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Abstract—Millimeter-wave radar-based sensors are being con- These applications include collision warning, intelligent cruise
sidered for a number of automotive applications including obsta- control, traction control, lane-change aid, etc. [2], [3]. In recent
cle detection and collision warning, true-speed, and road-surface yeqr considerable efforts by many automobile industries and
recognition. In this paper, the interaction of electromagnetic t ies h b devoted t d the d |
waves with asphalt road surfaces, possibly covered with ice government agencies have been devoted towar € develop-
or water, at millimeter-wave frequencies is studied. First, an ment of these MMW sensors. However, due to the lack of
experimental procedure for determining the effective dielectric accurate knowledge of the radar backscatter behavior of targets
constant of bituminous mixtures used in road-surface construc- and clutter in highway environment, the initial optimism has

tions is (_jevelo_ped. In_ this p_rocedL_Jre, the effect_lve dlele_ctrlc not yet led to a system that can perform properly, even with
constant is derived using a simple inverse-scattering algorithm

to the measured radar cross sections of cylindrical specimen of the most lax false-alarm rate requirement. _

a standard asphalt mixture. Then the vector radiative transfer In this paper, as a first step, the theoretical and experimental
equation is used to formulate the scattering from a multilayer aspects of electromagnetic wave scattering from asphalt sur-
medium representing an ice- or water-covered asphalt surface. faces are considered. Noting that in many radar applications

The University of Michigan polarimetric 94-GHz radar system : P "
was deployed for characterizing the polarimetric backscatter re- detection and discrimination of a target in the presence of

sponses of asphalt surfaces under many physical conditions nearclutter can be enhanced significantly by appropriately choosing
grazing incidence angles (70-88). The measured backscatter co- the optimal set of transmit and receive polarizations, the
efficients and parameters of copolarized phase difference statistics scattering responses of asphalt surfaces must be characterized
of a dry asphalt surface_ with smooth mterface_ at one mcn_dence polarimetrically. In a recent paper, it was shown that ¢he
angle were used to derive the phase and extinction matrices of ~_ . . . ;
the asphalt medium. The experimentally determined phase and prlo_rl knowledge of the polarimetric re_sponses Qf a number
extinction matrices are substituted in the radiative transfer for- ~Of distributed targets can be used to design an optimum nonpo-
mulation to predict the scattering from asphalt surfaces under all larimetric radar for classifying the targets [4]. The number of
conditions. Excellent.qgre.ement_between theoretical predictions jnfluential physical parameters on radar responses of asphalt
and measured quantities is obtained. surfaces such as surface roughness, surface wetness, density,
Index Terms— Electromagnetic scattering, millimeter-wave surface cover, etc. is rather large, which makes the effort of
measurements. generating a comprehensive data set extremely difficult if not
impossible. From a theoretical point of view, the problem at
I. INTRODUCTION hand can be regarded as obtaining the solution for backscatter
from a multilayer dense random medium. At millimeter-

ACCORDING to the National Highway Traffic Safety, e frequencies where the sizes of inhomogeneities in dense

Admmlstratlo_n, _trafﬁc aCCIdents_are among the Ieadln|%ndom medium are comparable to the wavelength, it is not
causes of death in industrial countries. A study has sho

that 90% of rear-end and 60% of head-on collisions ¢
be prevented, provided that the drivers had been given
extra second of warning [1]. Advanced sensors that al s

drlve_rs to the potential hazard'_s, such as ObJeCtS_ on the ' haracterize the fundamental medium parameters needed in
or slippery surfaces can drastically reduce traffic acmden{ﬁe vector radiative transfer formulation

Radars, when compared with optical and infrared SENSOISy, \vhat follows, first an experimental procedure for char-

offer two major advantages: 1) their operation is not hamperg terizing the effective dielectric constant of asphalt mixtures

with inclement We"?‘ther and. 2) they prov!de t.h? range ang developed. The effective dielectric constant is needed for
speed of targets directly. With advances in mIIIImeter'wav&eterminin the diffraction, propagation constant, and extinc-
(MMW) technology, millimeter-wave radar-based sensors for g » propag ’

