
IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 45, NO. 11, NOVEMBER 1997 1679

Modeling and Measurements of Scattering from
Road Surfaces at Millimeter-Wave Frequencies

Kamal Sarabandi,Senior Member, IEEE, Eric S. Li, and Adib Nashashibi,Member, IEEE

Abstract—Millimeter-wave radar-based sensors are being con-
sidered for a number of automotive applications including obsta-
cle detection and collision warning, true-speed, and road-surface
recognition. In this paper, the interaction of electromagnetic
waves with asphalt road surfaces, possibly covered with ice
or water, at millimeter-wave frequencies is studied. First, an
experimental procedure for determining the effective dielectric
constant of bituminous mixtures used in road-surface construc-
tions is developed. In this procedure, the effective dielectric
constant is derived using a simple inverse-scattering algorithm
to the measured radar cross sections of cylindrical specimen of
a standard asphalt mixture. Then the vector radiative transfer
equation is used to formulate the scattering from a multilayer
medium representing an ice- or water-covered asphalt surface.
The University of Michigan polarimetric 94-GHz radar system
was deployed for characterizing the polarimetric backscatter re-
sponses of asphalt surfaces under many physical conditions near
grazing incidence angles (70�–88�). The measured backscatter co-
efficients and parameters of copolarized phase difference statistics
of a dry asphalt surface with smooth interface at one incidence
angle were used to derive the phase and extinction matrices of
the asphalt medium. The experimentally determined phase and
extinction matrices are substituted in the radiative transfer for-
mulation to predict the scattering from asphalt surfaces under all
conditions. Excellent agreement between theoretical predictions
and measured quantities is obtained.

Index Terms— Electromagnetic scattering, millimeter-wave
measurements.

I. INTRODUCTION

A CCORDING to the National Highway Traffic Safety
Administration, traffic accidents are among the leading

causes of death in industrial countries. A study has shown
that 90% of rear-end and 60% of head-on collisions can
be prevented, provided that the drivers had been given one
extra second of warning [1]. Advanced sensors that alert
drivers to the potential hazards such as objects on the road
or slippery surfaces can drastically reduce traffic accidents.
Radars, when compared with optical and infrared sensors,
offer two major advantages: 1) their operation is not hampered
with inclement weather and 2) they provide the range and
speed of targets directly. With advances in millimeter-wave
(MMW) technology, millimeter-wave radar-based sensors for
automotive applications have become economically viable.
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These applications include collision warning, intelligent cruise
control, traction control, lane-change aid, etc. [2], [3]. In recent
years, considerable efforts by many automobile industries and
government agencies have been devoted toward the develop-
ment of these MMW sensors. However, due to the lack of
accurate knowledge of the radar backscatter behavior of targets
and clutter in highway environment, the initial optimism has
not yet led to a system that can perform properly, even with
the most lax false-alarm rate requirement.

In this paper, as a first step, the theoretical and experimental
aspects of electromagnetic wave scattering from asphalt sur-
faces are considered. Noting that in many radar applications
detection and discrimination of a target in the presence of
clutter can be enhanced significantly by appropriately choosing
the optimal set of transmit and receive polarizations, the
scattering responses of asphalt surfaces must be characterized
polarimetrically. In a recent paper, it was shown that thea
priori knowledge of the polarimetric responses of a number
of distributed targets can be used to design an optimum nonpo-
larimetric radar for classifying the targets [4]. The number of
influential physical parameters on radar responses of asphalt
surfaces such as surface roughness, surface wetness, density,
surface cover, etc. is rather large, which makes the effort of
generating a comprehensive data set extremely difficult if not
impossible. From a theoretical point of view, the problem at
hand can be regarded as obtaining the solution for backscatter
from a multilayer dense random medium. At millimeter-
wave frequencies where the sizes of inhomogeneities in dense
random medium are comparable to the wavelength, it is not
always possible to theoretically determine an accurate descrip-
tion of random medium parameters such as extinction and
phase matrices or the pair-distribution function. The method
pursued in this paper makes use of experimental procedures
to characterize the fundamental medium parameters needed in
the vector radiative transfer formulation.

