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ABSTRACT: Reliably modeling vulnerable road users (VRUs) such as motorcyclists in the virtual environment is indispensable in devel-
oping over-the-air (OTA) validation test methods. However, there are still challenges arising from many possible variations of VRUs,
which may participate in the traffic scenarios. Therefore, it is essential to model them precisely and demonstrate consistency between
virtual evaluation and reality. To achieve this goal, VRUs must be modeled based on their backscattering behavior which can be prepared
based on high-resolution (HR) radar cross section (RCS) measurements. This work presents the backscattering behavior of motorcyclists
as one of the critical VRUs in traffic scenarios. The extracted model of a motorcyclist is analyzed and compared based on HR-RCS mea-
surements with different motorcycle variants. This evaluation is a prerequisite for developing a realistic model of VRUs and ensuring an
adequate level of accuracy.

1. INTRODUCTION

Asafety process for autonomous driving (AD) can not be en-
sured only by field test driving but also needs to develop

a virtual environment to verify the safety assurance and relia-
bility of advanced driver assistance system (ADAS). The auto-
motive sensors, e.g., camera, lidar, and radar, are the compo-
nents of ADAS to provide effective information and warning
for AD and evaluation of its safety feature. However, each sen-
sor type has strengths and weaknesses in the perception of the
environment which can affect the functionality of the AD in ob-
ject detection and recognition [2–4]. Although optical sensors
can perceive the surrounding environment with high resolution,
they are typically more susceptible to weather and light condi-
tions than radar. On the other hand, with the current advance-
ments in automotive radar technology, radar sensors can detect,
track, classify, and localize the objects surrounding the host ve-
hicle in range, azimuth, elevation, and velocity. It means that
the radar sensor collects high-accuracy and high-resolution data
from the environment in the 4-D domain [5]. Therefore, mod-
ern automotive radar sensors perceive the environment more re-
alistically, consistently, and credibly [6–8]. Consequently, for
evolving over-the-air (OTA) validation test methods and more
consistency between the virtual validation method and reality,
it is essential to prepare the HR model of radar targets [9–11]
in the respective frequency range.
The HR radar models of the surrounding, especially VRUs,

can be developed based on the extracted backscattering behav-
ior from their HR-RCS measurement in the radial and angular
domains. These precise radar models can be implemented in
wave propagation simulations of real traffic scenarios to ap-

* Corresponding author: Sevda Abadpour (sevda.abadpour@kit.edu).

proach highly efficient simulation results. Accordingly, the ac-
curacy of the simulations depends on the precision and resolu-
tion of the implemented radar models. Any failure in model-
ing VRUs can cause inaccuracy in the representation of reality
and subsequently, safety violations of AD. There is a large va-
riety of potential VRUs, e.g., pedestrians, cyclists, and motor-
cyclists, to be modeled in the simulation environment [10, 12].
Moreover, each group of them has different types. Thereby, the
reliable modeling of VRUs remains challenging. It is worth-
while to analyze the backscattering model of different types of
exemplary VRUs, especially those with agile behavior in traffic
scenarios. This evaluation can offer a benchmark for modeling
the real world and support the development and homologation
of safety assurance of AD. One of the challenges for prepar-
ing the radar models based on the measured scattering points
is performing the HR-RCS measurements for different viewing
angles of the object under test. Consequently, repeating this
measurement for all different types of VRUs is an arduous task
that requires a long time.
Therefore, in this work, the HR-RCS measurement tech-

nique [11] is utilized to measure the backscattering behavior
of a motorcyclist with three different types of motorcycles and
extract their scattering points (SPs). Since the physical proper-
ties of the motorcycle models differ greatly, the influence on the
backscattering behavior is investigated to decrease the residual
risk associated with their functionality in radar simulations and
machine learning algorithms.