. 20 ) - fion coefficient of the mean field in dense asphalt mixtures.
automotive applications have become economically V'abﬁ'ext the problem of volume scattering from a multilayer

) ) ) ) medium is formulated using the vector radiative transfer.
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TABLE | be a gentle function of frequency. Therefore, the real part of

PARTICLE SiZE DISTRIBUTION OF ASPHALT SPECIMENS the effective dielectric constant of asphalt mixtures should be
Sieve Size in cm || % Passing almost a constant as a function of frequency. As mentioned
earlier, this generalization does not apply to the imaginary

1.27 100 part of the mixture dielectric constant due to the presence of

0.95 92 strong scatterers in the medium. Evaluation of the imaginary

0.64 75 part of the effective dielectric constant or equivalently the

0.32 62 extinction coefficient of a dense random medium is not very
0.95 55 straight forward. The most advanced method, known as quasi-

016 " crystalllme approxmathn (QQA) [11], [12], that takes muItllpIe
scattering among particles into account has been validated

0.06 2 for single-particle type media with volume fractions less than
0.03 7 20%. Besides the shape and particle-size distributions, QCA

0.01 4.5 requires the knowledge of the pair-distribution function of the

particles in the medium which is very difficult to characterize.
) ) o Since the theoretical calculation of the effective dielectric
are presented and compared with the theoretical predictionggnstant of asphalt mixtures is not easy, we resorted to
experimental procedures. As mentioned earlier, it is expected
IIl. EFFECTIVE DIELECTRIC CONSTANT OF ASPHALT that the real part of effective permittivity of asphalt mixtures
Asphalt can be considered as a composite material co@ almost independent of frequency and, therefore, a di-
prised of pebbles, sand, bitumen (asphalt), and air voiglkectric measurement at microwave frequencies should reveal
arranged in a random fashion. Electromagnetic scattering dhé real part of the effective dielectric constant. The loss
propagation in a random medium are mostly influenced §ngents of bitumen and rocks at microwave frequencies are
the contrast in the complex permittivities and sizes (relative tather low, which permits the dielectric characterization using
the wavelength) of the constituent particles. Size distributigh microwave resonator. Since the measurements should be
of rocks in asphalt mixtures may vary depending on the apccomplished nondestructively, a partially filled transmission-
plication [5]. Table | shows a typical particle-size distributiofine-type resonator is most appropriate for this task. For this
in an asphalt mixture used for construction of road surfacg®irpose we used a microstrip ring resonator at L-band frequen-
The pebbles, crushed rocks, and sand constitute 85-90%Ciels. The resonant frequency of a ring resonator is inversely
the mixture and the rest is occupied by bitumen (5-7%) amgoportional to the perimeter of the ring and the square root of
air voids (5-8%). Except certain deleterious rocks such He effective dielectric constant of the microstrip substrate and
clay stone or iron stone, the rocks in the asphalt mixtutbe unknown medium. The choice of frequency determines the
are arbitrary and are chosen according to the availabilidjmension of the ring resonator whose geometry is shown in
[6]. Due to the high-volume fraction of rocks and sand ifrig. 1. It is important that the dimension of the ring resonator
asphalt mixtures, the effective dielectric constant is mostiie much larger than a typical dimension of the constituent
influenced by the complex permittivities of rocks and sanparticles of the mixture. This requirement ensures that the
particles. At low frequencies where the sizes of constituewiariability in the shift in resonant frequency as a function of
particles are much smaller than the wavelength, the effectikgsonator position is relatively small. Following the procedure
dielectric constant of the mixtures can be obtained from tlatlined in [13], the dielectric constants of 15 smooth asphalt
dielectric constants and volume fraction of constituent particlsamples were measured using the L-band microstrip ring
using dielectric mixing formula such as Polder—Van Santeasonator. The real part of the effective dielectric constant of
[7]. However, at high frequencies where the sizes of particl#ze asphalt mixtures at 1.1 GHz was found to be 3t38.12.
are comparable or larger than the wavelength, significantTo directly evaluate the effective dielectric constant of the
