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Abstract
We present a detection method and measurements of low-friction formations on
road surfaces using a monostatic polarimetric radar installed on a vehicle in motion.
Polarimetric parameters (PP) such as entropy, depolarization, and the proportion of
surface-scattering are used to identify the surface and classify it as dry, wet, or icy.
The polarimetric parameters are calculated from the eigenvalues (EV) of the measured
covariance/coherence matrix. Due to the low contrast in the polarimetric parameters
between icy and dry surfaces, the classification of the surface becomes challenging in
the presence of irregularities on the surface that can be interpreted as ice. To minimize
the false alarms, in addition to the PP, we use the sum of the non-normalized eigen-
values, which is a measure of the total scattered power in all polarization components.
The sum of the EV has better contrast compared to the PP and helps in reducing the
negative effect of natural surface irregularities. To classify the surface, we calculate
the adaptive mean value and variance of the PP and non-normalized EV and compare
each measurement to a threshold. The surface is classified after a certain combination
of parameters exceeds their threshold value. We demonstrate how each of the param-
eters is affected by an icy/wet surface compared to the same surface in dry conditions.
In our measurements, we are able to detect ice patches with a false alarm below 2%
with a simple classification criterion combining some of the PP with the sum of the
EV.
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1 Introduction

A sensor capable of analyzing properties of the road surface in front of a moving
vehicle can assist the driver or the control system of the car in detecting sections of
the road with reduced friction. Of particular interest are condensed moisture or wet
areas in the process of freezing, resulting in formations such as thin (black) ice, which
might be visually indistinguishable.

Previous studies to detect ice formations on road surfaces include a 61 GHz bistatic
polarimetric radar sensor capable of distinguishing various types of surfaces under a
moving vehicle, as presented in [1], and a 24 GHz monostatic sensor [2], [3], both
measuring backscattering coefficients for vertical, horizontal, and cross polarizations.
In these studies, the surfaces are characterized through their polarimetric backscatter
coefficients or their ratios and thus do not consider the random nature of the road
surfaces as a distributed target.

For a sensor mounted on a moving vehicle, every measurement is performed on a
different section of the surface. Due to the random nature of road surfaces, a single
measurement is not sufficient to extract reliable information about the properties of the
surface. Therefore, a statistical approach has to be adopted. Such a method has been
developed for polarimetric synthetic aperture radar (SAR) observations [4] and has
been used to classify surfaces of various types, identify frozen areas [5], and measure
roughness of road surfaces from airborne observations [6]. In this work, we do not
use any sort of SAR processing, but we use the same decomposition of the coherence
matrix and interpretation of the eigenvalues as used in the case of polarimetric SAR.

Our prior work shows that entropy(H) and polarimetric− pedestal(PH ), also
called depolari zation, can be used to identify whether the surface is wet, dry, or
ice-covered. In [7], through laboratory measurements, we show that compared to dry-
surface ice-covered surface increases both entropy and depolarization, while in wet
conditions these two parameters decrease. A combination of entropy and auxiliary
angle α is used to distinguish freezing and thawing states of surfaces [5]. Fully polari-
metric measurements of surface scattering using a laboratory instrument are presented
in [11] for road surfaces under various conditions. In [8], H -α is measured on dif-
ferent types of road surfaces and conditions from a vehicle in motion. We showed
how varying surface roughness affects H , PH , and α. In addition to the alternating
roughness, the fact that the radar beam penetrates into the surface and the presence of
various irregularities on road surfaces, such as marking lines and potholes, produce
variations in the measured PP and make the detection of black-ice areas challenging.

In this manuscript, we present for the first time measurements of thin-ice-covered
road surfaces from a vehicle in motion. We compare the polarimetric parameters (PP)
between dry, icy, and wet surfaces and show that wet areas produce high contrast in
all PP. Icy-covered surfaces, on the other hand, are more difficult to detect due to
the lower level of contrast between dry-asphalt and ice—a result of the similarity in
their dielectric constants [12]. The presence of irregularities in the structure of the
road makes the detection of ice challenging if only a single PP is used to classify the
surface.