2. MEASUREMENT SETUP
HR monostatic RCS measurement technique is employed to
collect radar data from a motorcyclist with different types of
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motorcycles and extract their radar signatures. The principle
of the utilized HR-RCS measurement technique is described
in [11] showing that this technique is applicable to measure dif-
ferent traffic objects, e.g., bicycles, pedestrians, cyclists, and
motorcycles. Furthermore, the main objective in [11] is to ver-
ify the performance of the dummy object with respect to a hu-
man object so that it can replace human for long and/or danger-
ous test scenarios.
The HR-RCS measurement enables localizing the SPs of a

motorcyclist over its body surface and the SPs’ correspond-
ing RCS values. The measurement setup is configured based
on the ultra-wideband mm-wave frequency modulated contin-
uous wave (FMCW) radar sensor [13], which is equipped with
a high-focusing lens antenna and is called “Radar system” [11].
The configured working frequency range of the radar sensor
is 76GHz to 81GHz. The mounted lens antenna to the radar
sensor increases the gain of the Radar sensor to 40.5 dBi and
focuses its half-power beamwidth (HPBW) of 1.3◦. An ex-
emplary measurement setup for collecting the backscattering
behavior of a motorcyclist is shown in Figure 1, which is con-
ducted in the anechoic chamber of the European Microwave
Signature Laboratory (EMSL), Joint Research Center of the Eu-
ropean Commission (JRC), Ispra, Italy.

FIGURE 1. Exemplary measurement setup for monostatic RCS mea-
surement of the motorcyclist to extract its backscattering behavior.

It should be noted that the calibration step to calculate the
normalized measured RCS values is done by measuring a tri-
hedral corner reflector (TCR) with the inner height of 10 cm. It
is located in the main beam of the Radar system as a point scat-
ter object. Then, the RCS calibration factor is calculated by
comparing the measured RCS value of the TCR and its analyti-
cal value. The analytical RCS value [14] of the utilized TCR is
14.57 dBsm, and its measured value is 15.33 dBsm. Therefore,
the RCS calibration value for the presented measurement in the
this work is −0.75 dB.
To extract the motorcyclists’ radar model, a human dressed

in a motorcycle combi suit must sit still on a motorcycle for a
relatively long time to scan it in its different azimuthal rotation
angles (β). The investigation for the radar model of a person
and a dummy human of the same size shows that they have sim-
ilar backscattering behavior [11]. Accordingly, a person rider
is replaced by a dummy rider, which is dressed in a motorcy-
cle combi suit, during the measurements. The motorcyclist is
placed on the rotating stage, which moves counterclockwise to
scan the motorcyclist with the favorite azimuthal resolution an-

gle (∆β = 10◦). The center of the motorcyclist is placed in the
range of R = 9m from the antenna feed of the Radar system.
The mechanical specification of the measurement setup autho-
rizes the Radar system to scan the whole dimension of the mo-
torcyclist in elevation and azimuth direction with a step width
of 1◦. Subsequently, a complete 360◦ HR-RCS measurement
is performed on the motorcyclist to detect its scattering points
from different viewing angles (β). More details of the measure-
ment setup and the signal processing chain for determining the
SP matrix are discussed in [11].

3. MEASUREMENT RESULTS
A validated dummy motorcyclist is mounted in the test setup,
which is explained in Section 2, to extract its scattering points
from various viewing angles of the radar. The dummymotorcy-
clist is a rider of three different types of motorcycles, i.e., clas-
sic (Honda 900 Hornet), sport (MV Agusta), and cross (Honda
XL 250S), during the experiments. The Radar system initially
begins to measure the backscattered signals by illuminating the
dummy motorcyclist from the front side. The front side of the
motorcyclist under test corresponds to the radar viewing an-
gle of β = 0◦. Figure 2 shows the extracted radar models
of the measured motorcyclists, i.e., same rider for each type
of the motorcycle under experiment, from their viewing angles
in the front view (β = 0◦), side view (β = 90◦), and back
view (β = 180◦), respectively. The measurement results for
full azimuthal rotation angles of motorcyclists are examined for
the approximation of their outline, orientation, and dimensions.
The outline and orientation of the cyclist with each motorcy-
cle are recognizable correctly from the extracted radar images.
Furthermore, the type of motorcycle is distinguishable in the
extracted images.
For quantitative analysis, the derived dimensions of the re-