scattering in the medium occurs. This, in effect, increasasphalt mixtures at 94 GHz, a free-space measurement method
the imaginary part of the effective dielectric constant. Recewas devised. In this approach cylindrical samples of an asphalt
experimental and numerical analysis have shown that simphéxture with bitumen content 6.2% and air void content
low-frequency mixing formula can accurately predict the realf 3.5% prepared by Midwest Testing Laboratories were
part of the effective dielectric constants of random media ateasured. The particle size distribution of these specimens
high frequencies [8], [9]. is reported in Table I. The desired density of the asphalt
The literature concerning the dielectric properties of commixture is achieved using the Marshall method ASTM D1559
stituent components of asphalt mixtures at W-band frequencfé4]. The cylindrical samples were constructed having three
is rather rare. The complex permittivities of different rocks amifferent heights—1.59, 2.38, and 6.35 cm—all having the
reported at 450 MHz and 35 GHz by Campbell and Ulrichsame diameter of 10 cm. For each specified height, three spec-
[10]. It is shown that the real part of the relative dielectriatmen were made for verification of measurement consistency.
constants of rocks varies within the range 3-8 with a wedlhe University of Michigan 94-GHz scatterometer system
dependency on frequency. It is also shown that loss tangerds used to measure the radar cross sections (RCS’s) of the
for most rocks is relatively low. Bitumen, like rocks, is acylindrical samples. The cylindrical samples were positioned
nonpolar substance and its dielectric constant is expectedatong the radar boresight with their circular base facing the
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Fig. 1. Geometry of a ring resonator.
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Fig. 2. The time-domain radar backscatter responses of a typical asphalt
radar and being perpendicular to the radar boresight directiGiimP'e and the circular metallic disk.
An accurate elevation-over-azimuth positioner was used to
facilitate the positioning of the samples. First, a thick sampig found to be, = 3.184-0.04. This measurement is consistent
(6.35 cm) was placed in front of the radar and its backscatigith the low-frequency measurement conducted at L-band.
was measured twice: sample alone and the sample backed bylext, we attempted to evaluate the imaginary part of the
a circular metallic plate with diameter equal to that of theffective dielectric constant using the thiner samples. RCS'’s of
cylinder (10 cm). No change was observed in the measurgglindrical samples with height 2.38 cm were measured and, as
RCS of the cylindrical sample once the metallic plate wasefore, no change in the measured RCS'’s was observed when
attached. From this experiment it was concluded that tfige metallic circular disk was placed behind the cylindrical
extinction in the asphalt medium is so high that the signghmples. This indicates that the two-way attenuation is still
reflected off the metallic plate does not significantly contribut®o high (note that the power transmissivity at the interface
to the overall backscatter. In other words, the scattered fielshtween air and asphalt is more than 92%). Similar experi-
in this case, originates from the lit surface of the cylindahents were conducted using the thinnest samples (1.59 cm).
only. Since the dimensions of the target (cylinder) is mugbor these samples the change in RCS with and without the
larger than the wavelengtph = 3.19 mm), physical optics metallic disk was of the order of only 0.1 dB. Obviously the
approximation can be used to evaluate the RCS. Accordigange in the RCS is not high enough to allow for an accurate
to this approximation the RCS of this target can be obtaineflaracterization of the imaginary part of the effective dielectric

from [16] constant, however, an approximate estimate can be obtained.
9 The reflection coefficient of a metal-backed layer of thickness
47 A 9 . o
0e = 33 II's] d at normal incidence is given by
) . — GQikad
where A is the surface area of the cylinder basejs the r, == 2

wavelength, and’, is the Fresnel reflection coefficient at 1= Docikad
normal incidence. Asphalt surface reflectivity was measuraderek, = 5+ i« is the complex propagation constant in the
directly by comparing the backscatter of the metallic disk tasphalt mixture. Using (2), the attenuation constant and the
that of the cylindrical sample at the same distance from tlimaginary part of the effective dielectric constant of the asphalt
radar. Statistics of the surface reflectivity was obtained usingjixture at 94 GHz are, respectively, found tode= 54 Np/m