The number of runs is recorded for different radar configurations and angles of
incidence. In the following sections, we present two examples when the radar shifts
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from dry to icy and dry to wet surfaces. We show the influence on the polarimetric
parameters and how they are affected by the properties of the surface.

Examining all PP, we conclude that the sum of the non-normalized eigenvalues
(EV) is the quantity that produces the highest contrast between the different surfaces
and is less prone to fluctuations due to irregularities. We therefore use non-normalized
EV in combination with entropy or depolarization to minimize false alarms. To clas-
sify the surface, we calculate the adaptive mean value and variance of the PP and
non-normalized EV to set a detection threshold. We compare the current value to the
threshold, which is continuously updated based on past measurements over a spe-
cific time interval. The surface is classified when a certain combination of parameters
exceeds their threshold values. In ourmeasurements, we are able to demonstrate detec-
tion of ice patches with a false alarm below 2%, wet patches are detected error-free
with an FA of 0%.

2 Measurements Setup

A test vehicle, equipped with a 77–81GHz polarimetric radar and a video camera,
drives over the ice patches with a constant speed in the range of 3–8m/s as shown
in Figs. 1 and 2. The radar sensor is based on the AWR 1843 chipset from TI and
uses 2 transmitters and 2 receivers to measure the [S] scattering matrix from Eq.1.
All transmitters and receivers are coupled to a single conical horn antenna. A waveg-
uide polarization filter separates/combines the H and V components into orthogonal
rectangular waveguides connected to the corresponding transmitter/receiver.

The radarH andV receivers are producing IQ data, which, after applying calibration
corrections, are converted to complex scattering parameters SHH , SVV , and SHV . The
S− parameters are calibrated using a sphere as a reference target. SHH and SVV are
corrected to attain the same magnitude and range. The SHV parameter was found to
be 17 dB below the co-pol components, which is below the cross-pol produced by the
road-surface and thus is not amplitude corrected. To verify the cross-pol component
SHV producedby the radar hardware,we alsoused a rotatingdihedral at three positions:
horizontal, vertical, and at 45°. For the latter, we verify that the cross-pol component
amplitude is the same as the co-pol components at H andV orientations of the dihedral.

More details on the radar hardware can be found in [8]. The radar beam is pointed
forward as shown in Fig. 3 and shifts from dry to icy and back to dry surface several
times in each test. A video camera is located next to the radar and is pointed at the area
on the surface, which is illuminated by the radar beam. The purpose of the camera
is to verify the time instances when the vehicle is entering a patch of ice or a wet
surface. The video sequence is used to relate the PP measured by the radar to the
actual condition of the surface.

On one occasion, the ambient temperature became positive, the ice melted and
partially evaporated. The amount of water was sufficiently small and did not cover the
surface. Thus, we could collect data from the same ice patches but in wet conditions.
However, we do not have a measurement run that combines wet, dry, and icy patches.
The two examples presented in the following section are for separate measurements
on dry-icy and dry-wet surfaces.
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Fig. 1 Picture of the testing site. Thin (1–3mm) ice patches are created by spraying water at negative
temperatures and thus emulating black-ice conditions. A polarimetric radar sensor mounted on a test vehicle
provides data in real time. A video camera collects data to match the radar measurements to the actual state
of the surface while driving along the patches

Fig. 2 Schematic of the size and location of the ice patches

Table 1 Chirp configuration

Time between Num. of samples Sampling Max Range
[S] measurement for 1 chirp rate range resolution
ms MHz m mm

25 64 5 5.2 83

Table 2 Main measurement parameters for dry/icy surfaces

Angle of Range to Covered Vehicle Num. [S]
incidence the surface surface area speed measurements used
θi , deg m L/W, m m/s for PP estimation

