger distances. A mobile measuring
system (Fig. 2a), that can be easily positioned, was developed
for evaluating and testing the limits.

The sensors are shown in Fig. 2b. The RFBeam 60 GHz
sensor is located at the top-right corner. To its left, behind
special protective glass, is the Boson thermal camera. The
evaluation board and its IR array are located at the bottom
right.

On the left are two 60 GHz radar sensors from our project
partner, tec Venture. These are aligned at a 20° angle to each
other. Above these is a 24 GHz sensor, also developed by
tecVenture, that was neither used nor evaluated.
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Table 1. IR arrays.

Sensorsize 16x 16 60 x40
Sensitivity  160mK 90mK
FoV 44° 92 x 59°

2.1 Thermal sensors

To evaluate thermal imaging, we used a high-resolution ther-
mal camera from Boson (Flir, 2024), with a 50° field of view
(FoV) lens as a reference for validation and verification. As
we do not know any specific emission values for nature in re-
lation to solar radiation, we perform an automatic adjustment
using histogram optimisation before each measurement inter-
val. This allows us to achieve optimal contrast between the
background and the deer in every scenario. Because these
cameras are expensive, we also used HTPA-IR arrays from
a Heimann Sensor (Heimann, 2024). These are available in
different resolutions, in our case 16 x 16 and 60 x 40 pix-
els. Since the detection of wild animals with thermal imag-
ing cameras depends heavily on ambient light and tempera-
ture, the range was evaluated based on indoor tests, whereby
range is understood to be the maximum distance at which a
person can still be detected at a constant ambient tempera-
ture. The indoor comparison was considered appropriate be-
cause wildlife crossings mainly occur at twilight. These in-
door tests therefore enable measurements to be taken with-
out the influence of sunlight. Thermal solar radiation there-
fore has less influence. Standard Heimann sensors without
adapted lenses were used for the tests. This means that the
viewing ranges of the sensors differ (Table 1).

For a first evaluation of detecting, a person was positioned
in front of the sensors at the same distance and at different
ambient temperatures. For example, as Fig. 3 shows, the per-
son is easily recognisable at a distance of 14.5m in a reso-
lution of 60 x 40 pixels at an ambient temperature of 18 °C.
However, at a resolution of 16 x 16 pixels, the person can no
longer be identified due to the lower resolution in the same
ambient temperature. This can be described by the spot size
ratio (Playa-Montmany and Tattersall, 2021). If this is con-
verted to the pixel area A, Eq. (1) is obtained. Here, d corre-
sponds to the object distance andn corresponds to the num-
ber of pixels in the azimuth and elevation directions, respec-
tively. However, using this equation to determine the maxi-
mum distance between objects in correlation to object size is
incorrect. The reason for this is optical dispersion. This phe-
nomenon describes how the thermal radiation, emitted from a
small area, does not provide sufficient energy to the individ-
ual pixel. For a reliable measurement, the measuring point
should therefore cover a resolution of at least 3 x 3 pixels
(Wang et al., 2019). According to this theory, the target is al-
ready too far away for the sensor in Fig. 3a, because if the
ambient temperature rises, only one pixel would show the
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Figure 2. Sensor system at a measuring location with animal-proof housing and solar modules in (a). (b) shows the sensors.

person. Therefore, the further measurements are limited to
the IR array with the 60 x 40 pixels. This sensor is therefore
appropriate for the distance mentioned above, up to an ambi-
ent temperature of approximately 26 °C.

A=d?. FoV azimuth - FOVelevation - n? (1

2
Nazimuth * Melevation - 180

Practical measurements show that the presence of deer at
a reference ambient temperature of 20 °C can be recognised
both in the IR array and in the high-resolution Boson camera
(Fig. 4). For our proof of concept, the standard configuration
provided by Heimann, as shown in Table 1, is therefore suf-
ficient. To extend the FoV to 90°, either a second sensor or
a lens can be installed. However, as our evaluation shows, a
larger FoV is linked to temperature resolution, which leads
to lower distance resolution under the same environmental
conditions. The single deer is 18 m away and, due to its body
orientation, emits a large amount of heat, which the IR array
maps over several pixels. By contrast, the deer on the left of
the image is slightly farther away and aligned with the sensor
system, resulting in a much lower heat signature.

As part of an initial trial, a convolutional neural network
(CNN) was evaluated for its capacity to automatically detect
deer that pose a threat to traffic safety. Due to the inability
to clearly identify detection in radar data, the co-registration
approach is to be utilised. Prior to the execution of the afore-
mentioned procedure, it is necessary to first evaluate the ther-
mal images. Given the simplicity and rapid detection rate of
the YOLO (You Only Look Once) model, it was selected
as the primary approach for the segmentation process. As in
Wang et al. (2024) and Turmaganbet et al. (2025), the YOLO
(Ultralytics, 2023) CNN was used for automatic referencing.
To achieve this, the 16-bit greyscale images from the Bo-
son camera were cropped to 8 bits using mean-value nom-
ination. This is necessary because thermal intensity is ex-
pressed as a relative number of 16 bits; thus, the measured
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Table 2. Data records for the two YOLO evaluations.