all three samples and by measuring both the front and backaofd ¢/ ~ 0.1. Note that although a thinner asphalt sample
the samples. Fig. 2 shows the time-domain radar backscatghibits a higher difference between RCS’s of the sample with
responses of a typical asphalt sample and the circular metadlitd without the metallic disk, the calculation «f would still

disk. From about six independent backscatter measurememis be accurate for two reasons: 1) the diameters of about
the surface reflectivity was calculated to bd1l 4+ 0.1 dB. 10% of particles in the asphalt mixture are larger than 1 cm,
Since the asphalt mixture is a low-loss material, the surfaadiich limits the thickness of the cylindrical samples and 2)
reflectivity is mostly dominated by the real part of the effectivéhe sample has to be many wavelengths long to allow for
dielectric constant, hence the interaction of the electromagnetic wave with the random

medium.

14+T,\2
e;:( ) W
1-T, I

Using the measured reflectivity in (1), the real part of the In this section, the problem of scattering from an asphalt
effective dielectric constant of the asphalt mixtures at 94 GHsurface possibly covered with a thin layer of ice or water

. THEORETICAL ANALYSIS
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2 point, and#, is the angle between the outward normal to

A A and the vector defining the direction from the target to

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

. ST
S /) D N (1
. O € = U] noAcosb; |2 Re({(ESE}T)) ©

Medium 0

 Medumn | bomozencons) where ( ) denotes ensemble average. The bistatic scattering

I AR coefficients? ; corresponding to @-polarized incident plane
o Medium2 (random . 4 \wave giving rise tax-polarized spherical wave can be obtained
: ¢ from [12]
Fig. 3. The geometry of the scattering from an asphalt surface possibly A1 cos6.1°(0
covered with a thin layer of ice or water. Oop(m — 0o, 0305, ¢s) = o (0s. bs) (6)

I5(m = 6o, ¢o)

is considered. The geometry of the scattering problem where (7 — 6y, ¢o) denotes the direction of the downward-
shown in Fig. 3 where the ice or water layer is consideregbing incident intensity angé,, ¢;) denotes the direction of

as a homogeneous layer with thicknegs The asphalt is the upward-going scattered intensity. We note that= 6,
modeled as a layer of dense random medium with thicknessd ¢, = 7 + ¢y corresponds to scattering in the backward
d> and on top of a relatively smooth gravel surface. Suppodeection.

a uniform plane wave in air (medium 0) is incident on The phase and extinction matrices are the fundamental
the multilayer medium. At the interface, the incident rayuantities in the RT model. That is, if these quantities could
refracts and enters the random medium where scatteringbi@ specified, then, indeed, the medium is completely charac-
all directions (including the backscatter direction) takes placerized and scattering for any arbitrary configuration could be
Interaction of electromagnetic waves with random media c@nedicted provided that the boundary conditions are accounted
be explained using a heuristic approach known as radiatifie@ appropriately. As mentioned earlier, asphalt mixture is a
transfer (RT) method. The formulation of RT is based osomplex medium for electromagnetic waves where even most
conservation of energy and has been successfully appledlyanced theoretical methods, such as dense medium radiative
to many remote sensing problems [18]-[20]. In this theorytansfer model [17], are inadequate to correctly predict the
the polarimetric flow of electromagnetic energy through phase and extinction matrices. To circumvent this problem, a
random medium can be explained from the solution of a vect@rodeling effort based on partly radiative transfer and partly

integrodifferential equation given by experimental analysis is proposed. In the proposed technique,
I(3,7) X e ) unlike the standard metholds,.we do qot at.tempt to derive. the
i = —kI(3,7) + // P(5,5)1(8,r)dQ  (3) form of the phase and extinction matrices in terms of particle