Dry-icy 60 3.2–3.7 0.54/0.27 3.4 70

Dry-wet 40 2–2.5 0.23/0.18 8.3 40
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Fig. 3 Radar placement on the vehicle

Some of the main parameters of the radar configuration are summarized in Table 1.
The radar measures the polarimetric scattering matrix [S] and sends it to a computer
every 25ms. The PP are calculated based on the current and a number of previous
[S] measurements and are displayed in real time. As shown in Table 2 for the Dry-
Wet surface, we use 40 [S] measurements for each estimation of the PP. As the [S]
matrix arrives every 25ms, each PP covers measurements over a 1-s interval. A larger
number of [S] measurements results in less variation in the PP caused by the natural
irregularities of the surface.

The cross-section between the radar beam and the road surface is an elliptical shape
as shown in Fig. 3. The geometry and some of its main attributes are summarized in
Table 2.

3 Polarimetric Parameters of Dry, Ice-Covered, andWet Surfaces

The method used to estimate the PP is described in detail in [7] and [8]. Here, we
summarize the calculation of the main polarimetric parameters and how they are
affected by the condition of the surface.

The input for the calculation of the coherence matrix is the measured scattering
matrix, which is defined as: [

SVV SV H

SHV SHH

]
(1)

where the first index indicates the polarization of the transmitter and the second the
polarization orientation of the receiver. The reciprocity theorem of backscattering
states that SHV = SV H . An example of received S-parameters is shown in Fig. 4
where the surface covers range between 3.2 and 3.7m.
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Fig. 4 Magnitude of the polarimetric S-parameters for a non-moving vehicle. The S-parameters are mea-
sured and communicated each 25ms. The surface response is visible for a range between 3.2 and 3.7m and
is marked with vertical lines. The high values of |S| for ranges <2m and >4.5m are caused by reflections
within the radar hardware

The coherence matrix T can be represented as the product of the coherence vector
k with its transposed complex conjugate [4] and contains 3x3 elements:

T = kk† (2)

where the coherence/scattering vector k is given by:

k =
⎡
⎣SHH + SVV

SHH − SVV

2SHV

⎤
⎦ (3)

To calculate the eigenvalues and eigenvectors of the coherence matrix, a minimum
of 3measurements is needed. For a set of N number ofmeasurements, themeasurement
matrix M consists of N columns of the measured coherence vector in the presence of
noise.

M =
⎡
⎣ | | .. |
k1 k2 .. kN

| | .. |

⎤
⎦ (4)

The coherence matrix T̂ is obtained by multiplying the measurement M matrix with
its transposed complex conjugate (denoted as †) and dividing by the number of mea-
surements.
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Fig. 5 Eigen values vs. time for dry, icy, and wet surfaces. All time instances when the vehicle transits from
one surface to the other are derived from the video camera and are denoted as vertical lines

T̂ = MM†

N
(5)

The coherence matrix can also be represented through its eigenvalues and eigen-
vectors.

T̂ = λ1

[
e1.e

†
1

]
+ λ2

[
e2.e

†
2

]
+ λ3

[
e3.e

†
3

]
(6)

where ei are the 3 elements column eigen-vectors and λi are the corresponding eigen-
values. ei and λi are calculated for each range cell and averaged only over those range
cells, where the radar beam intersects with the surface. These range cells can be identi-
fied from looking at the magnitude of the [S] parameters as shown in Fig. 4. However,
a better way is to look at the PP vs. range when the vehicle is not in motion. In this
case, all PP should be at 0 value as the surface is measured at the same spot and thus
does not appear as random. This is illustrated in Fig. 7 for a static vehicle. The surface
location is indicated with vertical lines.

An example of measured eigenvalues is given in Fig. 5 for dry/icy and dry/wet
surfaces. An interpretation of the physical meaning of the eigenvalues can be found in
[10]. In the context of this paper, we can say that the first eigenvalue λ1 is related to
scattering from the surface, whileλ2 andλ3 are associatedwith higher-order scattering
from below the surface. This statement is supported by the observation that the highest
contrast between dry/icy and dry/wet surfaces is found in λ1 as shown in Fig. 5.