In what follows, first an experimental procedure for char-
acterizing the effective dielectric constant of asphalt mixtures
is developed. The effective dielectric constant is needed for
determining the diffraction, propagation constant, and extinc-
tion coefficient of the mean field in dense asphalt mixtures.
Next, the problem of volume scattering from a multilayer
medium is formulated using the vector radiative transfer.
Explicit expressions for backscattering coefficients and pa-
rameters of phase difference statistics are obtained in terms
of elements of the phase and extinction matrices of the
medium. In Section IV, experimental polarimetric backscatter
data from asphalt surfaces under different physical conditions
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TABLE I
PARTICLE SIZE DISTRIBUTION OF ASPHALT SPECIMENS

are presented and compared with the theoretical predictions.

II. EFFECTIVE DIELECTRIC CONSTANT OF ASPHALT

Asphalt can be considered as a composite material com-
prised of pebbles, sand, bitumen (asphalt), and air voids
arranged in a random fashion. Electromagnetic scattering and
propagation in a random medium are mostly influenced by
the contrast in the complex permittivities and sizes (relative to
the wavelength) of the constituent particles. Size distribution
of rocks in asphalt mixtures may vary depending on the ap-
plication [5]. Table I shows a typical particle-size distribution
in an asphalt mixture used for construction of road surfaces.
The pebbles, crushed rocks, and sand constitute 85–90% of
the mixture and the rest is occupied by bitumen (5–7%) and
air voids (5–8%). Except certain deleterious rocks such as
clay stone or iron stone, the rocks in the asphalt mixture
are arbitrary and are chosen according to the availability
[6]. Due to the high-volume fraction of rocks and sand in
asphalt mixtures, the effective dielectric constant is mostly
influenced by the complex permittivities of rocks and sand
particles. At low frequencies where the sizes of constituent
particles are much smaller than the wavelength, the effective
dielectric constant of the mixtures can be obtained from the
dielectric constants and volume fraction of constituent particles
using dielectric mixing formula such as Polder–Van Santen
[7]. However, at high frequencies where the sizes of particles
are comparable or larger than the wavelength, significant
scattering in the medium occurs. This, in effect, increases
the imaginary part of the effective dielectric constant. Recent
experimental and numerical analysis have shown that simple
low-frequency mixing formula can accurately predict the real
part of the effective dielectric constants of random media at
high frequencies [8], [9].

The literature concerning the dielectric properties of con-
stituent components of asphalt mixtures at W-band frequencies
is rather rare. The complex permittivities of different rocks are
reported at 450 MHz and 35 GHz by Campbell and Ulrichs
[10]. It is shown that the real part of the relative dielectric
constants of rocks varies within the range 3–8 with a weak
dependency on frequency. It is also shown that loss tangent
for most rocks is relatively low. Bitumen, like rocks, is a
nonpolar substance and its dielectric constant is expected to

be a gentle function of frequency. Therefore, the real part of
the effective dielectric constant of asphalt mixtures should be
almost a constant as a function of frequency. As mentioned
earlier, this generalization does not apply to the imaginary
part of the mixture dielectric constant due to the presence of
strong scatterers in the medium. Evaluation of the imaginary
part of the effective dielectric constant or equivalently the
extinction coefficient of a dense random medium is not very
straight forward. The most advanced method, known as quasi-
crystalline approximation (QCA) [11], [12], that takes multiple
scattering among particles into account has been validated
for single-particle type media with volume fractions less than
20%. Besides the shape and particle-size distributions, QCA
requires the knowledge of the pair-distribution function of the
particles in the medium which is very difficult to characterize.

