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Polarimetric Characterization of Debris and Faults
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Abstract—In this paper, measurements and models for the po-
larimetric backscatter response of various point targets on roads
and road surface faults is presented. Of particular interest are de-
bris and faults that could lead to fatal accidents and damage of
property. A desired safety feature for automotive radar sensors is
the capability of detecting such debris and faults. The detectability
of a point target is evaluated by comparing its RCS value with
the RCS threshold value defined by the backscatter response of
the road surface. Extensive backscatter measurements at W-band
were conducted to obtain the backscatter response of typical de-
bris and faults on asphalt surfaces at near grazing incidence angles
(76 –86 ). On the other hand, theoretical models, based on diffrac-
tion from impedance wedges and scattering from impedance cylin-
ders, respectively, as well as physical optics approximation, were
developed to predict the backscatter response of road surface faults
and targets with planar facets on road surfaces. Experimental re-
sults indicate that detectability in all cases is a function of target
size, its azimuthal angle with respect to radar boresight, and the po-
larization state of the system. The measured backscatter response
is used to verify the validity of the theoretical models. Angular po-
larimetric backscatter measurements of targets defining roadside
boundaries such as a concrete curb, a guardrail, and a pebble sur-
face are also presented. The results of these measurements could
be used to alert fatigued drivers should their vehicles be heading
sideward.

I. INTRODUCTION

EACH year, numerous automotive accidents are reported.
Many of these are attributed to road-surface conditions and

objects or obstacles on road surfaces. Design of a reliable auto-
motive radar sensor requires thorough knowledge of backscatter
response of road surfaces and typical debris and faults on road
surfaces. The problem of polarimetric radar scattering from road
surfaces are considered in two earlier papers [1], [2] where ac-
curate theoretical models are developed for the determination
of backscatter response of asphalt and concrete surfaces under
wide varieties of physical conditions. These models are success-
fully compared with careful backscatter measurements of bare
and water-, ice-, and snow-covered smooth and rough asphalt
and concrete surfaces over a wide range of incidence angles
at W-band frequencies. A potential application of these models
and measurements are demonstrated in [3] where the design of
an affordable millimeter-wave (MMW) radar is proposed for de-
termination of road-surface conditions. A desirable feature of
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automotive radar sensors is the detection of debris and faults
in the highway environment and the provision of an advance
warning to drivers. The debris commonly encountered on the
highway with potential threat to vehicle safety are bricks, scrap
metal, bolts, etc. Potholes and cracks are typical faults seen on
road surfaces. Debris and faults may be detected by comparing
the radar cross-section (RCS) values of the targets on asphalt
surfaces with the backscatter from the asphalt surfaces alone.
The backscatter from road surfaces is statistical in nature and
as a result has a wide fluctuation range. Therefore, in order to
detect an obstacle with a very low false-alarm rate, the RCS
of the target should be larger than the maximum RCS of the
surfaces for a prescribed confidence range. The backscatter re-
sponse of some nonhazardous targets such as cracks on road
surfaces, which generate strong backscatter should also be de-
termined and compared with the RCSs of desired targets for the
evaluation of false-alarm rate.

Since the RCS of a point target is influenced by many phys-
ical parameters such as material, size, shape, and target orien-
tation, a complete polarimetric characterization of debris and
faults on road surfaces would be very difficult. This problem
can be solved by resorting to analytical solutions. Two theoret-
ical models are developed to predict the backscatter response of
cracks perpendicular to the antenna boresight. The first model
simulates a crack by two impedance wedges next to each other.
The method developed by Maliuzhinets [4], [5] is used to cal-
culate the total field in the presence of an impedance wedge
at normal incidence condition. A nonuniform expression for
impedance wedge diffraction is chosen to represent the diffrac-
tion coefficient. The diffracted fields from two adjacent wedges
are then added coherently. At high MMW frequencies, the ra-
dius of curvature of asphalt or concrete crack edges become
comparable with the wavelength and the wedge model may be-
come invalid. For this situation, a second model for curved edges
based on the scattering from impedance cylinders is developed.
The simulation results of the second model exhibit better agree-
ment with the measured data at 94 GHz than do those of the
first model. Also, a physical-optics model is developed for pre-
dicting scattering from solid objects with perpendicular facets
such as bricks and right-angled iron, and, simulation results are
compared with the backscatter measurements of a brick and a
piece of right-angled iron on an asphalt surface at 94 GHz.