For the dry/icy measurement (Fig. 5a), the angle of incidence is 60°, while for the
dry/wet measurement, the incidence angle is 40°, which explains the higher eigenval-
ues in Fig. 5b

The eigenvalues and the PP in the following figures show variations even when
the radar is moving along a uniform dry surface. These variations are caused by the
surface itself and are not a result of noise in the radar or low SNR. This can be seen
at the beginning and at the end of each sequence where the vehicle is not moving. In
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Fig. 6 Eigen values vs. time for dry, icy, and wet surfaces. All time instances when the vehicle transits from
one surface to the other are derived from the video camera and are denoted as vertical lines

this case, the first eigenvalue λ1 or P1 or any of the PP are constant and do not change
with time.

3.1 Normalized EV

The normalized eigenvalues Pi are given in Eq.7 and have a meaning of probability.
Pi represents the relative importance of the corresponding eigenvalue with respect to
the total scattered power.

Pi = λi

λ1 + λ2 + λ3
(7)

Figure6 shows the normalized eigenvalues for the same dry/ice and dry/wet data as
in Fig. 5. Presence of ice on the surface reduces P1 and enhances P2 and P3 as seen
in Fig. 6a. This is expected as the ice dielectric constant is not dramatically different
from the asphalt and thus it acts as a “matching” layer reducing the contribution of
surface scattering P1, while enhancing relative scattering from below the surface. For
the case of wet patches in Fig. 6b P1 is changed in the opposite direction: more surface
scattering combined with less penetration into the volume of the surface (lower P2
and P3). This is because the dielectric constant of water is very much different from
the asphalt and thus acts as a “partial” mirror (see Table 3).

3.2 Entropy

Entropy is a measure of the randomness of the scattering process and has a value of
0 for a single non-random target and 1 for a highly random distributed target where
several scattering mechanisms are involved. After decomposition of the coherence
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Fig. 7 Entropy vs. range, for static (non-moving) vehicle. In this case, the surface is measured at the same
spot and thus does not appear as random; hence, entropy is expected to be 0 for the range cells covering
the road surface. The range to the surface appears to be between 3.2 and 3.7m and is marked with vertical
lines. This range is consistent with what is expected from the geometry of the radar beam shown in Fig. 3
for 60° angle of incidence

matrix, as shown in Eq.6, the entropy is calculated from the 3 eigenvalues [4] as
shown in Eqs. 7 and 8.

H = −
3∑

i=1

Pi . log3(Pi ) (8)

An example of Entropy vs. range for a static vehicle is shown in Fig. 7. We expect the
Entropy to be 0 for a non-moving vehicle as S-parameters are collected from the same
spot on the surface (no independent sampling of the surface), causing the rank of the
coherence matrix to collapse to 1 and thus only the first eigenvalue λ1 is non-zero (see
Figs. 5 and 6). The figure shows that for a range around 3.5m where the radar beam
intersects the surface, the SNR is sufficient and the noise in the radar is not a limiting
factor; otherwise, the Entropy would not be 0. For range<3 and >3.7m, there is no
object, only noise, thus the entropy is approaching its maximum value. For all the PP,
an average value is calculated for the range cells covering the surface.

The entropy for dry/icy and dry/wet surfaces is shown in Fig. 8 and is derived for
the same data as in Figs. 5 and 6.

So far, we have seen that the dominant scattering mechanism is the backscatter
from the surface. Ice-covered surfaces decrease the relative contribution of surface
scattering. Entropy, therefore, increases for ice-covered surfaces compared to the same
surface in dry conditions. For the case of a wet surface, the relative surface scattering
is enhanced compared to its dry condition, resulting in decreased entropy.
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Fig. 8 Entropy values vs. time for dry-icy surfaces. The ice/wet patches are marked with vertical lines

3.3 Depolarization

The degree of depolarization generated by the target is another polarimetric parameter
given by [9] as:

PH = min(λ1, λ2, λ3)

max(λ1, λ2, λ3)
(9)

The depolarization, also called polarimetric pedestal for dry/icy and dry/wet surfaces,
is shown in Fig. 9 and is derived for the same data as in Fig. 5 and 6. It can be seen that
PH produces higher contrast between dry/icy conditions, but also has larger variations
for the dry regions. This can be explained by the presence of λ3 in the denominator,
which accounts for scattering from below the surface.

