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Low Grazing Incidence Millimeter-Wave Scattering
Models and Measurements for Various Road Surfaces

Eric S. Li, Member, IEEE and Kamal Saraband§enior Member, IEEE

Abstract—Systematic characterization of the scattering behav- and collision warning applications of millimeter-wave radars.
ior of traffic targets, clutter, and their associated interactions Characterization of the Scattering response of road surfaces
are required in order to design and assess the performance 4o gifferent conditions is pursued both theoretically and

of millimeter-wave-based sensors for automated highway sys- . . .
tem (AHS) applications. In this paper, the polarimetric radar ~€XPerimentally. To fully exploit the properties of the radar

backscatter response of various road surfaces is investigated backscatter for a given application, techniques offered by radar
both theoretically and experimentally. In general, it is found polarimetry can be used to enhance the performance. To this
that the overall scattering response of road surfaces is composed end, extensive polarimetric backscatter measurements have

of volume and surface scattering components. Recently a hy- ] .
brid volume scattering model was developed for predicting the been conducted av’-band for different types of road surfaces

backscatter response of smooth asphalt surfaces at millimeter- Over a wide range of inci_dence angles. Asphalt, concrete, and
wave frequencies. There, only the volume scattering was ac- gravel surfaces with varying degrees of surface roughness and
counted for, however, experimental results show that the surface etness were observed.

scattering cannot be ignored when the surface roughness param- Recently, a model for prediction of the backscatter response

eters become comparable to the radar wavelength. In this paper, f h hal f d . h diti
the previous study is extended to include the radar backscatter Of SMOOth asphalt surfaces under various weather conditions

response of concrete surfaces, snow-covered smooth surfacedcovered with water or ice) was developed [1]. This hybrid
and rough asphalt or concrete surfaces. Radiative transfer (RT) scattering model is appropriate for dense random media and
theory is ”Szdlt.o mo‘ée' tge Vo,'l‘;mi Scatgce””g and the "Xeglf]a'l is based on vector radiative transfer (RT) theory, where the
equation model is used to describe the surface scattering. Asphalt - .
and concrete mixtures are dense random media whose extinction fundamental quantities ,Of the RT model ar? characterized by
and phase matrices are characterized experimentally. Ice and mea.surement. The application of the model is now extended to
water over asphalt and concrete surfaces are modeled by homoge-predict the backscatter response of smooth concrete surfaces
neous layers. Fresh snow is modeled by a sparse random medium(dry and ice- or water-covered).
whose extinction and phase matrices are obtained analytically. = £yictence of a second layer of scatterers such as snow ne-
The University of Michigan 94-GHz polarimetric radar system . . f a diff | . del
was used to perform polarimetric backscatter measurements C€SSitates construction of a different volume scattering mode
of the aforementioned road surfaces at near grazing incidence for snow-covered road surfaces which is also discussed in this
angles (70-88’). Comparison of the measured and theoretically paper. The phase and extinction matrices of fresh snow layer
predicted backscattering coefficients and polarimetric phase dif- c5n pe computed using single scattering theory. Noting the
ference statistics shows excellent agreement, azimuthal symmetry of snow particle distribution, ice particles
Index Terms—Electromagnetic scattering, millimeter wave, in the snow medium are modeled as small spherical particles
road surfaces. having the same volume as that of the snow flakes. The
backscatter response of the snow-covered smooth asphalt or

|. INTRODUCTION concrete surfaces is then computed from the superposition of
N response to the increasing demand for safety in highWthe volume scattering from the snow layer and the underlying

transportation, different types of radar-based sensors hj%&,-e_r since the incoherent scattering from these media are
tatistically uncorrelated.

been proposed. These include forward looking millimeter: . .
prop g For asphalt or concrete roads with rough interface, the

wave radars for collision warning and intelligent cruise control, tteri ‘ ‘b ted f f
surface recognition sensor, lane change aid radar, etc. Desi H‘ac_e scattering component must be accounted for as well.
of optimum systems requires a thorough understanding of perimental results indicate that surface scattering becomes

radar phenomenology of targets in the highway environmeﬁf.gmf'cant or even dominant when the surface roughness
This includes road surfaces where their radar response is RFRyameters are of the order of a wavelength. To develop
portant in the design of road surface recognition sensors, andiffompPrehensive scattering model for rough road surfaces,

characterization of signal-to-clutter ratio for obstacle detectiéh Surface scattering model known as the integral equation
method (IEM) is incorporated into the volume scattering model

Manuscript received April 28, 1998; revised February 15, 1999. This Womeviousw deve|oped for roads with smooth interface. IEM is

‘(Nas S“pforted by the National Automotive Highway Systems Consortiung ¢, ca scattering model that accounts for multiple scattering
NAHSC).