This paper begins with a description of the experimental
setup for the backscatter measurements of debris and faults on
asphalt surfaces. Then, the RCS threshold value is defined in
terms of the antenna gain function, the antenna height, and the
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backscattering coefficients of the road surfaces. This value is
used to determine the detectability of various debris and faults
on asphalt surfaces. Next, the backscatter response of debris
on asphalt surfaces is examined. The polarimetric backscatter
measurements of lane-guide reflectors are also included. The
detectability of the debris and reflectors is then evaluated. The
backscatter behavior of faults on asphalt surfaces is described
in Section IV along with investigation of their detectability.
The backscatter characterization of typical roadside boundaries
such as pebbles, curbs, and guardrails is also performed experi-
mentally. Detection of these targets is important because of the
fact that drowsiness and fatigue are among the leading causes
of sideward crashes. Besides alerting the drowsy driver, the
backscatter response could also provide valuable information
for adaptive cruise-control applications. Section V includes the
backscatter response of the roadside boundaries.

II. M EASUREMENTSETUP AND DETECTABILITY

The University of Michigan 94-GHz fully polarimetric radar
system was employed to conduct the backscatter measurements.
The system bandwidth is set to 1 GHz to improve the range reso-
lution of the point target response for time-domain gating during
postprocessing. Finite asphalt surfaces of dimension 91.5 cm

91.5 cm 6.4 cm were constructed for the indoor measure-
ments. These sample surfaces could easily be mounted on a turn-
able for RCS pattern measurements of point targets on asphalt
surfaces. The backscatter response of most point targets on an
asphalt sample surface was measured at incidence angles from
76 to 86 . The quantities of interest are the backscatter from
the point targets and their interactions with the asphalt surface.
The leading edges of asphalt samples were covered by radar-ab-
sorbing material to reduce edge diffraction at near grazing inci-
dence. Background subtraction and range gating were used to
remove the unwanted signals, followed by a calibration proce-
dure to remove systematic errors such as channel imbalance and
antenna crosstalk from the measured data [6].

As aforementioned, road surfaces at MMW frequencies can
be modeled as random media whose backscatter is statistical in
nature and is usually composed of surface and volume scattering
components [1], [2]. Since in most practical situations the radar
footprint covers a large number of scatterers over the asphalt
surface and within the asphalt medium, according to the central
limit theorem, the backscattered field obey a Gaussian statistics.
It is well known that statistics of the backscatter field intensity
(power) has exponential distribution given by

(1)

where is the mean backscatter from the illuminated portion
of the distributed target (asphalt surface). This mean value is
a function of the target backscatter coefficient, the antenna
pattern, incidence angle, and antenna height

(2)

where and are the antenna gain and the distance
from the antenna to a point within the lit area, respectively, and

Fig. 1. The scattering mechanisms of the backscatter response of the brick on
asphalt surfaces.

is known as effective illuminated area. To examine the de-
tectability of a point target over an asphalt surface with a reason-
able false-alarm rate (FAR), the RCS of the illuminated area of
asphalt ( ) must be compared with the RCSs of the point tar-
gets ( ). Choose a threshold level based on a given max-
imum false-alarm rate, a criteria for target detectability is ob-
tained. For a maximum false-alarm rate (MFAR), is set so
that

MFAR (3)

Using (1) in (3) we find

MFAR (4)

Note that the RCS quantities in (4) are in linear scale. Hence,
for a MFAR of , the RCS of the point targets must be
10.6 dB above . It is obvious that smaller targets
can be detected reliably for antenna with small footprint. This
threshold value ( ) used in this investigation is obtained from
the backscattering coefficients of a smooth asphalt sur-
face measured by a single-antenna radar mounted at vehicle
bumper height (43 cm) and the gain function of the antenna is
approximated by a Gaussian function:

where is 2.7726 and is the half-power beamwidth, equal
to 1.4 . The detectability of point targets on asphalt surfaces is
examined at an incidence angle of 80.