e size, shape, density, and permittivity. Instead, we propose to

wherelI is an unknown 4x 1 vector specific intensity (power invert for them directly, frontontrolledpolarimetric backscat-
density per unit solid angle) is the 4 x 4 extinction matrix ter radar measurements. The scattering elements in the medium

and P is the 4 x 4 phase matrix. The extinction matrix@'® considered as clusters to underscore the point that we are

characterizes the attenuation of the vector specific intensfgnsidering “effective” particles in this treatment that may
due to absorption and scattering. The phase matrix relates ¢qBSist of correlated groups of individual physical particles

average specific intensity scattered by a unit volume of tg@d/or multiple scattering effects. To simplify the problem
random media into direction to the incident intensity upon further, we assume that a first-order model can be used to

the unit volume from the directiod’. comprehend the scattering. This assumption stems from the

For an elliptically polarized monochromatic plane wave thi&ct that the far-field scattering albedo (excluding near-field

incident specific intensity’ is defined through the modified particle interactions) in an asphalt medium is relatively small.
Stokes parametei,, I, U, and V as follows: The standard practice in solving the RT equation iteratively

) is to split the intensity vector into upward-goifdit (6, ¢, z))
1, |E’"|2 and downward-going (4, ¢, z)) components, noting that
I = I, — 1 | En| . (4) 0<6@< /2. The first-order solution of RT equation has been
U o |2 Re(E’UE{kL) reported in the literature [12], [23], and [24] and will not be
4 2 Im(E, E) repeated here. The appropriate boundary conditions for the
where 7, is the intrinsic impedance of free-space. Note thgroblem at hand are as follows. In practice, the layer thickness
the scattered field from a distributed target is a spherical waw#.most asphalt surfaces exceeds 5 cm. In the previous section,
The vector specific intensity is also defined in terms of Stokéswas shown that the attenuation constant of the mean field
parameters, but the definition includes normalization by the asphalt mixtures exceeds 54 Np/m at 94 GHz. Hence, a
solid angleA cos @, /r? where A is the illumination areay is 5-cm layer of asphalt appears as a semi-infinite medium for
the distance between the distributed target and the observattectromagnetic waves at W-band frequencies. This property
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simplifies the boundary condition at the top interface of tha (11), A is a 4 x 4 matrix whose elements are given by

asphalt layer. The downward-going intensity just below the 1

interface in medium 2 is related to the incident intensity above [A]ij = Yo [QPQ);;

the interface between medium 0 and medium 1 and is given by ¢ J

— - _ i + _ _ where); and(@ are theith eigenvalue and the matrix of eigen-

I™(m = 0,4,07) = ToxI'(m = 0, b0, di )8(0 = 02)8(¢ = Po)  actors of the extinction matrix, respectively. Note that particle

arrangement in asphalt mixtures is statistically homogeneous

where#, denotes the angle of propagation of the mean-fie d symmetycal. That_ 1S, t'here IS no pref_erred erentat|on
qr the constituent particles in the medium (isotropic random

in medium 2 calculated from the Fresnel law of refraction a _ . L L :
To is the transmissivity matrix. The boundary condition th edium). In this case, it is expected that the extinction matrix
reduced to a scalar quantity), which will further simplify

relates the scattered upward-going intensity in medium 2 j
below the surface to the upward-going intensity in medium
is simply given by

Is(egvd)gvdf) :T201+(9§7¢870_) (8)

1) to
s 1 7
I (907 d)O + , dii—) = %TQOPTO?I (7T - 907 ¢07 dii—) (12)

_ . It is also shown that for isotropic random media, the phase
For intensity vectors constructed from Stokes parameters W@trix in backscatter direction can be expressed in terms of

transmissivity matrix can be calculated from only four independent parameters [25]
T — n3no cos O DL P2 0 0
02="%5
n2mne cos By p=|P2 N 0 0 (13)
thal? 0 0 0 0 0 ps+p2 —-ps |
0 [thl 0 0 ©) 0 0 ps ps—p2
0 0 Re(t'('j'QtS;) —IIn(t'('j'th;)

