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Abstract. In this work, a synthetic aperture radar setup is
used for analyzing the mmWave scattering of road surfaces
in the automotive 77 GHz band in the laboratory. With this
setup, samples of concrete roads in two different surface con-
ditions are investigated, determining the variances in reflec-
tivity depending on material composition and surface struc-
ture. Afterward, the distribution of these variations is fit-
ted using probability density functions, namely normal and
rayleigh distribution fits. Consequently, the diffuse scattering
behavior of concrete roads can be described mathematically.
Additionally, previously presented porous asphalt roads are
compared and fitted analogously to get a summary of the
scattering for all common road surfaces in Germany. Fur-
thermore, a validation of the measurement and the process-
ing by analyzing particularly generated reference samples is
performed.

1 Introduction

The automotive industry is one of the most important
branches of industry in Germany. Current developments are
moving in the direction of increasingly automated driving.
For a safe development of highly-automated driving func-
tions, the ability of sensor and scenario simulation is essen-
tial, as it reduces the effort in comparison to real-world test-
ing (Winner, 2018). Such simulations can cover single sen-
sors or can be a fusion of various sensors. Widely used sen-
sors are e.g. cameras, infrared cameras, lidar, and radar sen-
sors. Since there are few data sets of radar sensors as well
as few data determining the scattering behavior of particular
materials for radar measurements, the setup of such simula-

tions can be difficult. Basic approaches like in Hirsenkorn
et al. (2017) in Wald and Weinmann (2019) often use only
geometrical optics and ray tracing, ignoring varying mate-
rial properties in the scenario. Implementing material prop-
erties in simulations can improve the accuracy of the results
or leave resources at critical points by reducing the compu-
tational effort of strongly attenuated reflections. This work
concentrates on roads, as they are a relevant environmental
element in automotive scenarios. More than 20 years ago, Li
and Sarabandi (1999) already analyzed road backscattering
using a 94 GHz polarimetric radar system. Anyways, they
did not distinguish between various asphalt types but sum-
marized the surfaces in three categories. This results in an
examination of rough and smooth asphalt as well as smooth
concrete without further differentiating. Furthermore, these
investigations are not performed for the automotive 77 GHz
band. Schneider et al. (2000) also worked on radar road scat-
tering, mainly considering weather conditions like snow or
rain covering the road. The road itself is generalized, assum-
ing one special type of asphalt that is characterized accu-
rately. Thus, information about differences caused by vary-
ing road surfaces and material composition are not consid-
ered yet but will be analyzed in the following section.

As mentioned before, e.g. a polarimetric radar system
can be used for obtaining scattering data. Another common
method to gain information about surfaces, especially if they
should be very accurate, is using a synthetic aperture radar
(SAR). However, past work using SAR on road characteriza-
tion concentrate on road condition, like Babu and Baumgart-
ner (2020), who monitor mainly road damage. The recorded
inhomogeneities are of higher order than for this work. Fi-
nally, there are various investigations on detecting roads in
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satellite SAR images. Anyways, these detections do not dif-
ferentiate through material properties but use image process-
ing for that purpose. E.g. Henry et al. (2018) use segmenta-
tion for detections.

SAR data is primarily processed to images. But when sta-
tistical effects are an issue like in Mahapatra et al. (2015),
using probability distributions for comparison is convenient.
Therefore, in the following section, a SAR measurement
setup is shown, validated, and used to complete the measure-
ment series on common road surfaces built in on German
highways to get a full set of distribution of all these surfaces.
This study is an extension of the work of Kurz et al. (2021)
and Kurz and Biebl (2022). Kurz et al. (2021) analyzes the
reflection of the different road surfaces for cases when spec-
ular reflection can be assumed. However, it becomes clear
in this work that road surfaces up to very high angles of in-
cidence cannot be assumed to be smooth, and thus diffuse
reflection can occur. After radar is also used for near range
applications, this also occurs in practice. With this work and
the two previous ones, the reflection behavior should be cov-
ered for diffuse as well as specular reflection. The resulting
description can be integrated into a statistical model for sim-
ulation. An example where this could be helpful is small ob-
stacle detection, as this is mainly done in short distances. In
order to record the diffuse scattering as well as possible, an
incidence angle of 0◦ is selected. With using a SAR system,
the scattering can be averaged over small deviating angles.