III. D EBRIS AND LANE-GUIDE REFLECTORS ON

ROAD SURFACES

In this section, the backscatter measurements and models for
some points targets on asphalt surfaces are presented and their
detectability is examined. Three common types of highway
debris are considered: bricks, scrap metal, and bolts. Also, the
measured backscatter behavior of lane-guide reflectors as a
function of aspect angle is presented here.
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Fig. 2. The backscatter response of the brick on asphalt surfaces at an incidence angle of 80.

Fig. 3. At an incidence angle of 80, the theoretical values of the backscatter RCSs of the brick on asphalt surfaces are compared with the measured data at
azimuthal angles near 0and 90 .

A. Targets with Planar Facets

A simple scattering model based on physical optics (P. O.)
approximation for targets with planar surfaces, such as bricks
and right-angled iron, is developed and the results are compared
with backscatter measurements. At W-band frequencies the
sizes of most targets of interest (those that create hazardous
conditions for automobiles) are large compared to the wave-
length and their relative permittivity has a sufficiently large

imaginary part, thus PO model is expected to provide accurate
results.

The backscatter response of a brick on an asphalt surface
can be obtained from that of a planar dielectric surface above
an infinite ground plane (asphalt surface). The bistatic scat-
tering from a planar dielectric surface whose dimensions are
large compared to the wavelength can be modeled using the
PO approximation. The expression for the bistatic far-field
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Fig. 4. The comparison between the simulation results and the measured data for the backscatter RCS ratio� =� of the brick on asphalt surfaces at an
azimuthal angle of 0.

Fig. 5. The scattering mechanisms of the backscatter response of the
right-angled iron on asphalt surfaces at an azimuthal angle of 0.

amplitude of a dielectric plate with arbitrary orientation is
given by [7]

(5)

where and are the amplitudes of the incident electric
and magnetic fields, and are the local Fresnel reflection

coefficients of the dielectric plate,
and are the unit vectors along the
incident and scattered directions, respectively,is the unit
vector perpendicular to the local plane of incidence and is
defined as

An analytical expression for can be obtained based on the
stationary phase approximation in which the nonexponential
portion of the integrand is evaluated at the SP point. The
elements of the scattering matrix are found to be

(6)

with

(7)
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Fig. 6. The backscatter response of the dihedral on asphalt surfaces at an incidence angle of 80.

Fig. 7. The comparison between the simulation results and the measured data for the backscatter RCS ratio� =� of the dihedral on asphalt surfaces at near
0 azimuthal angle.

To compute the backscatter from this plate when it is placed
above a dielectric ground plane, the bistatic direction ()
must be chosen so that the reflectedfrom the asphalt sur-
face is along direction. The unit vector in the backscatter
direction is related to by

(8)

Hence, , and . For a brick with
vertical facets, the evaluation of the integral given by (7) is
rather simple. Referring to Fig. 1 and recognizing significant

backscatter originates only from two brick surfaces, namely
side and side , the expressions of for both sides have
the following form:

(9)

where and are the areas of and sides, respec-
tively. and are given by
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Fig. 8. The backscatter response of the bolt on asphalt surfaces at an incidence angle of 80.

and and are the dimensions of the brick. The total
backscatter from a plate above a ground plane is composed
of two components: 1) the bistatic scattering from the plate
reflected off of the ground plane, and 2) bistatic scattering
from the plate when illuminated by the reflected incident
wave (illumination by the image wave). The scattering
matrix associated with the first term is denoted by and
is given by

(10)

where and are the local Fresnel reflection coefficients
for the asphalt surface. The scattering matrix associated with
the second term denoted by can be obtained by taking
the transpose of according to the reciprocity theorem.
The total scattering matrix is the coherent sum of
and

(11)