E. S. Li is with EMAG Technologies, Ann Arbor, MI 48105 USA. up to second order and is expected to be valid for rough
K. Sarabandi is with Radiation Laboratory, Department of Electrical Engsyjrfaces with low to moderate rms slope. Since the volumetric

neering and Computer Science, The University of Michigan, Ann Arbor, Np)ackscatter response is a qentle function of incidence anale
48109 USA. p g gle,

Publisher Item Identifier S 0018-926X(99)04831-0. the surface roughness, which causes small variations in the

0018-926X/99$10.001 1999 IEEE



852 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 47, NO. 5, MAY 1999

transmitted ray direction, does not affect the volume scatteringThe high-frequency approach for measuring the effective
contribution significantly. Therefore, the volume scattering ardielectric constant atV’-band is accomplished by an inverse
the surface scattering responses can simply be added to prestiettering algorithm presented in [1]. The radar cross section of
the backscatter response of rough road surfaces. thin cylindrical discs measured at normal incidence is used to
This paper is organized as follows. First, the effectivealculate the effective dielectric constant at 94 GHz. Multiple
dielectric constants of concrete mixtures and snow are deflections between the two ends of the cylindrical disc are
termined experimentally and theoretically, respectively. NexXgund to be negligible by comparing the radar cross sections
the procedures for the characterization of ground-truth datfithe cylindrical concrete disc with and without a metal disc
such as surface roughness parameters are given. Sectioratthched to its back. The procedure is repeated for discs of
briefly reviews the hybrid scattering model for dense randodifferent thicknesses. The radar cross section of the concrete
media with smooth surfaces. The procedure leading to the fimdc is compared with that of a circular metallic plate of
formulation is outlined. The model for a multilayer randonthe same area. The Fresnel reflection coefficient at normal
medium with two volume scattering layers is formulated fancidence is calculated by finding the ratio of RCS of the
the snow-covered smooth surfaces. The surface scatteriogcrete disc to that of the metallic disc. Due to the low-loss
model is briefly described in Section IlI-C. The experimentahngent of the concrete mixture, the real part of the effective
procedure for the backscatter measurements and examinatimiectric constant can be evaluated from
of the validity of the theoretical models are given in Section

14+T.\?
V. (e ° 1
6C <1 _ FQ) ( )
Il. CHARACTERIZATION OF GROUND-TRUTH DATA wherel', is the Fresnel reflection coefficient. The difference

Determination of influential parameters of the scatterinlg the measured RCS’s was shown to be £3.1 dB. The
medium is an essential step toward the development of scaf€rage value of; for ten concrete samples was calculated
tering models. For example, characterization of the scatterifigm (1) s 4.17+ 0.1 which is close to the value estimated
behavior of road surfaces requires knowledge of the effedY the L-band ring resonator. o _
tive dielectric constants of pavement mixtures and possibleMeasurement of the imaginary part of the effective dielectric
surface cover such as water, ice, or snow. In this secti@inStant(e) is often accomplished by observation of the
the effective dielectric constants of concrete mixtures afgeS change in response to Ehe attachment of the metallic
snow are examined. First, the effective dielectric constant BiC o the back of the sample(! can be calculated in terms
concrete mixtures is approximated by both high-frequency affthe thickness of the disc and the change in the measured
low-frequency approaches. Then the simplified Polder—VvAaHcS values. Unfortunately, even the thinnest sample (2.54
Santen mixing formula is used to calculate the effecti@™ exhibited no changes. Therefore, this method cannot
dielectric constant of a snow medium. The measurement RJPVide a solution to calculat. However, the result suggests
the surface roughness statistics of rough interfaces betwd@l concrete mixtures thicker than 5 cm can be considered
different media is also very important. The rms height arsgmi-infinite. TheL-band ring resonator provides an estimate

the correlation length are the most important surface paraﬁgll- = 0.36 £ 0.05.

eters for modeling surface scattering. Both parameters are
characterized experimenta”y_ B. Effective Dielectric Constant of Snow

The dielectric constant measurement of snow requires sep-
A. Effective Dielectric Constant of Concrete Mixtures arate treatments for dry snow and wet snow. The case con-

A concrete mixture is a composite material commonly usétdered here is fresh dry snow. Modeling snow flakes with

for road pavement. The primary ingredients are cement saRguivalent spherical ice particles results in particle sizes that
and rocks. The theoretical approaches used for determining Eﬂ@ within the Rayleigh region. Hence the d'eleCt_”C con-
effective dielectric constant of composite materials are gengf@nt () of dry snow can be calculated by the simplified

ally complicated and require accurate statistical parameters gfder—van Santen mixing formula for spherical inclusions.

the medium such as permittivity fluctuation and correlatiof/ith &ir as the host dielectric material and ice crystals as
function [2], [3]. Here, an experimental approach is adoptd€ inclusions, the real part and imaginary partpfcan be
since the constituents, their volume fraction and distributid?Ptained from [5]

are fixed for concrete mixtures used in road constructions. 5 . . ()22 4+ 1)

Both a low-frequency method and a high-frequency methsd = (1 + 0.47v) €5 = 3¢ @+ SF/)(F4S+ 20 2) 2)

are presented. Ai-band ring resonator is used to perform a o -’

preliminary examination. Placement of the sample against therev is the volume fraction of snow. The dielectric constant
ring resonator elicits changes in the resonant frequércg) of ice is chosen to be; = 3.15 + ;0.025 according to the
and the quality factofAQ) from which the effective dielectric temperature of-20 °C during the measurement [5]. For a
constant is inferred [4]. Ten concrete samples prepared Wylume fraction of 0.0742 (obtained from the ground-truth
Midwest Testing Laboratory were measured, ten times eacheasurement of the snow-covered smooth asphalt surface),
and the average real part of the effective dielectric constanttlie effective dielectric constant of the snow is found to be
found to be 4.54+ 0.15. es = 1.11 + 50.00074.
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TABLE | 1 T T T T T .
THE SURFACE ROUGHNESSSTATISTICS OF THE Correlation Function
ROAD SURFACES EXAMINED IN THIS PAPER 0.8 ; -—- Exponential Function b