constructed models are compared with the motorcyclist’s cor-
responding actual sizes (L×W ×H). The actual geometrical
sizes of themotorcyclist are 2.2m×0.8m×1.96mwith classic,
1.9m×0.8m×1.7mwith sport, and 2.17m×0.87m×1.85m
with cross motorcycle. Correspondingly, their measured di-
mensions from extracted radar images are 2.5m × 0.95m ×
1.89m, 1.93m×0.78m×1.42m, and 2.11m×0.94m×1.58m.
It is concluded that the measured and actual sizes are in good
agreement according to the accuracy and resolution [11] of the
measurement setup.
For investigation of the influence of the motorcycle type on

the backscattering behavior of the motorcyclist, the RCS values
of the extracted SPs are averaged in each azimuthal rotation an-
gle, and these values are shown in Figure 3. As expected, this
figure clearly illustrates that the motorcyclist with a classic and
cross motorcycle has a stronger scattering in comparison with
riding a sport type. This observation is the effect of the big-
ger physical size and more metallic material in the structure of
the classic and cross motorcycles on their reflectivity behav-
ior. The differences between averaged RCS values of the mo-
torcyclist with different types in similar viewing angles are in-
spected, and the maximum observed value is 4 dB. Besides, the
sensitivity of the measurements is inspected through Figure 4.
It shows the scattered plot of RCS values for the cross motorcy-
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FIGURE 2. Extracted radar model of a motorcyclist with different type of motorcycles in front view (β = 0◦) of (a1) classic, (b1) sport, (c1) cross
motorcycle; left side view (β = 90◦) of (a2) classic, (b2) sport, (c2) cross motorcycle; and rear view (β = 180◦) of (a3) classic, (b3) sport, (c3)
cross motorcycle.

cle together with the corresponding average in azimuthal angle
as a solid line. The sensitivity of the measurements can be ob-
served through points with high RCS values.
For a more detailed analysis, a dedicated algorithm is de-

veloped to calculate the RCS pattern of the measured motor-
cyclist when it is considered as a single scattering point from
the extracted radar model. The signal processing chain of the
algorithm is shown in Figure 5. The inputs of the algorithm
are the sampled IF data [Sif (ϕij , θij , βj)], which is collected
from measuring the object under test in every azimuthal rota-
tion angle (βj) with a step width of∆β to cover the whole 360◦
viewing angle. The Radar system scans each viewing side of

the object under test in the range of±φij in azimuth and±θij in
elevation directions with a step width of 1◦. It ensures that the
whole dimension of the object under test is scanned. Then, the
algorithm explained in [11] is applied for extracting the scatter-
ing point matrix in every azimuthal rotation angle to calculate
the related scattering point matrix (SP(βj)) in which its rows
have the following structure:

−→
SP (βj) =

[
x′′
ij y′′ij z′′ij RCSij φij θij slij

]
(1)

where x′′
ij , y′′ij , z′′ij are the coordinates of the ith scattering

point on the object under test extremities in viewing angles
βj ; RCSij is its measured RCS value; and slij is its measured
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FIGURE 3. The corresponding average RCS values of the motorcyclist
with a different types of motorcycles in different azimuthal rotation an-
gles (β).
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FIGURE 4. The measured RCS values of different scattering points for
the motorcyclist with a cross motorcycle in each azimuthal angle (β).
Dots show the measured RCS values and the solid line shows the cal-
culated average of the measured RCS value in the corresponding angle.

FIGURE 5. Signal processing chain for calculating the RCS pattern of the measured object from its extracted SPs in different azimuthal rotation
angles (β).