To examine the validity of this formulation, a brick of size
20 cm 10 cm 5.7 cm is placed on top of the finite
asphalt surface for backscatter measurement. The orientation
of the brick with the 20 cm 5.7 cm side facing the radar
system is defined as the 0azimuthal angle. At incidence
angles from 76 to 86 , the backscatter response of the
brick was measured as a function of azimuthal angle. Five
independent samples were collected for each angle. Fig. 2
shows the backscatter response of the brick on the asphalt
surface as a function of azimuthal angle at an incidence
angle of 80. The threshold values defined for MFAR of
10 are included to determine the detection of the brick on
asphalt surfaces (3 dB footprint area m ). Excellent

detectability is observed at 0and 90 azimuthal angles.
It is also noticed that the polarization offers the best
separation between the brick and the asphalt response.
Therefore, it is the preferred polarization to detect bricks
on asphalt surfaces. To compare the analytical solution
with the measured backscatter response of the brick on the
asphalt surface, the effective dielectric constant of the brick
is needed. An L-band microstrip ring resonator [8] may be
used to estimate the effective dielectric constant of bricks at
94 GHz since the real part of the effective dielectric constant
is almost independent of frequency. The effective dielectric
constant was found to be . At an incidence
angle of 80, the simulation results based on the P. O. model
for the backscatter RCSs of the brick on asphalt surfaces are
compared with the measured data at azimuthal angles near
0 and 90 , as shown in Fig. 3. In this comparison,
uncertainty is allowed in the azimuthal misalignment of the
brick with respect to the radar boresight. These errors can
be attributed to the mechanical tolerance of the turntable
used for these measurements. Fig. 4 shows the comparison
between the theoretical values and the measured data of the
backscatter RCS ratio at near 0 azimuthal angle,
which shows a relatively good agreement considering the
fact that the surface of the brick is not exactly flat.

The same PO model can be applied to right-angled iron with
some minor modifications. In this case, as shown in Fig. 5, de-
pending on the incidence angle, part of the scattered signal from
the vertical plate is reflected off of the perfectly conducting sur-
face and part of it is reflected off of the asphalt surface. Ac-
counting for the appropriate reflection coefficients and consid-
ering the phase difference of the backscatter due to the thickness
of the metal, the scattering from each part can be added coher-
ently. A dihedral is chosen to simulate the backscatter response
of scrap metal on the asphalt surface. This dihedral has a metal
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Fig. 9. The picture and the backscatter response of the reflector half-buried in asphalt mixtures at an incidence angle of 80.

Fig. 10. The crack modeled by two right-angled impedance wedges next to
each other.

thickness of 0.6 cm and inner dimension of 4.5 cm4.5 cm
5 cm. The 0 azimuthal angle is defined as the orientation

with the open angle of the dihedral facing the radar system. The
backscatter measurement of the dihedral on the asphalt surface
was conducted at the same incidence angles as for the brick.
The results at an incidence angle of 80are shown in Fig. 6.
A backscatter pattern similar to that of the brick is observed.

Fig. 11. The wedge geometry and the coordinate system.

Good detection can be obtained at azimuthal angles of 0and
90 . The polarization is the preferred polarization for dihe-
dral detection on asphalt surfaces. The simulation results based
on the P. O. model for the backscatter RCS ratio at
near 0 azimuthal angle are compared with the experimental re-
sults. Fig. 7 shows excellent consistency between the theoretical
values and the measured data.
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B. Other Point Targets

The backscatter of a bolt and an embedded lane-guide re-
flector are presented as other typical objects on asphalt surfaces.
The bolt investigated has a length of 7.5 cm and a 3-cm head.
The 0 azimuthal angle is defined as that orientation with the
bolt head pointing toward the radar system. Fig. 8 shows the
backscatter response of the bolt at an incidence angle of 80.
The threshold values are also included for comparison. Similar
conclusions are drawn as for the brick and the dihedral.

Another type of target frequently encountered in the highway
environment are structures for lane-guiding purpose. Examples
are cylindrical poles, yellow paint, and reflectors. The reflectors
are chosen for this study because of their strong backscatter re-
sponse and widespread usage. Most reflectors are made of iron
with a plastic lens in the central area. The iron is half-buried in
the asphalt and the lens is tilted for light reflection, as shown
in Fig. 9(a). The 0 azimuthal angle is defined by the orien-
tation for which the normal direction of the lens points at the
radar system. The backscatter response of a reflector at an inci-
dence angle of 80is shown in Fig. 9(b). It is observed that the
maximum backscatter response occurs at a 0azimuthal angle.
The polarization is again the preferred choice for reflector
detection.