Since the theoretical calculation of the effective dielectric
constant of asphalt mixtures is not easy, we resorted to
experimental procedures. As mentioned earlier, it is expected
that the real part of effective permittivity of asphalt mixtures
be almost independent of frequency and, therefore, a di-
electric measurement at microwave frequencies should reveal
the real part of the effective dielectric constant. The loss
tangents of bitumen and rocks at microwave frequencies are
rather low, which permits the dielectric characterization using
a microwave resonator. Since the measurements should be
accomplished nondestructively, a partially filled transmission-
line-type resonator is most appropriate for this task. For this
purpose we used a microstrip ring resonator at L-band frequen-
cies. The resonant frequency of a ring resonator is inversely
proportional to the perimeter of the ring and the square root of
the effective dielectric constant of the microstrip substrate and
the unknown medium. The choice of frequency determines the
dimension of the ring resonator whose geometry is shown in
Fig. 1. It is important that the dimension of the ring resonator
be much larger than a typical dimension of the constituent
particles of the mixture. This requirement ensures that the
variability in the shift in resonant frequency as a function of
resonator position is relatively small. Following the procedure
outlined in [13], the dielectric constants of 15 smooth asphalt
samples were measured using the L-band microstrip ring
resonator. The real part of the effective dielectric constant of
the asphalt mixtures at 1.1 GHz was found to be 3.330.12.

To directly evaluate the effective dielectric constant of the
asphalt mixtures at 94 GHz, a free-space measurement method
was devised. In this approach cylindrical samples of an asphalt
mixture with bitumen content 6.2% and air void content
of 3.5% prepared by Midwest Testing Laboratories were
measured. The particle size distribution of these specimens
is reported in Table I. The desired density of the asphalt
mixture is achieved using the Marshall method ASTM D1559
[14]. The cylindrical samples were constructed having three
different heights—1.59, 2.38, and 6.35 cm—all having the
same diameter of 10 cm. For each specified height, three spec-
imen were made for verification of measurement consistency.
The University of Michigan 94-GHz scatterometer system
was used to measure the radar cross sections (RCS’s) of the
cylindrical samples. The cylindrical samples were positioned
along the radar boresight with their circular base facing the
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Fig. 1. Geometry of a ring resonator.

radar and being perpendicular to the radar boresight direction.
An accurate elevation-over-azimuth positioner was used to
facilitate the positioning of the samples. First, a thick sample
(6.35 cm) was placed in front of the radar and its backscatter
was measured twice: sample alone and the sample backed by
a circular metallic plate with diameter equal to that of the
cylinder (10 cm). No change was observed in the measured
RCS of the cylindrical sample once the metallic plate was
attached. From this experiment it was concluded that the
extinction in the asphalt medium is so high that the signal
reflected off the metallic plate does not significantly contribute
to the overall backscatter. In other words, the scattered field,
in this case, originates from the lit surface of the cylinder
only. Since the dimensions of the target (cylinder) is much
larger than the wavelength mm), physical optics
approximation can be used to evaluate the RCS. According
to this approximation the RCS of this target can be obtained
from [16]

where is the surface area of the cylinder base,is the
wavelength, and is the Fresnel reflection coefficient at
normal incidence. Asphalt surface reflectivity was measured
directly by comparing the backscatter of the metallic disk to
that of the cylindrical sample at the same distance from the
radar. Statistics of the surface reflectivity was obtained using
all three samples and by measuring both the front and back of
the samples. Fig. 2 shows the time-domain radar backscatter
responses of a typical asphalt sample and the circular metallic
disk. From about six independent backscatter measurements
the surface reflectivity was calculated to be11 0.1 dB.
Since the asphalt mixture is a low-loss material, the surface
reflectivity is mostly dominated by the real part of the effective
dielectric constant, hence

(1)

Using the measured reflectivity in (1), the real part of the
effective dielectric constant of the asphalt mixtures at 94 GHz

Fig. 2. The time-domain radar backscatter responses of a typical asphalt
sample and the circular metallic disk.

is found to be . This measurement is consistent
with the low-frequency measurement conducted at L-band.