Road Surfaces s (mm) | ¢ (mm)
Smooth Asphalt 0.34 4.2
Smooth Concrete 0.2 38.6

Rough Asphalt 0.9 6.3

300 T T T T T T T T T

o Measured Number
Gaussian Distribution

Normalized Autocorrelation Function
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Fig. 2. The normalized autocorrelation function and the exponential approx-
100} 7 imation.
sor 1 malized autocorrelation function of the rough asphalt surface
is illustrated in Fig. 2 along with an approximate exponential
: ‘ function p(r) = e 7.
-10 -8 -6 -4 -2 0 2 4 [} 8 10

Surface Roughness in mm

Fig. 1. The surface roughness distribution of the rough asphalt surface. 1. THEORETICAL ANALYSIS

The backscatter response of road surfaces comes from two
C. Surface Roughness Statistics major sources: the volume scattering from pavement mixtures
and the surface scattering from the rough interface between
ﬁ?é air and the pavement mixture. The volume scattering is
best described by the vector radiative transfer theory which is
governed by the vector integro-differential equation

Surface roughness statistics are described by two import
factors: the rms height of surface roughness and the
surface autocorrelation functiofp(r)). For one-dimensional
surface profile measurements,is obtained from discrete
height sample#;(x;) at an appropriate spacinyz, normally I(3,7)
chosen such thahz < 0.1X. The normalized autocorrelation = —wl(5,1r)+ // P(s, NI, r)dQY  (4)
function ((h(z)h(z — '))) at a spatial displacement = ds Sl
(j — 1)Az for the discrete case can be computed from

wherel is an unknowrd x 1 vector specific intensitys is

N41—j the 4 x 4 extinction matrix, andP is the4 x 4 phase matrix.
2 hihigja The bistatic scattering coefficient can be defined in terms of the
p(z") = ”=1A— (3) incident specific intensit§* and the scattered specific intensity
ST h2 I’. For ap-polarized incident plane wave scattered asnan
i=1 polarized spherical waves, the bistatic scattering coefficient

and the surface correlation length) is defined as the dis- “o# can be written as (3]

placement:’ for which p(z’) is equal tol/e [6].

The surface roughness statistics of the rough asphalt surface o (1 — Bo, ¢03 05, bs) = 4m cos 0,15(0;, ¢) (5)

. . . . af 0, %0, Vs, Ps 4

considered in this study were measured by a laser ranging —7,5(7r — 0o, $o)
system with a range resolution of 0.1 mm. Surface profiles
from ten different locations were collected with each linedfor the backscatter directioh = 6y and ¢, = 7 + ¢g.
trace being at least 40 cm long. The horizontal resolution wasThe standard first-order iterative solution of the RT equation
set to be 0.2 mm which satisfies the requiremant< 0.1\. requires separation of the specific intensity vector into upward-
The measured and/ for the rough asphalt surface are listegjoing [I1(6,¢,2)] and downward-goingI (7 — 6, ¢, 2)]
in Table 1. components. This method is incorporated with the appro-

For most road surfaces, the surface roughness exhibitpraate boundary conditions to establish the relation between
Gaussian height distribution with zero mean and standard diee upward- and downward-going intensities. The iterative
viation equal tos. This characteristic simplifies the analyticakolution has been described by many authors [3], [5], [7], and
formulation of surface scattering model. Fig. 1 compares thall not be discussed here. Quantities such as the extinction
measured surface roughness histogram of the rough asphatl phase matrices are related to the physical parameters of
surface with a Gaussian probability density function. The nothe medium such as particle size, density, permittivity, and
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The assumption of an isotropic random medium for concrete
mixtures reduces the extinction matuix. to a scalar quantity
(x.) and simplifies the phase matiR. to the following form:

&y

Plc P2e 0 0
0 0
P = D2, Pl 7
¢ 0 0 D3¢ +p2,c —DP4.c ( )
0 0 yZw: P3,e —P2,c

where the subscript denotes concrete.
The first-order iterative solution of the RT equation subject
to the aforementioned boundary equations and the assumption

. , . . 'Rf an isotropic random medium results in the following
Fig. 3. The geometry of the scattering from a multiple-layer medium wit ) e .
one volume scattering layer. expression for the backscattered specific intensity:

s 1 7

orientation distribution. For dense random media, such asI (b0, bo +,d) = QHGCTQOPcTOQI (m = 6o, bo, ).
pavement mixtures, these quantities are difficult to characterize 7 (8)
analytically and are obtained experimentally. On the other

hand, the extinction and phase matrices of snow can @embining (5) and (8), the backscattering coefficients are
described precisely by the Rayleigh scattering model.