IV. ROAD-SURFACE FAULTS

In this section, the polarimetric backscatter behavior of
typical road-surface faults is considered. Two types of faults
are examined: 1) road-surface cracks, and 2) potholes. Al-
though cracks do not pose any safety threat, the study of their
backscatter response is important as far as the false-alarm rate
caused by cracks is concerned. On the other hand, detection of
potholes is important as they degrade the driving conditions
and can lead to vehicle damage or even cause fatal accidents.

The cracks seen on road surfaces are oriented in various
directions. Only those cracks oriented perpendicular to antenna
boresight have significant backscatter response and will be
characterized here. Two finite asphalt surfaces were placed
together with a gap left in between to simulate a crack for
indoor measurement. At incidence angles of 76, 80 , and
84 , the backscatter measurements were conducted for cracks
of widths 2.54 cm and 5.08 cm. For the footprint size used
in this experiment, the volume-scattering contribution from
the asphalt mixtures in comparison to the backscatter from
the cracks is insignificant and can be ignored. At least 10
independent samples were used in the crack measurements. The
measured backscatter response of cracks is reported in terms
of the average backscatter power per unit length (dBsm/m),
dividing the measured average RCS by the effective illuminated
length.

To predict the backscatter response of cracks a first-order
diffraction solution of two adjacent impedance wedges are con-
sidered (see Fig. 10). Fig. 11 shows the wedge geometry and
the coordinate system. For an impedance wedge illuminated by
a plane wave

or (12)

at normal incidence, the diffracted field can be expressed in
terms of the nonuniform diffraction coefficient as [9], [10]

(13)

where and are the observation and incidence angles,
and are the angles which satisfy the following relationship:

( polarization)

( polarization)

are the normalized impedances of the two faces of the
wedge. The nonuniform diffraction coefficient has the
following expression:

(14)

where is the Maliuzhinets meromorphic function defined
as

The approximate formulation for the Maliuzhinets function
depends on the amplitude of the argument. The ex-

pressions are available in the literature by Senior and Herman
[9], [10]. A crack can be considered to be two right-angled
impedance wedges next to each other, as shown in Fig. 10. For
right-angled impedance wedges, the parametersand have
values of 1.5 and 0.75, respectively. The two-dimensional
(2-D) RCS, , is defined as

(15)

The RCS of the crack can be obtained by adding the
diffracted fields from two wedges coherently, then applying (15)
to give the expression

(16)

The measured quantity is the 3-D RCS, . Conversion from
to can be accomplished by the expression given in [7]

(17)
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Fig. 12. The comparison between the measured results of the cracks of two widths and the simulation results based on diffraction from two right-angledimpedance
wedges.

TABLE I
PARTICLE SIZE DISTRIBUTIONS OFASPHALT MIXTURES AND THE PEBBLES

By setting m, the RCS per unit length of cracks is ob-
tained.

Fig. 12 shows the comparison between the measured data and
the simulation results based on diffraction from two impedance
wedges. Good agreement is observed. In particular, both results
indicate that the response is greater than theresponse. The
slight discrepancy at lower grazing angles can be attributed to
the nonideal modeling of the crack edge by a right-angled wedge
at millimeter-wave frequency because of random distribution of
rocks and sand along the crack edge. The results also indicate
that the diffracted fields from a crack at incidence angles from
74 to 86 are insensitive to the crack width. This is due to the
fact that the diffracted field from the impedance wedge near the
source is negligible ( ).

The aforementioned disagreement at lower grazing angles
can be improved by modeling the crack edge as an impedance
cylinder. The radius of the cylinder is selected based on the rock
size distribution of asphalt mixtures as shown in Table I. The
cylinder models the curve describing the crack edge, improving
the backscatter prediction. In the wedge model, it is found
that the backscatter response of the crack is dominated by the

diffraction from the wedge further away from the source. The
same conclusion can be reached when the corners are modeled
by curved surfaces. In this case a specular point on the surface
of the cylinder further away from the source predominantly
contributes to the backscatters. Therefore, only the backscatter
response of a single impedance cylinder, representing the
further crack edge, is considered here. The ensemble average
of the backscatter power is calculated using the backscatter of
impedance cylinders of various radii and unit length, which are
chosen based on the particle size distribution. The simulation
results based on the scattering from an impedance cylinder are
compared with the measured data as shown in Fig. 13.