Next, we attempted to evaluate the imaginary part of the
effective dielectric constant using the thiner samples. RCS’s of
cylindrical samples with height 2.38 cm were measured and, as
before, no change in the measured RCS’s was observed when
the metallic circular disk was placed behind the cylindrical
samples. This indicates that the two-way attenuation is still
too high (note that the power transmissivity at the interface
between air and asphalt is more than 92%). Similar experi-
ments were conducted using the thinnest samples (1.59 cm).
For these samples the change in RCS with and without the
metallic disk was of the order of only 0.1 dB. Obviously the
change in the RCS is not high enough to allow for an accurate
characterization of the imaginary part of the effective dielectric
constant, however, an approximate estimate can be obtained.
The reflection coefficient of a metal-backed layer of thickness

at normal incidence is given by

(2)

where is the complex propagation constant in the
asphalt mixture. Using (2), the attenuation constant and the
imaginary part of the effective dielectric constant of the asphalt
mixture at 94 GHz are, respectively, found to be Np/m
and . Note that although a thinner asphalt sample
exhibits a higher difference between RCS’s of the sample with
and without the metallic disk, the calculation of would still
not be accurate for two reasons: 1) the diameters of about
10% of particles in the asphalt mixture are larger than 1 cm,
which limits the thickness of the cylindrical samples and 2)
the sample has to be many wavelengths long to allow for
the interaction of the electromagnetic wave with the random
medium.

III. T HEORETICAL ANALYSIS

In this section, the problem of scattering from an asphalt
surface possibly covered with a thin layer of ice or water
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Fig. 3. The geometry of the scattering from an asphalt surface possibly
covered with a thin layer of ice or water.

is considered. The geometry of the scattering problem is
shown in Fig. 3 where the ice or water layer is considered
as a homogeneous layer with thickness. The asphalt is
modeled as a layer of dense random medium with thickness

and on top of a relatively smooth gravel surface. Suppose
a uniform plane wave in air (medium 0) is incident on
the multilayer medium. At the interface, the incident ray
refracts and enters the random medium where scattering in
all directions (including the backscatter direction) takes place.
Interaction of electromagnetic waves with random media can
be explained using a heuristic approach known as radiative
transfer (RT) method. The formulation of RT is based on
conservation of energy and has been successfully applied
to many remote sensing problems [18]–[20]. In this theory,
the polarimetric flow of electromagnetic energy through a
random medium can be explained from the solution of a vector
integrodifferential equation given by

(3)

where is an unknown 4 1 vector specific intensity (power
density per unit solid angle), is the 4 4 extinction matrix
and is the 4 4 phase matrix. The extinction matrix
characterizes the attenuation of the vector specific intensity
due to absorption and scattering. The phase matrix relates the
average specific intensity scattered by a unit volume of the
random media into direction to the incident intensity upon
the unit volume from the direction .

For an elliptically polarized monochromatic plane wave the
incident specific intensity is defined through the modified
Stokes parameters and as follows:

(4)

where is the intrinsic impedance of free-space. Note that
the scattered field from a distributed target is a spherical wave.
The vector specific intensity is also defined in terms of Stokes
parameters, but the definition includes normalization by the
solid angle where is the illumination area, is
the distance between the distributed target and the observation

point, and is the angle between the outward normal to
and the vector defining the direction from the target to

the observation point. Hence, the scattered intensity from a
random medium is defined as

(5)

where denotes ensemble average. The bistatic scattering
coefficient corresponding to a -polarized incident plane
wave giving rise to -polarized spherical wave can be obtained
from [12]

(6)

where denotes the direction of the downward-
going incident intensity and denotes the direction of
the upward-going scattered intensity. We note that
and corresponds to scattering in the backward
direction.

The phase and extinction matrices are the fundamental
quantities in the RT model. That is, if these quantities could
be specified, then, indeed, the medium is completely charac-
terized and scattering for any arbitrary configuration could be
predicted provided that the boundary conditions are accounted
for appropriately. As mentioned earlier, asphalt mixture is a
complex medium for electromagnetic waves where even most
advanced theoretical methods, such as dense medium radiative
transfer model [17], are inadequate to correctly predict the
phase and extinction matrices. To circumvent this problem, a
modeling effort based on partly radiative transfer and partly
experimental analysis is proposed. In the proposed technique,
unlike the standard methods, we do not attempt to derive the
form of the phase and extinction matrices in terms of particle
size, shape, density, and permittivity. Instead, we propose to
invert for them directly, fromcontrolledpolarimetric backscat-
ter radar measurements. The scattering elements in the medium
are considered as clusters to underscore the point that we are
considering “effective” particles in this treatment that may
consist of correlated groups of individual physical particles
and/or multiple scattering effects. To simplify the problem
further, we assume that a first-order model can be used to
comprehend the scattering. This assumption stems from the
fact that the far-field scattering albedo (excluding near-field
particle interactions) in an asphalt medium is relatively small.