To analyze the backscatter response of rough road sur- 02, = 4n cos 90|t52|2|t§0|2 2p Le
faces, the effect of surface scattering cannot be ignored. ) ) Fe,e
Many approximate analytical solutions of the surface scat- oy, = 4m cos bo|thy | |tho| 2p Lo
tering problems have been introduced. The choice of the Fe,e (9)
) . . ho12 00 2 P2.c
appropriate model depends on the normalized rms height oy, = 4m cos bo|thy|” |t50| o
(ks) and correlation lengtiik¢). For surfaces with small rms oy Fese
roughness and slope, the small perturbation model (SPM) is o5, = 4m cos bo|te,|” 5| 21:":

often used [8], [9]. The Kirchhoff approximation (KA) is

usu_glly used for surfaces with relativ_ely small slopes and lar%ﬁ'leret”’h is the Fresnel transmission coefficient from medium
radii of curvature [10]. Other technigues, such as the pha@c?0 mgéium2 given by [L, eq. (10)]. Instead of determining
perturbation method (PPM) [11] and the unified perturbatiotpIe va " o '

P1,e P2, H H
expansion (UPE) [12], are mainly used in the low-frequenc nsitquigfmgrfni?tri]\?itmt’ﬁem ltjzr:t]ifa(t)ir/:irr::rlchgr(iaz,a?ir;?]pv?/és
regime. To investigate the backscatter behavior of a rou fNSIY, b Y, q

asphalt surface d-band, the IEM technique is selected. I ccomplished by comparing the measured backscatter data at

the following, the scattering solutions for three different road © af‘g'? under dry condition to .(9)' The _re_,'sults are used for
surfaces are discussed. other incidence angles and physical conditions.

The statistics of phase difference are also of interest in active
remote sensing. Noting that the phase difference statistics
are sensitive to physical parameters of the target, the phase

The hybrid scattering model used for the backscatter rgifference parameters are also modeled theoretically. The
sponse of smooth asphalt surfaces can also be applied deitistics of phase difference can be obtained from the Mueller
concrete surfaces. Basically, this model is appropriate forn@atrix [13]. The probability density function of the phase
half-space random medium covered possibly with a multilayg[ﬁerence((/)hh — ¢v) can be characterized in terms of two
homogeneous medium as shown in Fig. 3. The homogenegasameters: the degree of correlatier) and the mean phase
layer can be ice, water, or combination depending on tigfference(¢). The degree of correlation and the mean phase
weather conditions considered. The procedures leading to Hiference can be expressed in terms of the elements of the
final formulation of this model will be reviewed here fOI’phase matri)@i,c [1]. The expressions are given by
convenience.

The experiment conducted for measurifgindicates that 3.+ o,
the concrete layer can be considered semi-infinite which o= T (10)
simplifies the boundary conditions of the existing problem. Le
The boundary conditions related to the present problem argyng

A. Backscatter from Concrete Surfaces

. — p ,C v vk v vk
I (7 = 02,0,0™) = ToI' (7 — b0, b0, d7) ¢ = tan 1p§ + L(tsots0) + L{thate;). (A1)
x 6(6 — 60)6(¢ — o) (6)
I (6y, po, d ) = TaroI T (2, o, 07). B. Backscatter from Snow-Covered Smooth Surfaces

Scattering from snow-covered road surfaces with a smooth
Ty, is the transmissivity matrix given in [1, eq. (9)]. interface can be treated as a scattering problem of a two-layer
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3 the following form:
A
pi1 p1z2 piz O
. 0
P.(6°. &°: 0. &) = P21 P22 P23 15
0 0 0 pu
-5 where the subscript denotes snow. The expressions for each
Medium 1 (random) I d element ofP, are presented in [3] and [5] and are not repeated

here. The extinction coefficient for snaw . is the sum of the
scattering coefficienk, , and the absorption coefficient, ;.
The scattering coefficient, ; is given by

Medium?2 (random)

Fig. 4. The geometry of the scattering from a multiple-layer medium with
two volume scattering layers.

(16)

random medium. The geometry of this problem is shown iphere v is the volume fraction of the scatterers, is the
Fig. 4. Consider the case of snow-covered smooth asphdglilectric constant of the ice particles, is the dielectric
surfaces. As mentioned before, the underlying asphalt lay@jnstant of the background material, @i the wavenumber
can be considered semi-infinite, which reduces the boundgiythe background material. The absorption coefficient is

conditions to the following relatively simple forms: given by
I_(W_elvd)ov _) CH 3e 2
Fa,s = Uk (7)
= Tord' (7 — b0, po. dT)8(6 — 60)8(¢p — o) €s + 2¢

+ Ryl " (61, go.dy) The copolarized backscatter response of the snow-covered

I (81, ¢0,0™) (12)  smooth asphalt surface can be solved by the first-order iterative
= RyoI (1 — 61, ¢0,07) + T211+(92, $0,07) solution of the RT equation subject to the boundary conditions
I~ (5 — 63, ¢0,07) in (12). The backscattered specific intensity can be related to

- the incident specific intensity by
=TI (7 — 01, ¢0,07) + Ro1 I (6o, ¢b,07).

