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Polarimetric Characterization of Debris and Faults
In the Highway Environment at Millimeter-Wave
Frequencies

Kamal SarabandiFellow, IEEE,and Eric S. Li

Abstract—in this paper, measurements and models for the po- automotive radar sensors is the detection of debris and faults
larimetric backscatter response of various point targets on roads jn the highway environment and the provision of an advance
and road surface faults is presented. Of particular interest are de- warning to drivers. The debris commonly encountered on the

bris and faults that could lead to fatal accidents and damage of hiah ith potential threat t hicl fet brick
property. A desired safety feature for automotive radar sensors is Ighway with potential threat to venicle saiety are bricks, scrap

the capability of detecting such debris and faults. The detectability Metal, bolts, etc. Potholes and cracks are typical faults seen on
of a point target is evaluated by comparing its RCS value with road surfaces. Debris and faults may be detected by comparing
the RCS threshold value defined by the backscatter response of the radar cross-section (RCS) values of the targets on asphalt
the road surface. Extensive backscatter measurements at W-band g, faces with the backscatter from the asphalt surfaces alone.
were conducted to obtain the backscatter response of typical de- . L .
bris and faults on asphalt surfaces at near grazing incidence angles The backscatter erm road surfaces is statistical in nature and
(76°—86°). On the other hand, theoretical models, based on diffrac- @S @ result has a wide fluctuation range. Therefore, in order to
tion from impedance wedges and scattering from impedance cylin- detect an obstacle with a very low false-alarm rate, the RCS
ders, respectively, as well as physical optics approximation, were of the target should be larger than the maximum RCS of the
developedto predlctthe backscatter response of road sqrface faults surfaces for a prescribed confidence range. The backscatter re-
and targets with planar facets on road surfaces. Experimental re-
sults indicate that detectability in all cases is a function of target sponse of sqme nonhazardous targets such as cracks on road
size, its azimuthal angle with respect to radar boresight, and the po- Surfaces, which generate strong backscatter should also be de-
larization state of the system. The measured backscatter responsetermined and compared with the RCSs of desired targets for the
is used to verify the validity of the theoretical models. Angular po- eyaluation of false-alarm rate.
Iarimetrig backscatter measurements of targets defining roadside Since the RCS of a point target is influenced by many phys-
boundaries such as a concrete curb, a guardrail, and a pebble sur- . - . .
face are also presented. The results of these measurements couldlca_I parameters such as.mate.nal, size, shapg, and targgt oren-
be used to alert fatigued drivers should their vehicles be heading tation, a complete polarimetric characterization of debris and
sideward. faults on road surfaces would be very difficult. This problem
can be solved by resorting to analytical solutions. Two theoret-
|. INTRODUCTION ical models are developed to predict the backscatter response of

ACH t i ident teSCanCks perpendicular to the antenna boresight. The first model
year, numerous automotive accidents aré reportegy, aias g crack by two impedance wedges next to each other.

Many of these are attributed to road-surface conditions apgl ., . developed by Maliuzhinets [4], [5] is used to cal-

objects or obstacles on road surfaces. Design of a reliable aWlArte the total field in the presence of an impedance wedge
motive radar sensor requires thorough knowledge of backscatter

f road surf d tvoical debri d fault Fhormal incidence condition. A nonuniform expression for
response ofroad surfaces and typical debris and faults on r gedance wedge diffraction is chosen to represent the diffrac-

surfaces. The problem of polarimetric radar scattering from roAd coefficient. The diffracted fields from two adjacent wedges

surfaces are considered in two earlier papers [1], [2] where Afe then added coherently. At high MMW frequencies, the ra-

curate theoretical models are developed for the determlnatl& s of curvature of asphalt or concrete crack edges become
of backscatter response of asphalt and concrete surfaces u

i ‘aties of phvsical diti Th el ?ﬁparable with the wavelength and the wedge model may be-
wide varieties of physical conditions. 1nese Models are SUCCESS, o inyalid. For this situation, a second model for curved edges

fu”é/ cortnpar_ed with gareful backscgtter m?r?surgmenti of bEH sed on the scattering from impedance cylinders is developed.
and water-, 1ce-, and snow-covered smooth and rough asp simulation results of the second model exhibit better agree-