The standard practice in solving the RT equation iteratively
is to split the intensity vector into upward-going
and downward-going components, noting that

. The first-order solution of RT equation has been
reported in the literature [12], [23], and [24] and will not be
repeated here. The appropriate boundary conditions for the
problem at hand are as follows. In practice, the layer thickness
of most asphalt surfaces exceeds 5 cm. In the previous section,
it was shown that the attenuation constant of the mean field
in asphalt mixtures exceeds 54 Np/m at 94 GHz. Hence, a
5-cm layer of asphalt appears as a semi-infinite medium for
electromagnetic waves at W-band frequencies. This property
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simplifies the boundary condition at the top interface of the
asphalt layer. The downward-going intensity just below the
interface in medium 2 is related to the incident intensity above
the interface between medium 0 and medium 1 and is given by

(7)

where denotes the angle of propagation of the mean-field
in medium 2 calculated from the Fresnel law of refraction and

is the transmissivity matrix. The boundary condition that
relates the scattered upward-going intensity in medium 2 just
below the surface to the upward-going intensity in medium 0
is simply given by

(8)

For intensity vectors constructed from Stokes parameters the
transmissivity matrix can be calculated from

(9)

where and are the index of refraction and intrinsic
impedance of medium, respectively. Also, and are
the -polarized and -polarized field-transmission coefficients
from medium 0 to medium 2. Equation (9) can be used for
the calculation of by simply interchanging the subscripts
0 and 2.

Plane wave field-transmission coefficient in layered media
can be obtained following the procedure outlined in [26]. For
the three-layered problem the-polarized field-transmission
coefficient is given by

(10)

where is Fresnel reflection coefficient
at the interface of medium and medium and is given by

Here, is the component of propagation constant in
medium , which can be calculated from

The -polarized field-transmission coefficient can be obtained
from (10) by multiplying the right-hand-side by and
replacing with given by

Iterative solution of RT equation subject to the aforemen-
tioned boundary equations up to the first order results in the
following simple expression for the backscattered intensity:

(11)

In (11), is a 4 4 matrix whose elements are given by

where and are the th eigenvalue and the matrix of eigen-
vectors of the extinction matrix, respectively. Note that particle
arrangement in asphalt mixtures is statistically homogeneous
and symmetrical. That is, there is no preferred orientation
for the constituent particles in the medium (isotropic random
medium). In this case, it is expected that the extinction matrix
be reduced to a scalar quantity , which will further simplify
(11) to

(12)

It is also shown that for isotropic random media, the phase
matrix in backscatter direction can be expressed in terms of
only four independent parameters [25]

(13)

The zero entries in (13) are a result of lack of correlation
between copolarized and cross-polarized components of the
scattering matrix per unit volume of the random medium.
Using (12) and (13) in (6), the following simple expressions
for the backscattering coefficients are obtained:

(14)

Besides the backscattering coefficients, the phase difference
between the copolarized backscattered components contains
information about the target as well. The statistics of the
phase difference can be obtained from the Mueller matrix
[15]. The probability density function of the phase difference

is characterized in terms of two scalar parameters
known as the degree of correlation and the mean-phase
difference . Recognizing the product in
(12) as the Mueller matrix , the degree of correlation and
the mean-phase difference can be, respectively, computed from

(15)

(16)

After some algebraic manipulations, it can be shown that

(17)

where and . Using the above
equations in (15) and noting that
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and , it can easily be shown that

(18)

It is interesting to note that the above expression for the degree
of correlation is the same as theintrinsic degree of correlation
of the medium obtained from the medium phase function.
That is the planar interface between a multilayer homogeneous
medium and the random medium does not affect the degree of
correlation between the vertical and horizontal backscattered
signals. Similarly, defining the intrinsic mean phase difference
of the medium by

the mean phase difference given by (16) can be simplified to

(19)

where is defined as the total transition phase difference
given by

As expected, the mean-phase difference is the sum of the
mean-phase difference caused by the random media and the
phase difference introduced by the interface.