I’(6 df
Here R, is the reflectivity matrix given by ( O’d)o +mdi)

= T F*|P,(6 201,01 ) FT R1oTo, I
o 2 0 0 0 o 91 10 [ (61,1 + ™01, 61) 124014y
B |2 —2x _ i
R10 = 0 |710 0 s 0 ot (13) X e <o 91 dl + .P (91, (/)1 + T, — 91, (/)1)F TOlI
0 0 Re(7 tor 10) —Im(7 tor 10) cos 6, ne.sdy —2ke sdy
0 0 Im(7 Yor {‘5) Re(7107{‘§) X S (1 —¢ cosf )} + 91 T1oFtRjpe 0
where 7, and 7}, the v-polarized andh-polarized Fresnel cos 61
. 1 ) . ; x | Pg(m — by, 01,9 FT R yTo, I,
reflection coefficients at the interface of meditiand medium (=01, @1 + 361, 1) 2R 0t0y e,s
0. The matricesR;> and Ry; have a form similar toR;g 2eody )
using appropriate subscript@o;, T2, and T, have the x (1= C) A Pum = b1, d i —61,)
same form ady» except for the change in the subscrig}; % F_T0113d1:| + G%TloFJ’TQlPa
andt}, are thev-polarized anch-polarized field transmission
. - . . . . 1
coefﬂqents at t.he.mterfacg .of medluﬁn.and med|um1.. X (B, o + 737 — O, o VT2 F =T I (18)
The field transmission coefficients at the interface of adjacent Ke,a

mediumm andn are given by where the subscript denotes the quantities of asphalt mixture.

o (1 L sz) n D i (14) The expressions faF'" and F~ are given hy
n

m

—2re,sdy 1
The scattering behavior of snow, unlike the pavement ma- F* = (I-RxRyoc Coseld )
terial, has been modeled successfully and reported in many F- (1 RoR; e N ‘)*1
publications [3], [5]. The collected ground truth shows that
the average radius of the ice crystals for the experimentandI is a4 x 4 unitary matrix. Equation (18) indicates that
conducted for the snow-covered asphalt surface was arouhd backscatter response of the snow-covered smooth asphalt
0.25 mm. Therefore, Rayleigh scattering model can be usgaface consists of the volume scattering from the snow layer
(ka = 0.5) to predict the phase and extinction matrices of thend the volume scattering from the underlying asphalt layer.

snow layer. The phase matrR, of the Rayleigh scatterer hasThe backscattering coefficients for the snow layer, based on

(19)



856 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 47, NO. 5, MAY 1999

the first-order iterative solution of the RT equation, can bEhe quantities; =< and £=<

derived from (5) and (18) and expressed as

242 = 25 costol o

—2re sdy

L (sin? 6; — cos? 91)2|7‘f2|26 om0y

cos by
gL (1 ()
A N N e
g (1S (e
-0 g

vh,s

o(1) _

Uh'l;,S -

where the superscript (1) denotes the first-order iterati

solution. F;; and Fy, are given by

—2re,sdy | _q

cos 01 )

9 —2resdi g
¢ cos b1 )

Fi = (1 — |7’iU0|2|7’iU2|26

F22 — (1 _ |7,{L0 2|7,{L2

(20)

V

(21)

5+ are determined by the experi-
mental data as in the case gf= and J2=.

EL
The overall backscatter response of the snow-covered
smooth asphalt surface is the sum of the response from the

snow layer and the response from the asphalt layer

o° O',O(l) + O',O(l)

vo — Tvu,s vU,Q
o _ ol o(1)
O = ahh,s + 0hh,a
o _ o) o)
vh = “wh,s vh,a

o(1)

hv,a”

(24)

g + 0o

o _ o(2)
Oy = ah'v,s to

C. Backscatter from Rough Asphalt Surfaces

The measured backscattering coefficients of a rough asphalt
sgrface with rms height 0.9 mrfks = 1.8) were compared
with the results predicted by the volume scattering model
developed for smooth asphalt surfaces [1]. The comparison
indicated that the volume scattering cannot accurately predict
the overall backscatter response of such a surface. That is,
a comprehensive scattering model should also account for
the surface scattering component. The backscatter behavior

As given by (20), the first-order cross-polarized backscattef a rough surface can be described in terms of its surface
response predicted by the RT model is zero. Hence higheughness statistics, namely, the rms height of the surface
order solutions must be considered for determining the croggofile s and the surface autocorrelation functiptv), and
polarized response. The cross-polarized backscattering coeffe permittivity contrast between two media.

cient derived from the second-order iterative solution is given The effective dielectric constant of asphalt mixtures at

by [3]
2 /2 : /
o(2) _ ,cosbly (3rs s B2 |2 sin 6
X [Q1(61,6") + Q2(61,0") + Q3(61,6")] (22)

W-band was found to be 3.18 ;0.1 which presents a
significant contrast to that of the upper medium (air). Hence, a
considerable rough surface scattering contribution is expected.
Noting that the permittivity fluctuation within the asphalt
medium are relatively small and somewhat independent of
surface roughness statistics, the surface scattering contribution

v_vhere th_e superscript2) _denotes the second-order iteracan be computed independently of the volume scattering. In
tive solution. The expressions f@1(61,6'), Q2(61,6"), and other words, to compute the surface scattering component the
()3(6,,6") are given in the paper by Shin and Kong [141;21 asphalt medium is considered a homogeneous medium with a

can be obtained fromefZ using the reciprocity theorem.

dielectric constant of, = 3.18 4 50.1.