Data set size

Train 1520 images
Valid 867 images
Test 181 images

relative temperature of each pixel is mapped to this value
range. Additionally, YOLO is optimised for evaluating 8-bit
RGB images. Due to the CNN’s architecture, YOLO always
requires three individual images (R, G, and B), which are su-
perimposed to form the overall image. To analyse the impact
of converting 16-bit thermal images to 8-bit false colours,
YOLO was trained twice with the same images and data dis-
tribution (Table 2). For this evaluation, a random selection of
images was chosen, which were manually marked and pro-
vided with bounding boxes indicating where and how many
animals were present. The selected images were then divided
into two classes: with deer and without deer. Three sets of
different sizes were formed from these classes (Table 2). Due
to the false-colour representation and the greyscale scaling,
there are now six sets, three each for processing in the CNN.

After determining the range of the mean value and stan-
dard deviation, the single-channel greyscale image is used as
a three-channel image in the first training case. This means
the grey image is composed three times as RGB and trans-
ferred to YOLO (Fig. 5a). In the second training case, the
greyscale image is coloured using a false-colour representa-
tion of the “jet” colour map and can be split into a three-
channel RGB image (Fig. 5b) as a normal RGB image.

The recall is particularly noteworthy when assessing the
training cases, as it demonstrates the number of deer that can
be detected. The false-colour representation is 84.4 %, about
3 points higher than the grey image. The precision evaluation
shows an even smaller difference, with the false-colour rep-
resentation at 85.4 %, only 2 points higher. Deer are mainly
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Figure 3. Person located 14.5 m away in front of a 16 x 16 array (a) and a 60 x 40 array (b).
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Figure 4. Two deer are located approximately 18 m from the sensor system. (a) shows the high-resolution thermal image captured by the

Boson camera, while (b) shows the image captured by the IR array.

Table 3. YOLO results.

Precision  Recall
Greyscale 832% 81.1%
False colour 85.4% 84.4%

not detected in the recall when they are at a great distance
(20 m or more) from the measuring system or when a large
part of the animal is obscured by vegetation.

This signifies that the acquisition of thermal data is espe-
cially advantageous in environments with substantial vegeta-
tion. In open terrain evaluating images in greyscale is suffi-
cient to detect animals.

2.2 Radar sensors

Radar detection depends strongly on carrier frequency, as
higher frequencies reduce range but improve resolution.
Free-space path loss (Eq. 2) (Gil et al., 2021) and range res-
olution (Eq. 3) define sensor performance. For the FSPL, the
maximum range r of interest is of primary importance, which
depends directly on the carrier frequency f;, with ¢ describ-
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ing the speed of light as the propagation speed in air.
4
FSPL =201log 10(r - fo - —) 2)
c

Due to the permitted bandwidths BW, a higher baseband fre-
quency provides more accurate resolution AR (Lee et al.,
2020).
.
~2-BW

3)

The 60 GHz radar sensor from RFBeam with integrated
signal processing enables a maximum range of » =30m
with a range resolution of AR =0.23 m and a velocity res-
olution of Av =0.43s (Fig. 6) and still has an FoV of az-
imuth = elevation = £86°. This makes it suitable for instal-
lation in our sensor system. Using a moving target indica-
tion filter (Tohidi et al., 2015), static targets can be filtered
without compromising the signal-to-noise ratio. This makes
it possible to detect a deer at a distance of up to r =30 m.

In collaboration with tecVenture, we developed a custom
60 GHz radar sensor using the BGT60UTR11AIP chip (rf-
beam, 2024). The system on chip (SoC) enables a simple
system design. An STM32 serves as the micro-controller unit
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Figure 5. Both images show a deer after mean-value normalisation: (a) in greyscale and (b) in a false-colour representation.
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Figure 6. Range Doppler maps of the RFBeam reference sensor, in panel (a) without MTI filter, in(b) with MTI filter. The deer is located at
11.5 m and is moving at approximately 1s. The remaining targets in (b) are false detections or caused by noise.
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Figure 7. Radar measurement of the tecVenture 60 GHz sensor.
There are three upright deer at distances of 18, 25 and 31 m from
the sensor system.

and configures the radar SoC. It also performs the initial FFT
of the signal processing chain. The principle of a lens out-
lined from the IR arrays can be adapted here, and it has been
implemented because the used chip has an FoV of 180° in
azimuth and elevation. With the lens, the FoV can be limited
to 70°. This results in a wider range of up to » = 30 m. Due
to the parameters used, a higher AR = 0.075 m than with the
RFBeam reference sensor can be achieved. In Fig. 7, three
stationary deer were captured with the tecVenture sensor in
a wildlife park. For this measurement, the MTI filter is deac-
tivated, as the deer are located at static distances at feeding
places.
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3 Conclusions

The presented multisensor system successfully combines IR
arrays and 60 GHz radar sensors to detect wild animals near
roads. Tests demonstrated the reliable recognition of deer at
distances of up to 30 m, although performance is influenced
by ambient temperature, animal orientation and pixel reso-
Iution. Lenses can extend detection range but at the cost of
narrower FoV.

Radar sensors complement thermal imaging by provid-
ing robust motion detection and higher resolution for dis-
tinguishing animals. Although adult deer were reliably de-
tected, further research is required for smaller animals.
The detection of deer has already been tested in high-
resolution thermal camera images, but adaptation to IR ar-
rays is still pending. Detection using YOLO works well in
both greyscale images and false-colour representations, and
can be used for feature extraction. This is important for au-
tomatic labelling and verification of Al-based detection in
radar images.

Ongoing work explores the Al-based classification of ther-
mal images of the IR arrays and motion patterns in range
Doppler maps, also using lightweight detection networks
such as YOLO. This integrated approach shows strong po-
tential for large-scale deployment, leveraging existing de-
lineator infrastructure to enhance traffic safety and reduce
wildlife-related accidents.
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