A. Potholes

The potholes seen on the road surfaces vary in shape and size.
General descriptions of the backscatter response of potholes are
difficult. An asphalt slab with a cylindrical hole of 10 cm di-
ameter is used to simulate the pothole as shown in Fig. 14(a).
The backscatter response of the pothole was measured at inci-
dence angles from 74to 86 . A pothole of depth 3.81 cm was
considered. Five independent samples were collected for each
incidence angle. The results are shown in Fig. 14(b) along with
the comparison with the threshold values. It is observed that the

polarization is the preferred polarization for pothole detec-
tion.

V. ROADSIDE BOUNDARIES

The backscatter behavior of roadside boundaries is of interest
because of their application in autonomous vehicle control. The
backscatter response of roadside boundaries is studied in this
section. Typical roadside boundaries are curbs, guardrails, and
gravel road shoulders. Backscatter measurements of roadside
boundaries were conducted outdoors. Most of the roadside
boundaries examined here are considered as 1-D distributed
targets. Therefore, the ensemble backscatter power per unit
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Fig. 13. The comparison between the measured results of the cracks of two widths and the simulation results based on scattering from an impedance cylinder.

Fig. 14. The picture and the backscatter response of the pothole of depth 3.81 cm.
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Fig. 15. The backscatter response of the pebbles.

Fig. 16. The polarimetric backscatter response of a concrete curb.

length (rather than the RCS) is reported. Their backscatter
response was measured at one specific incidence angle and
expressed as a function of azimuthal angle.

Most commonly, gravels and pebbles are used as road shoul-
ders. The selection of rocks for roadside depends on availability.
The backscatter response of a surface covered by pebbles is
determined by the dielectric properties of the rocks, size dis-
tribution, and surface roughness statistics. The size distribu-
tion of the pebbles in this investigation is listed in Table I. The

backscatter measurements were conducted at incidence angles
in the range of 74–88 . Eighty independent samples were col-
lected for each incidence angle. The backscatter response of the
pebbles is shown in Fig. 15.

A. Curbs

The curb is considered to be a 1-D distributed target. The
transverse dimension of the curb examined here has a vertical
height of 14 cm, upper horizontal length of 15.3 cm (next to
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Fig. 17. The polarimetric backscatter response of a metallic guardrail.

the grass), and lower horizontal length of 38 cm (next to the as-
phalt). The backscatter measurements were conducted at an in-
cidence angle of 82; thirty independent samples were taken.
Fig. 16 shows the backscatter response as a function of az-
imuthal angle , where is defined as the angle between the
antenna boresight and the curb.

B. Guardrails

Guardrails vary in height, size, and the distance between
poles. The guardrail in this investigation has a height of 50 cm
(from the center to the ground), width of 33 cm, and a distance
between poles of 2.2 m. The backscatter measurements were
conducted at an incidence angle of 84. Thirty independent
samples were taken and the ensemble backscatter power per
unit length is shown in Fig. 17.

VI. CONCLUSION

In this paper, the near-grazing backscatter behavior of debris
on road surface and surface faults is investigated at W-band
frequencies. For targets with planar facets, a physical optics
scattering model is developed. This model is tested against
the backscatter measurements of a brick and right-angled
iron on an asphalt surface. The backscattering coefficients
of asphalt surfaces are used to determine a threshold value
for the detectability of the point targets based on a specified
false alarm rate. Also two theoretical models, one based on
diffraction from impedance wedges and the other one based
on scattering from impedance cylinders, are used to predict
the backscatter response of a crack. It is shown that both these
models are capable of predicting the backscatter response from

a crack reasonably. The polarimetric measurements of various
roadside boundaries are also included. The experimental results
indicate that the detectability of targets on the road and surface
faults is a function of the azimuthal orientation of the targets as
well as the system parameters such as incidence angle and po-
larization. Since the backscatter from asphalt surfaces assumes
its lowest value at , polarization whereas most targets show
a maximum RCS at polarization, polarization was found
to be the most suitable polarization for target detection.
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