The expressions for the backscattering coefficients of the©f the existing analytical models for rough surface scat-
(18). Since the phase matrix of the asphalt mixtdte has an advanced analytical solution. This method is adopted here

the same form afP., the backscattering coefficients can péor the calculation of the surface scattering contribution from

expressed as

—2ke sd|
o(l) o v |21 (2w |2|gv |22 Sos 0 pl,a
Oov,a = 4mcoso|tio] |tar| || [tor| FTrC Yo
e,a
o(l) _ ho121.k |2 0k 1210k |2 102 _262:’95(11 Pla
hh,a—47r(30590 tlo| |t21] |t1i2] |for| Fie¢ ! Y
e,a
0(1)_ v |2 |20k |2 40 |2
vh,a — 47 cos 90|t10| t21 t12 t01
—2re sdy Do
X Ihloe —2;<;70
e,a
o(l) __ o200 120 |20 |2
rfh,h_ja—47rcosﬁo 1| |to1 |t12| |t01|
—2re 5dy D2
XFQQFlle cos &1 %—,a' (23)
e,a

rough asphalt surfaces. The formulation is obtained from a
simplified second-order iterative physical optics (PO) approx-
imation. Besides the term estimated by the standard Kirchhoff
approximation, this formulation contains a complementary
term to represent the second-order multiple scattering [15],
that is,

(» : )y + (i x B), 5)

Ax E=
AxH=(nhxH)+(nxH),

where the subscripts and ¢, respectively, denote the Kirch-
hoff and complementary components. Depending on the po-
larization, the Kirchhoff tangential fields can be approximated
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by the following expressions: and
. " " 232 /{}ZF ks, 0)+ F, (k.0
(7 % By = (1 — 1% x OE Iy = (2k.)" fope™ "= + el 2) ooz, 0)
(i X H)io = (14 7)i x (ks x 9)E" (26) %)
(i x E)p = (14 ") x hE where f,,, and I, (-, -) are the Kirchhoff and complementary
(R X Hyn = (1= 1) x (I% N E)Ei field coefficients and are approximated by the following forms:
" v v
wherer andr” are the Fresnel reflection cogfﬁcienEf is Jov = cos
the amplitude of the incident electric field, akdis the unit _ 2k
vector in the incident direction. Similarly, the approximate Jrn = " cos by
expressions for the complementary tangential fields are given 26in2 On(1 - 7v)2 1
by Fou(~ka.0) + Fonlhy, 0) = 2220l +17) [(1 ) _>
cos @y €
1 o o .
(7 % By, ~ _4_ﬁ « /[(1 —E, + (1 +719)E,] ds’ +u,,e,, — sin® 6y — ¢, cos? By
. d €2 cos? by
ix H)y~—nx L4+ 7)Y Hy 4 (1 — 79 Hoye] ds’ 2sin? 0y(1 4 )2 1
(o ey o IR = Fin(~,0) + By, 0) = — 2 00 £70) Kl - —)
N 1 N N , cos g .
(A x BE)ep =~ —EW» X /[(1 +7)En + (1= 7")Ene] ds +u,,e,, — sin? 0 — - cos?
o3 H) o~ —i 1— "YHy + (1 + "] ds’ pi cos* o
(7’LX )c,hNan [( -7 ) h+( + 7 ) ht] S (34)

(27) Inthe equations above, the local incidence angle in the Fresnel
The expressions faf,,, S;t, ﬁw andﬁpt (p = v, h) are given reflection coefficients;” andr", is approximated by the global

by Fung [15]. incidence angle.
In accordance with the Stratton—Chu integral, the scattered
far field in the medium above the rough surface can be written IV. EXPERIMENTAL RESULTS
as In this section, the validity of the models developed in the

s Ik ar [ . . ks r) previous sections is verified by experimental data. The results
E=——¢ ks E H)e /W d . )
4R /[ X (A B) +n(n x H)le s of the polarimetric backscatter measurements at 94 GHz on the
(28) aforementioned surfaces are presented and compared with the
where k, = k.7 + k.. i+ k..2 Note that thee—i=t con- theoretical values predicted by the models. The University of
vention Sis adggted irswyt(28).S~T0 calculate the backscatteri jchigan 94-GHz fully polarimetric radar was us_ed_to perform
coefficients, the incoherent scattered power must be detgr- backscatter measurements _at hear-grazing incidence angles
mined. This is obtained by subtracting the coherent pow&f°™ 70 to 88). The radar is a network-analyzer-based

from the total scattered power, that s, system ope_rated in a step frequency mode with a bandwidth of
. . 2 GHz. A gimbal assembly was constructed and used to scan
P = <EISN1E;<1”> - <E;q><E;q> . (29)  the distributed targets during the measurements. The frequency

Assuming a Gaussian surface roughness statistic, the averagigerrelation behavior of the backscatter response of the

operation can be carried out analytically. The backscatterifpiributed targets is expected to increase the number of inde-

coefficiento®, is related to the average powgy, by pende_nt samples [16]. At least 80 independent sample_s were

m 4 used in the backscatter measurements. An external calibration

Tpg = (47 R Po) [(IE" | Aiti) (30) technique was used to remove the systematic errors such as

where Ay, is the illumination area. The copolarized backscaghannel imbalances, antenna crosstalk, and the imperfection
tering coefficients can be estimated from [15] (in backscattef polarization switches [17].