IV. EXPERIMENTAL RESULTS

In the previous section, the mathematical framework for
characterizing the millimeter-wave scattering responses of
road surfaces possibly covered with a layer of ice or water
was laid. It was shown that the backscattering coefficients and
the statistics of the phase difference can be obtained from
the four independent elements of the medium. In this section,
polarimetric backscatter measurements at 94 GHz conducted
on asphalt surfaces under a wide range of conditions are
presented and compared with the theoretical results. In these
experiments, the University of Michigan fully polarimetric
94-GHz radar system was used to collect the backscattering
responses of the targets over the angular range 70–88 . This
radar is a stepped frequency radar capable of transmitting a
linear chirped signal with a bandwidth of 2 GHz and can be
operated in either coherent or coherent on receive modes [21].
Fig. 4 shows the major components of the radar system, which
include: 1) the radar front-end; 2) a network analyzer; and 3) a
computer. The radar front-end (RF unit) performs the up- and
down-conversion of the network analyzer signal to the desired
W-band frequency. The network analyzer (HP 8753C) is used
as the IF transceiver of the system with two independent
receive channels, which allows simultaneous reception of-
and -polarized backscattered signals. A 486 processor-based
computer is used to automate the measurements and store the
data. The motion control card inside the computer together
with dc motor amplifiers and optical encoders command
and control the mechanical polarization switches and a two-
dimensional radar gimbal assembly.

The gimbal assembly is a true elevation-over-azimuth po-
sitioner, which is used to scan the distributed targets (asphalt

Fig. 4. The University of Michigan 94-GHz fully polarimetric radar system.

surfaces). In this study at least 80 spatial independent samples
for each target at each incidence angle were collected to
acquire the desired backscatter statistics. The measured data
were calibrated using a metallic sphere according to the
procedure outlined in [21]. The external calibration procedure
removes the systematic errors (such as channel imbalances and
antenna cross-talks) from the measured data.

Two measurement sites were considered for the intended
experiments. At site 1, the asphalt surface was about a year
old, having a relatively smooth interface. Backscatter mea-
surements were conducted for three different conditions at this
site: 1) dry asphalt surface; 2) wet asphalt surface with surface-
water content 0.46 kg/m; and 3) asphalt surface covered with
a 1.4-mm-thick ice layer. Site 2 was chosen as the repeatability
test site. The asphalt surface of this site, similar to site 1, was
relatively new with smooth interface. The surface roughness
of the asphalt layer was measured using a laser ranging system
with a range resolution 0.1 mm. At each site a minimum of 10
linear traces of 40-cm-long surface profiles were collected with
a horizontal resolution of 0.2 mm. It was found that the surface
roughness statistics of sites 1 and 2 were very similar with rms
height and surface correlation length of approximately 0.34
and 4.2 mm, respectively.

The theoretical formulation provided in the previous section
only accounts for the volume scattering and totally ignores the
contribution from the rough-surface scattering. The reflectivity
and transmissivity of the coherent field (mean-field) at the
rough interface between two homogeneous media are propor-
tional to where is the root mean square (rms)
height of the rough surface [22]. If this factor is close to unity,
most of power remains in the coherent field and contribution
from rough surface scattering is insignificant. This is the case
for asphalt surfaces of sites 1 and 2. The measured backscatter
data (backscattering coefficients and phase statistics) of dry
asphalt from site 1 was used in (14), (18), and (19) to
find the phase matrix elements and are tabulated in Table II.
Fig. 5(a)–(c) shows the comparison between the measured
and the theoretical prediction for the copolarized and cross-
polarized backscattering coefficients of dry asphalt surfaces of
sites 1 and 2. It is shown that the backscattering responses
of the asphalt surfaces are independent of site location and
that the agreement between the measurements and the theory
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(a)

(b)

(c)

Fig. 5. The comparison between the measured data and the theoretical prediction for copolarized and cross-polarized backscattering coefficients ofdry
asphalt surfaces at sites 1 and 2.

is excellent over all angles of incidence. The dashed lines in
these figures indicate the system noise-equivalent backscat-
tering coefficients (noise floor). The system noise-equivalent
backscattering coefficient for site 2 was improved using a
coherent averaging technique during data collection.