02702 202,0 The zero entries in (13) are a result of lack of correlation
0 0 Im(t6,te3)  Re(tsyto3) between copolarized and cross-polarized components of the

where n; and n; are the index of refraction and intrinsicscattering matrix per unit volume of the random medium.

impedance of mediunj, respectively. Alsozs, andt}, are Using (12) and (13) in (6), the following simple expressions

the v-polarized andh-polarized field-transmission coefficientsfor the backscattering coefficients are obtained:

from medium 0 to medium 2. Equation (9) can be used for

: g : - o°, = 4 cos o[ty | [t |2 L
the calculation off’sg by simply interchanging the subscripts vy 02 1*201 5 -
0 and 2. o __ ho21:h 2 P1
Plane wave field-transmission coefficient in layered media Thn =4 cos oltoz |20l 2
can be obtained following the procedure outlined in [26]. For 0%, =4mcos 90|t§2|2|t§0|2p—2
the three-layered problem thie-polarized field-transmission ' 2K
coefficient is given by o5, =47 cos 90|t52|2|t§0|2]2)—2. (14)
K
h N
thy = ¢k (d+ 7}12)}(1 JQF "61) (10) Besides the backscattering coefficients, the phase difference
1+ g ripci?hi=d between the copolarized backscattered components contains

tinformation 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
L L — k . _ . . .
R 2z (¢vw — Pr1,) IS characterized in terms of two scalar parameters
PE Ry + kg known as the degree of correlati¢n) and the mean-phase
Here, k,. is the z component of propagation constant irflifference(¢). Recognizing the produdtl/2r)T20PTo; in
mediump, which can be calculated from (12) as the Mueller matrixM ), the degree of correlation and
’ the mean-phase difference can be, respectively, computed from

wherer;;q (p € 0,1,q € 1,2) is Fresnel reflection coefficien

at the interface of mediurm and mediuny and is given by

kzzko € —Sin290.
P \/7’7 _ 1 [(Mss + Mya)* + (Mzq — Mys)? (15)
The v-polarized field-transmission coefficient can be obtained 4T3 M1 M2
from (10) by multiplying the right-hand-side by, /7, and Mz — My
lacing7" with »v_ qi = tan™! (| ————— ). 16
replacingr”, with 7%, given by ¢ = tan <M33 +M44> (16)

v _ Cabps = ol

Tpg = . After some algebraic manipulations, it can be shown that
€gkp + ephys

lterative solution of RT equation subject to the aforemen- Mss + Mys = {RelZ1 Zo]ps — Im|Z) Zo]ps} /s
tioned boundary equations up to the first order results in the ~— Muz — Mzy = {Im[Z1 Zs]ps + Re[Z1 Zo|ps} /v (17)

following simple expression for the backscattered intensity: .
g simp P Y'where 7, = tsoths and Zy = t3,th%. Using the above

I? (80, ¢o + 7, d]") = Too AT 021 (7 — 69, ¢0,dT7).  (11) equations in (15) and noting thatly; = |t4,|?|t50]?(p1/2k)
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and May = |8, |?[th,]2(p1/2k), it can easily be shown that

2 2
o= B (18)
D1

It is interesting to note that the above expression for the degre
of correlation is the same as th@rinsic degree of correlation

of the medium(«; ) obtained from the medium phase function.
That is the planar interface between a multilayer homogeneo
medium and the random medium does not affect the degree ¢
correlation between the vertical and horizontal backscattere
signals. Similarly, defining the intrinsic mean phase difference
of the medium by

1 ]&
p3 Fig. 4. The University of Michigan 94-GHz fully polarimetric radar system.

the mean phase difference given by (16) can be simplified to
surfaces). In this study at least 80 spatial independent samples
C=G+& (19 for each target at each incidence angle were collected to
where ¢; is defined as the total transition phase differenccquire the desired_backscatter _statistics. The me_asured data
given by were calibrated using a metallic sphere according to the
procedure outlined in [21]. The external calibration procedure
G = L(t5othe) + £(t5,th). removes the systematic errors (such as channel imbalances and