2 Measurement setup

For this investigation, a SAR is used, with which, in the end,
a 3D radar reflection image can be calculated by means of
a back projection algorithm. The actually measured sample
is fixed directly opposite to two antennas, one transmitting
and one receiving, which put up the RF frontend. Its mount-
ing stage moves in x and z direction from one measurement
point to the other, performing a quasi-static measurement.
Therefore, the wave travels from the transmitting antenna to
the sample, where it is reflected back to the receiving an-
tenna. This setup is illustrated in Fig. 1. Thus, the transmis-
sion (S21) between both antennas is recorded in amplitude
and phase. The measurement is realized in a frequency range
of 75.7–77.7 GHz in horizontal polarization. The setup ac-
complishes a synthetic aperture of 800 mm× 600 mm with
a step size of 1.6 mm. As reflections from the environment
can influence the measurement, the fixture of the sample un-
der test as well as the surrounding, is covered with pyramidal
absorbers. The distance between probe and frontend is deter-
mined manually, and a camera on top of the frontend assures
detailed documentation. The final laboratory collocation is
depicted in Fig. 2. The samples are scanned both from the
rear and the front side. As the back side is plain, its analysis
offers information about material differences in scattering,
while the front side shows the influence of the surface struc-

Figure 1. SAR measurement setup.

Figure 2. SAR measurement in the laboratory like already seen in
Kurz et al. (2021).

ture. In all measurements, a metal washer is placed in the
analyzed area. Assuming that it is perfectly reflecting, it is
used as a calibration value for a reflectivity of 0 dB.

3 Analyzed samples

During this work, two kinds of sample groups are analyzed.
One is for an additional validation of the setup and samples
of concrete, how it can be found on German highways and
streets.

3.1 Reference samples

In order to validate the measurement setup, two reference
samples are structured, for which the two appearing dis-
tribution functions can be presumed. The first one consists
of a smooth aluminum plate, which is surrounded by a
plastic frame serving as casting mold. The mold is filled
with epoxy resin, and in the liquid resin bearing balls are
distributed randomly. The epoxy resin has an expanse of
10 cm× 10 cm× 0.9 cm. For determining the attenuation of
a wave in this material, it was analyzed in a focus-beam trans-
mission measurement presented by Pfeiffer et al. (2008). The
resulting curve over the frequency is shown in Fig. 3. Match-
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Figure 3. 1-way transmission over the frequency of the molded
epoxy resin.

ing the measured attenuation of the epoxy resin to its thick-
ness of the reference sample, an attenuation of −8.1 dB is
expected, assuming full reflection on the aluminum plate.
As the scattering of a rough surface is analyzed, the bear-
ing balls should be smaller than the resolution of the setup.
Therefore, a bearing ball diameter of half the wavelength,
thus 2 mm, is selected. For the preparation of the reference
sample, 1500 bearing balls are thrown in the air in order to
create a random distribution. The ones falling away from the
samples are collected and thrown again, but the ones near to
the samples are not removed before complete hardening to
prevent irregularities in the probe surface. This results in a
total amount of 1442 bearing balls distributed over the sam-
ple. The final distribution can be seen in Fig. 4. The normal
distribution is used for a great diversity of phenomena, for
example, for modeling random distributions (Forbes et al.,
2011). As the scattering objects are distributed randomly, the
analysis should result in a normal distribution.

This leaves a missing reference sample for the asymmetric
Weibull function. Rinne (2020) presents the Weibull distribu-
tion used for describing the grinding of material. So, it was
assumed that an irregular surface with scatterers of differ-
ent sizes, consisting of completely reflecting material, should
show such a behavior. Therefore, the second reference probe
is generated by crumpling aluminum foil around a piece of
styrofoam, which can be seen in Fig. 5. Styrofoam is not visi-
ble for the radar sensor, which only leaves the aluminum sur-
face for measurement, which would be perfectly reflecting
back to the antenna if mounted as a plain surface. However,
the foil is crumpled. Therefore, the sample has a rough sur-
face with irregularities of various sizes. Nevertheless, these
irregularities are not distributed randomly, as the crumpling
is done in one direction and therefore repeating.

Figure 4. Reference sample consisting of an aluminum plate, 1442
bearing balls with a diameter of 2 mm, and a plastic frame as a
casting mold mounted in the measurement setup with the reference
washer on the mount.

Figure 5. Reference sample consisting of a piece of styrofoam sur-
rounded by crumpled aluminum foil, mounted in the measurement
setup with the reference washer on the mount.