3.4 Sum of Eigenvalues

The sum of non-normalized eigenvalues�λi shown in Fig. 10 has the meaning of total
received backscattered power. Although the �λi provides the highest contrast in the
transitions dry/icy and dry/wet, it is apparent that both icy and wet patches reduce the

Fig. 9 Depolarization PH vs. time for dry-icy surfaces. The ice patches are marked with vertical lines
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Fig. 10 Sum of eigenvalues vs. time. The locations of ice/wet patches are marked with vertical lines

backscattered power. Therefore, �λi is ambiguous and is not sufficient to distinguish
icy from wet areas on its own. However, it can be combined with other PP such as
entropy, depolarization, or P1, to reduce the false alarm rate, as shown in the following
section.

3.5 Auxiliary Angle˛

The mean polarimetric scattering angle α is another parameter used to characterize
surfaces [4]. It is calculated, as shown in Eq.10, from the normalized EV Eq.7 and
the first element of each of the eigenvectors from Eq.6.

α =
3∑

i=1

Pi .acos(|ei1|) (10)

Fig. 11 Auxiliary angle vs. time for dry, icy, and wet surfaces. The ice/wet patches are marked with vertical
lines
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The auxiliary angle according to Eq.10 is shown in Fig. 11 again for dry/icy and
dry/wet surfaces (same data as above).

In the context of polarimetric measurements, α indicates the dominant scattering
mechanism as follows:

• α = 00 surface scattering only
• α = 450 dipole/volume scattering
• α = 900 double bounce scattering

Based on the measured auxiliary angle presented in Fig. 11, our conclusion is that α

does not provide notable contrast in the context of dry/icy/wet classification of the
surface, especially in the case of icy surface as in Fig. 11a. For the case of a wet
surface, Fig. 11b α decreases in the wet areas, but still the contrast is not as good as
the entropy, depolarization, and the first eigenvalue P1. Therefore, in regard to this
particular application, α is not a good measure of the surface condition and will not
be considered for the classification presented in the next section.

4 Classification of the Surfaces

From the previous section, it can be seen that not all polarimetric parameters experience
high contrast when transiting from dry to icy or wet surfaces. Generally, dry-wet
interfaces show better contrast due to the higher difference between their dielectric
constants, as shown in Table 3, compared to dry-icy transitions.

The parameter showing the highest contrast is the first normalized eigenvalue P1
from Fig. 6, followed by the depolarization from Fig. 9 and entropy Fig. 8. To evaluate
the effectiveness of these 3 parameters in distinguishing dry from icy surfaces, we use
a simple classification criterion: each value of the PP is compared to a threshold value.
Depending on whether a measurement is below or above its corresponding threshold
values, the surface is classified as dry, wet, or icy. To establish the threshold values, we
calculate the mean value μ and the standard deviation σ of a set of past measurements
over time intervals as illustrated in Fig. 12. These time intervals are varying parameters
and depend on the vehicle speed and the size of the patches we are interested in. μ and
σ are updated with each measurement point, resulting in adaptive threshold values.