signal level. It should be noted that the RCS value of the ith
scattering point is calculated based on the previously measured
noise level (NLMeas) of the Radar system. Subsequently, the
algorithm produces the correction factor of the received signal
level (CFij) based on the scanning area (φij and θij) and mea-
sured normalized two-way radiation pattern of the radar sen-
sor [Cij(φij , θij)] in the absence of the high focusing lens. In
the next step, the algorithm sums up the complex signal level
of the object under test, which is corrected by the calculated
correction factor. To approximate the magnitude of the sig-
nal in each βj when the object under test is assumed to be a

point scatterer (SL(βj)), a calibration factor (∆SL) of the esti-
mated signal is necessary. For this purpose, an experiment for
detecting a point scattering object (TCR with the inner height
of 4.4 cm) in the presence of the high focusing lens antenna is
conducted. The TCR is placed at a distance of 9.12m from the
sensor. The main beam of the Radar system is aligned with
the center of the TCR, and the raw data is collected for these
measurements. Then, the dielectric lens antenna is removed
from the test setup, and the measurements are repeated to col-
lect the raw data as well. The collected raw data is depicted
in Figure 6 to compare the detected signal level in the absence
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FIGURE 6. Measured reflected signal from a TCRwith the size of 4.4 cm
which is positioned at the range of 9.12m from the radar sensor in the
two experiments, i.e., measuring with lens antenna and measuring after
removing the lens antenna. A comparison between the Radar sensor
and radar system shows the gain [1].

FIGURE 7. Calculated RCS pattern for the measured dummy motorcy-
clist utilizing different types of motorcycles from its different viewing
angles (β) based on the explained algorithm [1].

(SLab,L) and presence (SLpr,L) of the lens. Since the Radar
system, the radar equipped with the lens antenna, has a gain of
40.5 dBi, the expected difference between the detected signal
levels (∆SL) in the mentioned experiments is around 40.5 dBi.
The calculated∆SL from themeasured signal levels in Figure 6
is 41 dB which is in good agreement with the expected value.
Furthermore, the gain of the Radar system can be predicted by
comparing the magnitude of the two mentioned measurements
and with the following equation,

GRadar system = Gradar +
1

2
∆SL = 20 dBi+

1

2
∆SL (2)

and
∆SL = SLab,L − SLpr,L (3)

where SLab,L and SLpr,L are the detected signal levels in the
absence and presence of the lens, respectively. Subsequently,
∆SL is calculated by comparing the received signal level of
measuring a TCR in the absence and presence of a focusing
lens antenna which is estimated as 41 dB.
Consequently, the estimated RCS value in each azimuthal

rotation angle ((RCS(βj))) can be calculated by radar equa-
tion [11] and its estimated signal to noise ratio level (SNRMeas).
The estimated RCS pattern from the collected raw data in HR-
RCS measurement is depicted in Figure 7 for the motorcyclist
with different types of motorcycles. As expected, the RCS val-
ues of the motorcyclist in the side views (β = 90◦ & 270◦)
are more robust than the front or back side. The estimated
RCS values over the motorcyclist azimuthal angle change be-
tween −20 and 7 dBsm, which are expected values based on
the reported values in [15, 16]. It is worth mentioning that Fig-
ure 3 shows the averaged measured RCS values of extracted
SPs while the object under test is assumed as a set of multiple
scattering points. However, in Figure 7, the object under test is
considered as a single scattering point. Therefore, the reported
RCS values for various azimuthal angles in each plot are dif-
ferent.

4. CONCLUSION
This letter presents a comparative analysis of the backscatter-
ing behavior of a motorcyclist riding different types, i.e., clas-
sic, sport, and cross, of motorcycles. According to the results,
a motorcyclist with different types of motorcycles has roughly
similar backscattering behavior, and the RCS values of the SPs
in the extracted radar models are analogous. The approximated
RCS patterns of the motorcyclist, from its HR extracted radar
models, show that the motorcycle type does not significantly
influence its overall reflectivity behavior. It can only change
the level of the RCS values in different viewing angles. To the
best of the authors’ knowledge, for the first time measurements
of different motorcycles have been compared and analyzed. It
is shown that despite the differences in the motorcycle type, a
general model might be derived from the measurement of one
single type, and -if desired- by reducing the broad side RCS
in the case of a sporty model. These general models can be
used for implementation in radar simulations or as a basis for
generic models. Therefore, it can be concluded that measuring
every type of motorcycle is not necessary for developing real-
istic radar models of motorcyclists for later implementation in
wave propagation simulations. It is adequate to measure the
motorcyclist with one of the types and prepare a general realis-
tic model of motorcyclists.
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