3.2 Concrete samples

In cooperation with Peter Holzner Bauunternehmen GmbH
& Co. KG, a leading construction company in the field of
concrete paving and surfaces, two concrete samples with the
surfaces structured as available on German roads. The ma-
terial composition of both samples is the same, which is de-
creed by the DIN norm for Concrete, reinforced, and pre-
stressed concrete structures – Part 2 (DIN 1045-2:2008-08,
2008). At first, this is a German standard, but is harmonized
with Eurocode, what makes it valid all over Europe. The
procedure and practical implementation to fulfill this norm
is described in detail by Biscoping and Kampen (2017). To
cover the differences in processing, two different samples are
manufactured. The first one is a sample with a surface struc-
tured manually by using a broom finish technique resulting in
very well visible grooves. The second sample has a machine-
made surface. To be precise, this is a broom finish structure
as well, but with distinctly minor grooves and, therefore, a
plainer surface. In the former publication, it was referenced
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Figure 6. Concrete samples for the measurement. (a) Surface struc-
tured using a broom finish technique; (b) surface machine-made,
resulting in a finer broom finish structure.

as installed as factory made concrete plate. In a real-world
implementation, an exactly constant material condition can
not be assured due to time variances in surface structuring,
material variances, like sand composition and climatic fluc-
tuation. To simulate this effort, structuring hand-crafted sur-
faces is a common strategy. The structure of the samples is
shown in Fig. 6.

4 Measurement results

In the following section, the measurement results are pre-
sented. The complete measurement results of the asphalt sur-
faces have already been shown in Kurz et al. (2021) and Kurz
and Biebl (2022) and are thus only used for comparison but
not depicted in total again.

4.1 Reference samples

The SAR image of the reference sample consisting of the
bear ball distribution is shown in Fig. 7. An evaluation of
the maxima in the area of interest marked by the red rectan-
gle records an attenuation of 8.6 dB. Thus, the attenuation is
not exactly the same as measured by the focus-beam setup,
but accurate enough. The small variations might come from
the not perfectly smooth surface structure of the epoxy resin.
Furthermore, one can see some interferences at the edges.
Even though the mount can be seen, interference to the espe-
cially analyzed area in the red box should be excluded, as the
sample juts out of the mount. The SAR image of the other
reference consisting of aluminum foil can be seen in Fig. 8.
One can see some small local maxima, which probably come
from interference due to the material’s structure. Else, the
SAR image shows a periodically nonuniform surface as de-
sired.

Figure 7. SAR image of the reference sample consisting of bearing
balls.

Figure 8. SAR image of the reference sample consisting of alu-
minum foil.

4.2 Concrete samples

As mentioned in Sect. 3.2 the concrete samples do not dif-
fer in material composition from one another. Therefore, a
measurement of the rear sides doesn’t show any difference.
Certainly, a comparison with other road surfaces is of inter-
est, why the results are compared with the results obtained
before and presented in Kurz et al. (2021). This is illustrated
in Fig. 9. As one can see, the reflectivity slightly differs, es-
pecially in the distributed pattern of the reflectivity. Analog
to the analysis of the asphalt drill cores from 2021, a differ-
ence in relation to the surface structure can be seen as well.
The recorded images are shown in Fig. 10. The deeper the
grooves, the more variation in reflectivity can be observed.
While for flatter grooves like on the bottom figure of Fig. 10,
the structure of the reflectivity pattern matches the structure
of the grooves, the reflectivity of the handcrafted sample is
more irregular due to the rougher surface. In general, the re-
flectivity of a structured surface like in Fig. 10 is less than for
a plain concrete surface like in Fig. 9, and it decreases with
increasing roughness. This can be seen as well by comparing
the SAR images of concrete with the asphalt ones from Kurz
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Figure 9. Comparison of the reflectivity by material with previous measurements (b, c) already presented in Kurz et al. (2021).

Figure 10. Comparison of the reflectivity of the concrete samples
by surface structure.

et al. (2021). The reflectivity of the concrete sample with
the roughest surface resembles the asphalt samples with the
lesser roughness. Once more, the measurements show that
the radar reflectivity of common roads for low incidence an-
gles mainly depends on the surface structure and not on the
material composition.

5 Probabilitity density distribution fits

So far, all results are qualitative observations. In order to
analyze the reflectivity in a more accurate way, its distribu-
tions of the amplitude reflection are illustrated in histograms.
Therefore, a section of the measurement data, where no edge
effects might influence the result, is extracted. This section
is marked with a red rectangle in the previous plots. To de-
scribe the distributions mathematically, probability density
functions are fitted over this data. In the following two types
of probability density functions are used, defined in Forbes
et al. (2011). At first, the most common distribution, the nor-
mal distribution, is defined in Eq. (1)

f (x)=
1

√
2πσ 2

exp
(
−
(x−µ)2

2σ 2

)
, (1)

where µ is the mean and σ 2 the variance value. As some of
the histograms show a rather asymmetric distribution, a sec-
ond distribution is necessary. Before, a Weibull distribution
was used, as it is commonly used for radar point cloud char-
acterization. Now, we use a special case of the Weibull distri-
bution, the Rayleigh distribution. A Weibull distribution with
a shape factor k of two is a Rayleigh distribution (Kottegoda,
2008, p. 209). As this distribution fits all corresponding data
sets as well, the Rayleigh distribution with only one degree
of freedom, being the scale factor λ is preferable. It is defined
in Eq. (2).