As mentioned earlier, in site 1 polarimetric backscatter data
were also collected from the asphalt surface covered with a
thin layer of ice and water. Fig. 6 shows the copolarized and

TABLE II
NORMALIZED ELEMENTS OF PHASE MATRIX OF ASPHALT MEDIUM AT 94 GHz
OBTAINED FROM THE POLARIMETRIC BACKSCATTER MEASUREMENTS OFSITE 1

cross-polarized measured and calculated backscattering coeffi-
cients of ice-covered asphalt surface. In these calculations, the
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Fig. 6. The comparison between the measured data and the theoretical prediction for copolarized and cross-polarized backscattering coefficients of
ice-covered asphalt surface of site 1.

Fig. 7. The comparison between the measured data and the theoretical prediction for copolarized and cross-polarized backscattering coefficients ofwet
asphalt surface of site 1.

measured mean ice-layer thickness of 1.4 mm and fresh-water
ice-dielectric constant of [23] were used. As
before, the agreement is excellent over the angular range where
the measurements were not corrupted by the system noise.
Fig. 7 shows the theoretical and measured backscattering
coefficients of the wet asphalt surface. It is shown that the
radar backscatter response drops significantly when the surface
becomes wet. For the theoretical calculation in this case,
the dielectric constant of water was calculated using Debye
formulation given in [23]. It was found that the dielectric
constant given by Debye formulation
provided an underestimation for the backscatter measurement.
In this case, a thin film of water covered the asphalt surface
(average thickness 0.46 mm) where a significant fraction of
the water molecules were bound to the surface. The dielectric
constant of bound water is different from that of free water [23]
and, therefore, the effective dielectric constant of a thin film
of water is expected to be different as well. To characterize
the effective dielectric constant of a thin film of water on an
asphalt surface, the RCS’s of the cylindrical asphalt samples
were measured after a thin film of water was sprayed on their
surfaces. The reflection coefficients of the wet asphalt surfaces

were calculated from which the effective dielectric constant
of thin water films was found to be . This
value was used in the calculation of and the results are
shown in Fig. 7. As is shown by (18), the degree of correlation
of asphalt surfaces should be independent of incidence angle
and surface cover. Fig. 8 shows that the measured’s are
indeed independent of incidence angle, however, there is
some minor dependency on the surface-cover type which may
be resulted from the surface roughness whose effect is not
accounted for in this model. Data measured at lower grazing
angles are excluded because of noise corruption. Fig. 9 shows
the comparison between the calculated and measured mean
phase difference . Average discrepancy of less than 10is
achieved.

V. CONCLUSION

Millimeter-wave polarimetric radar phenomenology of as-
phalt surfaces was investigated thoroughly. A scattering model
based on the vector radiative transfer theory and experimental
analysis was developed for predicting the radar backscattering
responses of asphalt surfaces at 94 GHz. First, the effective
dielectric constant of asphalt mixtures was obtained using
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Fig. 8. The measured and calculated degree of correlation(�) of dry, wet, and ice-covered asphalt surfaces.

Fig. 9. The measured and calculated mean-phase difference(�) of dry and wet asphalt surfaces.

RCS measurements of cylindrical asphalt samples at normal
incidence. The fundamental quantities of the RT model were
obtained from a polarimetric backscatter measurement of
a dry asphalt surface. These quantities were then used to
predict the backscattering coefficients and phase-difference
statistics of asphalt surfaces covered with water and ice
over a wide range of incidence angles. The University of
Michigan W-band polarimetric scatterometer system was used
to collect the polarimetric backscattering responses of asphalt
surfaces under many physical conditions. It was shown that
the theoretical results and the measured quantities were in
excellent agreement. Similar models can also be developed
for other smooth road surfaces such as concrete.
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