As expected. the mean-phase difference is the sum of tf;rl]ntenna cross-talks) from the measured data.
xp ’ P ! ! u W0 measurement sites were considered for the intended

mean-phase dn‘fe_rence caused by the random media and éQSeriments. At site 1, the asphalt surface was about a year
phase difference introduced by the interface. old, having a relatively smooth interface. Backscatter mea-
surements were conducted for three different conditions at this
IV. EXPERIMENTAL RESULTS site: 1) dry asphalt surface; 2) wet asphalt surface with surface-
In the previous section, the mathematical framework fovater content 0.46 kg/ffy and 3) asphalt surface covered with
characterizing the millimeter-wave scattering responses afl.4-mm-thick ice layer. Site 2 was chosen as the repeatability
road surfaces possibly covered with a layer of ice or wattgst site. The asphalt surface of this site, similar to site 1, was
was laid. It was shown that the backscattering coefficients aredatively new with smooth interface. The surface roughness
the statistics of the phase difference can be obtained fr@hthe asphalt layer was measured using a laser ranging system
the four independent elements of the medium. In this sectiomith a range resolution 0.1 mm. At each site a minimum of 10
polarimetric backscatter measurements at 94 GHz conduclieear traces of 40-cm-long surface profiles were collected with
on asphalt surfaces under a wide range of conditions adorizontal resolution of 0.2 mm. It was found that the surface
presented and compared with the theoretical results. In thesaghness statistics of sites 1 and 2 were very similar with rms
experiments, the University of Michigan fully polarimetricheight and surface correlation length of approximately 0.34
94-GHz radar system was used to collect the backscatteramyd 4.2 mm, respectively.
responses of the targets over the angular range8®. This The theoretical formulation provided in the previous section
radar is a stepped frequency radar capable of transmittingrely accounts for the volume scattering and totally ignores the
linear chirped signal with a bandwidth of 2 GHz and can beontribution from the rough-surface scattering. The reflectivity
operated in either coherent or coherent on receive modes [Zd transmissivity of the coherent field (mean-field) at the
Fig. 4 shows the major components of the radar system, whichugh interface between two homogeneous media are propor-
include: 1) the radar front-end; 2) a network analyzer; and 3}ianal to e~ki cos®(60)s” \wheres is the root mean square (rms)
computer. The radar front-end (RF unit) performs the up- amight of the rough surface [22]. If this factor is close to unity,
down-conversion of the network analyzer signal to the desireabst of power remains in the coherent field and contribution
W-band frequency. The network analyzer (HP 8753C) is us&@m rough surface scattering is insignificant. This is the case
as the IF transceiver of the system with two independefur asphalt surfaces of sites 1 and 2. The measured backscatter
receive channels, which allows simultaneous reception-of data (backscattering coefficients and phase statistics) of dry
and h-polarized backscattered signals. A 486 processor-basexgphalt from site 1 was used in (14), (18), and (19) to
computer is used to automate the measurements and storefititb the phase matrix elements and are tabulated in Table II.
data. The motion control card inside the computer togeth€ig. 5(a)—(c) shows the comparison between the measured
with dc motor amplifiers and optical encoders commarehd the theoretical prediction for the copolarized and cross-
and control the mechanical polarization switches and a twpelarized backscattering coefficients of dry asphalt surfaces of
dimensional radar gimbal assembly. sites 1 and 2. It is shown that the backscattering responses
The gimbal assembly is a true elevation-over-azimuth pof the asphalt surfaces are independent of site location and
sitioner, which is used to scan the distributed targets (asphtlat the agreement between the measurements and the theory

(; = tan
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Fig. 5. The comparison between the measured data and the theoretical prediction for copolarized and cross-polarized backscattering codsfficients of
asphalt surfaces at sites 1 and 2.

is excellent over all angles of incidence. The dashed lines in TABLE I
these figures indicate the system noise-equivalent baCkSCgP_RMALIZED ELEMENTS OF PHASE MATRIX OF ASPHALT MEDIUM AT 94 GHz