f (x)=

{ (
x

λ2

)
exp

(
−

(
x2

2λ2

))
x ≥ 0

0 x < 0
(2)

5.1 Validation of the measurement setup

At first, the measurements of the reference samples are
further analyzed. The resulting histograms are depicted in
Fig. 11, and the corresponding parameter values are listed in
Table 1. As assumed initially, one can see that the reflectivity
behavior of the reference sample consisting of crumpled alu-
minum foil can be fitted fine using a Rayleigh distribution.
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Figure 11. Histograms of the reflectivity for the reference sample
consisting of crumpled aluminum foil on the top and for the refer-
ence sample consisting of the randomly distributed bearing balls on
an aluminum plate, both fitted with a probability density distribution
function.

Table 1. Parameter of the distribution fits, the corresponding mean
µ and variance σ 2 values for both reference samples.

Sample type distribution µ σ 2 λ

Aluminium foil Rayleigh 0.4 0.0437 0.319
Bearing balls Normal 0.258 0.00881

Likewise it confirms that the reflectivity behavior of the ref-
erence sample consisting of the randomly distributed bearing
balls on an aluminum plate can be fitted properly using a nor-
mal distribution. Thus, the measurement approach and setup,
as well as the post-processing, is verified.

5.2 Alignment of asphalt sample distibutions

As the validation is done using Rayleigh distribution fits, the
histograms presented in Kurz and Biebl (2022, p. 4) are ex-
tended with a Rayleigh distribution fit for better compari-
son. These asphalt types are mastic asphalt with a maximum
grain size of 8 mm (MA8S) and split mastic asphalt with
a maximum grain size of 11 mm (SMA11S). The resulting
graphs are depicted in Fig. 12, and the corresponding param-
eters are listed in Table 2. For MA8S, Weibull and Rayleigh
distribution are the same, as they should be by definition.
For SMA11S, the shape factor was only approximately two
(k = 1.97). Therefore, they do not lie exactly on top of each
other but are very similar. The scale factor λ changes from

Figure 12. Histograms of the reflectivity for the Weibull fit asphalts
presented by Kurz and Biebl (2022, p. 4) extended with a Rayleigh
distribution fit.

Table 2. Scale parameter of the Rayleigh distribution fits and the
corresponding meanµ and variance σ 2 values for both asphalt mea-
surements.

Asphalt type µ σ 2 λ

MA8S 0.121 0.00397 0.0962
SMA11S 0.206 0.0116 0.164

0.232 to 0.164. Mean stays with µ= 0.205 the same, while
the variance σ 2 changes slightly from 0.0119 to 0.0115.

5.3 Concrete samples

The same fitting is finally done for the measurement of the
concrete surfaces. Figure 13 shows the fitted data on the
top for the broom finish sample and on the bottom for the
machine-made concrete plate. The reflectivity for both sam-
ples can be described using a normal distribution fit varying
in mean and variance. The corresponding mean and variance
values are summarized in Table 3.

6 Conclusions

Here, a SAR setup to measure the reflectivity of road sur-
faces in a laboratory environment is shown. This setup is val-
idated, and the reflectivity of roads built of concrete is de-
termined using two samples representing the extrema in con-
crete manufacturing on roads. Processing the resulting SAR
images leads to probability density functions, characterizing

Adv. Radio Sci., 21, 57–64, 2023 https://doi.org/10.5194/ars-21-57-2023



V. Kurz et al.: MmWave scattering properties of roads on rough asphalt and concrete surfaces 63

Figure 13. Histograms of the reflectivity of broom finish concrete
on the top and a machine-made concrete plate on the bottom, both
fitted using a normal probability density function.

Table 3. Mean µ and variance σ 2 values for both concrete sample
measurements.

Concrete surface type µ σ 2

Broom finish concrete 0.204 0.00602
Machine-made concrete plate 0.276 0.00139

the scattering of concrete on roads. A comparison with for-
merly shown measurements of asphalt on roads is drawn. The
work completes the former studies on radar reflectivity and
scattering on the most common German highway surfaces.
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