ks, = k., ks = —kz) First the polarimetric backscatter response of a concrete
I R 2 W (~2k,. 0) surfage is considered. Thg concrete surface used for Fhis

o0, = 56—25 K Zs2n|_rgp| —'W’ (31) experiment has an rms height of 0.2 mm and a correlation

=l s length of 38.5 mm. Since the rms height of the surface is much

where k, and k. are the components of the incident propsmaller than the wavelength, the rough surface contribution

agation vectork; = k,i + k,§ — k.2 and W is the can be ignored. Two physical conditions are considered: 1) a

roughness spectrum of the surface and is related touthe dry concrete surface, and 2) a concrete surface covered with

power of the surface autocorrelation functi¢ﬁ(7>) by the an ice |a.yer 1.7 mm thick. The measured backscatter data at
Fourier transform as follows: an incidence angle of P4under dry conditions were used to

W(")(k oy oy — ) characterize the extinction _and phase mgtrices of the concrete
5T @y sy Y mixtures and are reported in Table Il. It is found that volume

— 1 /p"(a: y)ej(k.w—km)m+j(k.w—ky)y drdy (32) scattering of concrete medium is less than that of asphalt (see
2m ’ Table Il and Table IV). This result is not surprising as the
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TABLE 1 1 T T T T
NORMALIZED ELEMENTS OF PHASE MATRIX OF CONCRETEMIXTURES AT 94 GHz :
OBTAINED FROM THE POLARIMETRIC BACKSCATTER MEASUREMENTS 0.9- b
Pe/Kee Poc/Ke,e Pac/Kee Pac/Fec 0.8- R
6.4 x 1073 [ 6.8 x107* [ 3.4 x 1073 [ 22 x 1073 6 6 6
0.7F : 4
3 a @
g +
-15 T T T T T T T T % 0.6 =4 ]
g 4
0.5F e
-20F | 95
S04t 7 .
-25- B §
) 03} .
‘% -30r -
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o
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@ : (:hh : : NN Fig. 7. The measured and calculated degree of correldtignof the dry
-sor| 0 Measured o,,, [ O and the ice-covered concrete surfaces.
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Fig. 5. The comparison between the measured data and the theoretical : :
predictions for the co- and cross-polarized backscattering coefficients of thg 4ol [ERTTITES PO o B b 4
dry concrete surface. §’ ; :
| 5 e B : . J
(]
2
-25
T 8 o ]
: =
[=]
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-30f e @ 20+ E
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o
— S _aol i
S -as| 4 s
%
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g 5 R G
% -401 Measure: CDW
o -80 4
[&] I | L 1 L
2 45l o, . . ] 72 74 76 78 80 82 84
:“Z’ —_— Theoretical o, AN \ \ Incidence Angle (Degrees)
~ \ .
8 o Measured o2, N N ) )
4 L e . N Fig. 8. The measured and calculated mean phase diffefgncef the dry
q 50| —— - Theoretical Sih N Al Bl
o N \ asphalt surface.
S Measured o° N ¥
hh N \;
--=--  Theoretical ¢° N
-551- vh : ‘ ‘ Syt 4
o Measured ol N TABLE 1l
\ THE SCATTERING COEFFICIENT & 5,5, ABSORPTIONCOEFFICIENT K, 5, AND
_80 L 1 L 1 i 1 i b EXTINCTION COEFFICIENT k¢ ,s OF A SNOW MEDIUM WITH VOLUME
72 74 76 78 80 82 84 86 88 90

Incidence Angle (Degrees) FRACTION 0.0742 AND AVERAGE PARTICLE RaDIUS 0.25 mmAT 94 GHz

Ks,s Ka,s Ke,s

Fig. 6. The comparison between the measured data and the theoretdical 57818 | 1.2574 | 7.0392

predictions for the copolarized and cross-polarized backscattering coefficients
of the ice-covered concrete surface.

TABLE IV
o ) ) ) ] NORMALIZED ELEMENTS OF PHASE MATRIX OF ASPHALT MIXTURES AT 94 GHz
permittivity fluctuation in concrete medium is much lower than  OBTAINED FROM THE POLARIMETRIC BACKSCATTER MEASUREMENTS

that in asphalt medium. Fig. 5 shows the comparison between Pralfion | Prafriea | Poalfien | Paa/mea

the theoretical values predicted by the model and the measured  2.36 x 1072 [ 4.72 x 10~ | 1.16 x 1072 | 1.40 x 10~°

data for the dry concrete surfaces. Excellent agreement is

observed. The ice-covered concrete surface is considered nghdoretical values ofr can be attributed to the phase errors
The dielectric constant of ice afQ (the temperature during caused by the motion of the radar platform. For the mean
the measurement) is chosen to be= 3.15 + j0.27 [5]. phase differenc&, an average difference of less tharf 8

Fig. 6 displays an excellent agreement between the measusiedieved.