Due to the lower contrast in the case of the icy surface, we add 1/2 standard deviation
to the mean value, while for the wet surface, we subtract 0.7 standard deviation as
shown in Eq.11. These threshold values are chosen so that we get a balance between
minimum false alarms andmissed detections. The resulting threshold values are shown
in Fig. 8, 9, and 10.

threshold(icy) = μ + 0, 5σ

threshold(wet) = μ − 0, 7σ
(11)

Table 3 Dielectric constant of
asphalt, ice, and water at 90GHz
according to [12]

Dry Asphalt Ice Water

6–0.52.i 3.18–0.007i 6.6–8.7i
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Fig. 12 Illustration of how μ and σ are calculated

Fig. 13 Detection of icy patches vs. time. Points classified as ice receive a value of 1, while dry surfaces
maintain a value of 0. The ice patches are marked with vertical lines

Table 4 False alarm (FA) and missed detection (MD) for dry/icy surfaces

Entropy Depol EV
H PH P1 H+�λi PH+�λi P1+�λi

FA, % 15 16 13 1.5 0.6 1.6

MD, % 14 30 14 18 34 18

Table 5 False alarm (FA) and missed detection (MD) for dry/wet surfaces

Entropy Depol EV
H PH P1 H+�λi PH+�λi P1+�λi

FA, % 1.4 0.9 3.7 0 0.2 0.1

MD, % 4.4 1.6 3.7 7.4 5 9.8
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For example, if measured entropy is above μ + 0, 5σ the point is classified as icy,
if it is below μ − 0, 7σ , it is classified as wet. False alarm (FA) and missed detection
(MD) are calculated by comparing each classified measurement point to the actual
state of the surface, which is derived from a video camera mounted on the vehicle
next to the radar and pointed to the surface intersection with the radar beam. Figure13
compares the output of the surface classification to the actual state of the surface. For
example, in Fig. 13a, only the entropy is used for classification, where points exceeding
H > threshold[H(icy)] are classified as ice, producing 15% of false alarms and
14% of missed detections. If entropy is combined with the sum of the eigenvalues
from Fig. 10a, the FA is reduced to 1.5%. In this case, the condition for a point to be
classified as icy is: if H > threshold[H(icy)] and if �λi > threshold[�λ(icy)].

The sum of the eigenvalues, which produces the highest contrast, can be combined
with entropy, depolarization or P1 to eliminate the ambiguity in �λi and reduce the
FA rate. Table 4 summarizes the FA and MD in the detection of ice for the major PP
and their combination with �λi . Table 5 gives FA and MD in the case of wet areas.

5 Discussion

We present for the first time the detection of ice formations on a road surface using a
mono-static polarimetric radar installed on a vehicle in motion. Polarimetric parame-
ters (PP) such as entropy, depolarization, and the eigenvalue representing the surface
scattering (P1) are used to identify the surface and classify it as dry, wet, or ice. Icy
surfaces decrease the first normalized eigenvalue P1 and thus increase entropy and
depolarization (polarimetric pedestal),whilewet surfaces change the parameters above
in the opposite direction. The best contrast is found in the sum of the non-normalized
EV, which can be used in combination with the aforementioned PP to reduce the false
alarm rate. The FA and MD values presented in Table 4 suggest that Entropy or a
combination of the first normalized eigenvalue and the sum of the non-normalized
eigenvalues �λi produce a reasonable balance between FA and MD for the case of
icy surfaces.

The measurements presented in this paper were performed on a uniform asphalt
surface of an airfield. On public roads, other surface parameters such as roughness,
presence of pot holes, depressions in the surface, marking lines, and other irregularities
will affect all the parameters treated in this work. Therefore, it is not feasible to
establish fixed detection threshold values.We suggest using dynamic-threshold, which
is updated for each measurement point based on previously measured values. The
threshold values can be adapted to themean value and the standard deviation calculated
from the preceding measurements.

In the measurements presented, we perform the processing on a laptop computer,
which receives ameasurement frame containing the polarimetric scattering parameters
each 25ms. Faster measurements will allow us to use a larger set of measurements for
estimating the PP and thus less variations caused by the randomness of the surface.
This is possible if the estimation algorithm is implemented in the radar’s DSP block. In
this case, the amount of data transmitted from the radar will be dramatically reduced,
which will allow to detect smaller ice/wet patches at higher vehicle speeds.
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