] o ] i ) BTAINED FROM THE POLARIMETRIC BACKSCATTER MEASUREMENTS OFSITE 1
tering coefficients (noise floor). The system noise-equivalent
backscattering coefficient for site 2 was improved using a P/x p2/* Ps/t pa/%

. . . . -2 -3 -2 -3

coherent averaging technique during data collection. 236 x 107° | 4.72 x 107 | 1.16 x 107 | 1.40 x 10

As mentioned earlier, in site 1 polarimetric backscatter data

were also collected from the asphalt surface covered withcepss-polarized measured and calculated backscattering coeffi-
thin layer of ice and water. Fig. 6 shows the copolarized amiknts 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.
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Fig. 7. The comparison between the measured data and the theoretical prediction for copolarized and cross-polarized backscattering cos#ficients of
asphalt surface of site 1.

measured mean ice-layer thickness of 1.4 mm and fresh-watere calculated from which the effective dielectric constant
ice-dielectric constant of; = 3.1 +¢0.27 [23] were used. As of thin water films was found to be, = 5.6 + ¢1.7. This
before, the agreement is excellent over the angular range wheatle was used in the calculation of and the results are
the measurements were not corrupted by the system noRfgown in Fig. 7. As is shown by (18), the degree of correlation
Fig. 7 shows the theoretical and measured backscatterfffgasphalt surfaces should be independent of incidence angle
coefficients of the wet asphalt surface. It is shown that ti#@d surface cover. Fig. 8 shows that the measursdare
radar backscatter response drops significantly when the surfiitdeed independent of incidence angle, however, there is
becomes wet. For the theoretical calculation in this cas¥®me minor dependency on the surface-cover type which may
the dielectric constant of water was calculated using Deb{€ resulted from the surface roughness whose effect is not

formulation given in [23]. It was found that the dielectricdccounted for in this model. Data measured at lower grazing
constant given by Debye formulatiofr, = 5.6 + i7.8) angles are excluded because of noise corruption. Fig. 9 shows

gﬁ? comparison between the calculated and measured mean
Bgése differencé(). Average discrepancy of less than°1i8
ieved.

provided an underestimation for the backscatter measurem
In this case, a thin film of water covered the asphalt surfa
(average thickness 0.46 mm) where a significant fraction ofa¢
the water molecules were bound to the surface. The dielectric
constant of bound water is different from that of free water [23] V. CONCLUSION

and, therefore, the effective dielectric constant of a thin film Millimeter-wave po|arimetric radar phenomen0|ogy of as-
of water is expected to be different as well. To characterighalt surfaces was investigated thoroughly. A scattering model
the effective dielectric constant of a thin film of water on apased on the vector radiative transfer theory and experimental
asphalt surface, the RCS’s of the cylindrical asphalt sampl&salysis was developed for predicting the radar backscattering
were measured after a thin film of water was sprayed on the@isponses of asphalt surfaces at 94 GHz. First, the effective
surfaces. The reflection coefficients of the wet asphalt surfaaslectric constant of asphalt mixtures was obtained using
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Fig. 8. The measured and calculated degree
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Fig. 9. The measured and calculated mean-phase differgjjcef dry and wet asphalt surfaces.

RCS measurements of cylindrical asphalt samples at normg{ H. A. Wallace and J. R. MartinAsphalt Pavement EngineeringNew

incidence. The fundamental quantities of the RT model wer
obtained from a polarimetric backscatter measurement
a dry asphalt surface. These quantities were then used &

]

predict the backscattering coefficients and phase-difference
statistics of asphalt surfaces covered with water and icg
over a wide range of incidence angles. The University of

Michigan W-band polarimetric scatterometer system was usEg]
to collect the polarimetric backscattering responses of asphalt
surfaces under many physical conditions. It was shown that
the theoretical results and the measured quantities werel}

excellent agreement. Similar models can also be developed

for other smooth road surfaces such as concrete.
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