data and the values predicted by the model. The resultsThe backscatter response of the snow-covered smooth as-
of the phase difference statistics are illustrated in Figs. phalt surface is investigated next. The snow examined here is
and 8. The discrepancy observed between the measured fmesh dry snow with a thickness of 6.4 mm and a density
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of 0.068 g/cd. The average size of the ice crystals was -s
measured to be 0.25 mm and the dielectric constant of the

ice crystals ofe, = 3.15 + j0.025 is used according to -0
the ambient temperature 6f20°C during the measurement
[5]. The scattering, absorption, and extinction coefficients o '/
the snow medium are calculated from (16) and (17) antf‘bg w0l
are listed in Table lll. On the other hand, the extlnc'uon‘”
and phase matrices of the underlying asphalt layer Werg_zs‘
determined experimentally as described in [1]. Table IV listsg

the normalized elements of the phase matrix of the aspha% 30} -

mixture at 94 GHz which were reported in [1]. Fig. 9(a)— (c)x
compares the measured backscattering coefficients with tife-ast
simulation results. The individual backscatter contributions
from the snow layer and the asphalt layer are also included. ™[
It is quite obvious thaty, is dominated by the backscatter

Total Theoretical o7,
&° from Snow
W

o, from Asphalt
o Measured c°
v

1 1 i 1 t

1 L 1 1 1

. . . 5
from the snow layer. For vertical polarization, the volume  ©8
scattering from snow and asphalt are comparable, whereas for
cross-polarized term, backscatter from asphalt is the dominant "

70 72 74 76 78

80 82 84 86 88

Incidence Angle (Degrees)

@

90

component.

The last case investigated is the backscatter response of;,L
the rough asphalt surfaces. The site selected for the mea-
surement has an rms height of 0.9 mm and a correlatiog-1st
length of 6.3 mm. The correlation function is approximated =
by an exponential function. The overall backscatter responsg-2o1
is computed from the superposition the volume scattering frorg
the asphalt mixtures and the surface scattering from the rou@‘zsk
interface. Since the rms slope of the surface is relatively Iov%
and the angular dependence of the volume scattering is ve@
gentle, the volume scattering component is calculated using_s|
the hybrid scattering model assuming a smooth interface. The
IEM is employed to calculate the surface scattering response-or-
using the surface roughness statistics. Fig. 10(a) and (b)

Total Theoretical oy,
0
Oin from Snow

0
Spn from Asphalt

]
=}
Measured o,

L 1 1

compares the measured data to the theoretical predictions for4gg
the copolarized backscattering coefficients of the rough asphalt
surface. The individual contributions from the volume and

L 1
70 72 74 76 78

1 1
80 82 84 86 88

Incidence Angle (Degrees)

(b)

surface scattering components are also shown. The comparison'®
demonstrates good agreement between the experimental data
and the theoretical results. The IEM formulation for cross-
polarized backscatter does not converge and hence is ngt,
compared. Fig. 11 shows the measured data and the vcﬁ=
ume scattering component of the cross-polarized backscattétso-
response. It is shown that a significant portion of the crosst
polarized backscatter is generated from the rough interfac®-ss;
for which we do not have a reliable theoretical model. It is-g
worth mentioning that an ice-covered rough asphalt surfacé“‘o’
would behave as an ice-covered smooth asphalt surface sm’ée45
the dielectric constant of ice and that of the asphalt mixture
are almost the same.

-50-

-55

Total Theoretical cv"h

c°_from Snow
vh
“Sn from Asphalt
o Measured c°
vh

L L L 1 )

V. CONCLUSION &8

Polarimetric backscatter behavior of concrete and asphalt

70 72 74 76 78

80 82 84 86 88

Incidence Angle {Degrees)

©

90

road surfaces under variety of conditions is investigated thdtg. 9. The comparison between the measured data and the theoretical

oughly atWW-band frequenC|es and accurate theoretical modd&redictions for the copolarized and cross-polarized backscattering coefficients
of the snow-covered smooth asphalt surface.

capable of predicting the backscatter response near grazing
incidence are developed. The surfaces considered are 1) dry

and ice-covered smooth concrete surfaces, 2) a snow-covagedhown that the hybrid volume scattering model developed
smooth asphalt surface, and 3) a rough asphalt surfaceeatlier for smooth asphalt surfaces works well for concrete
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Fig. 10. The comparison between the measured data and the theoretical
predictions for the copolarized backscattering coefficients of the rough asphalt

Incidence Angle (Degrees}
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surface. [6]
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_20} ol ° a S PPN F SN B 8]
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Fig. 11. The measured data and the volume scattering component of the

surfaces once the normalized phase matrix eleme@%)

of the concrete medium were characterized experimentally.
Excellent agreement is observed between the measured and
predicted backscatter response of dry and ice-covered smooth
concrete surfaces. For the snow-covered smooth asphalt sur-
face, the first-order iterative solution of the radiative transfer
equation is used to calculate the volume scattering from the
snow layer for the copolarized components of the backscatter.
To find the cross-polarized response, the second-order iterative
solution is employed. The result is combined with the volume
scattering from the underlying asphalt layer to predict the
overall backscatter response. The volume scattering from
asphalt and concrete mixtures depends on volume fraction
and size of the constituent particles. Fortunately, asphalt and
concrete mixtures are prepared according to a very well-
defined procedure, hence, it is expected that experimentally
characterized phase matrix elements and extinction coeffi-
cients be relatively constant. The scattering behavior from
the rough asphalt surface includes both surface scattering
from the rough interface and volume scattering from the
asphalt mixture. The surface scattering can be predicted by
the IEM formulation for the copolarized components and
very good agreement between the theory and measurement
is observed.
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