and concrete surfaces over a wide range of incidence an ent with the measured data at 94 GHz than do those of the

at W-band frequencies. A potential application of these modef %I model. Also, a physical-optics model is developed for pre-

and measurements are demonstrated in [3] where the desig i ing scattering from solid objects with perpendicular facets

an affordable millimeter-wave (MMW) radar is proposed for des' ch as bricks and right-angled iron, and, simulation results are

termination of road-surface conditions. A desirable feature Q mpared with the backscatter measurements of a brick and a
piece of right-angled iron on an asphalt surface at 94 GHz.
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48109 USA (e-mail: saraband@eecs.umich.edu). asphalt surfaces. Then, the threshold value Is defined In
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backscattering coefficients of the road surfaces. This value Side bl
used to determine the detectability of various debris and fau
on asphalt surfaces. Next, the backscatter response of de
on asphalt surfaces is examined. The polarimetric backsca
measurements of lane-guide reflectors are also included. 1
detectability of the debris and reflectors is then evaluated. T
backscatter behavior of faults on asphalt surfaces is descril
in Section IV along with investigation of their detectability.
The backscatter characterization of typical roadside boundar
such as pebbles, curbs, and guardrails is also performed exg
mentally. Detection of these targets is important because of 1
fact that drowsiness and fatigue are among the leading cau Asphall
of sideward crashes. Besides alerting the drowsy driver, t

backscatter response could also provide valuable informati

for adaptive cruise-control applications. Section V includes the

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

Il. M EASUREMENT SETUP AND DETECTABILITY

The University of Michigan 94-GHz fully polarimetric radarAin is known as effective illuminated area. To examine the de-
system was employed to conduct the backscatter measuremdfggability of a point target over an asphalt surface with a reason-
The system bandwidth is set to 1 GHz to improve the range regble false-alarm rate (FAR), the RCS of the illuminated area of
lution of the point target response for time-domain gating durir@ggphalt &,) must be compared Wlth}the RCSs of the point tar-
postprocessing. Finite asphalt surfaces of dimension 91.5 BgfS ;). Choose a threshold leve}" based on a given max-

% 91.5 cmx 6.4 cm were constructed for the indoor measurédnum false-alarm rate, a criteria for target detectability is ob-
ments. These sample surfaces could easily be mounted on a ti@ified. For a maximum false-alarm rate (MFAR)}" is set so
able for RCS pattern measurements of point targets on aspHadt

surfaces. The backscatter response of most point targets on an Sth

asphalt sample surface was measured at incidence angles from / " fo(02)do, =1~ MFAR. ®3)

76° to 86°. The quantities of interest are the backscatter from 0

the point targets and their interactions with the asphalt surface.. . '

The leading edges of asphalt samples were covered by radar‘-Eg%I-ng (1) in (3) we find

sorbing material to reduce edge diffraction at near grazing inci- ot — _7 In(MFAR). (4)
dence. Background subtraction and range gating were used to

remove the unwanted signals, followed by a calibration procgyte that the RCS quantities in (4) are in linear scale. Hence,
dure to remove systematic errors such as channel imbalance gd; MFAR of 10—, the RCS of the point targets must be
antenna crosstqlk from the measured data [6]. ~10.6 dB abover = 0°Ayy,. It is obvious that smaller targets

As aforementioned, road surfaces at MMW frequencies cggp, pe detected reliably for antenna with small footprint. This
be modeleq as random media whose backscatter is statlstlca}_hpéshmd valuedtt) used in this investigation is obtained from
nature and is usually composed of surface and volume scattering backscattering coefficients® (6;)) of a smooth asphalt sur-
components [1], [2]. Since in most practical situations the radgf-e measured by a single-antenna radar mounted at vehicle

footprint covers a large number of scatterers over the aspl*@ﬁtmper height (43 cm) and the gain function of the antenna is
surface and within the asphalt medium, according to the Cemé@proximated by a Gaussian function:

limit theorem, the backscattered field obey a Gaussian statistics.
It is well known that statistics of the backscatter field intensity G(6, ¢) = o= 8%/ 5
(power) has exponential distribution given by

1 _ wherea, is 2.7726 and? is the half-power beamwidth, equal
foloa) = = e (/D (1) to 1.#. The detectability of point targets on asphalt surfaces is

g . . .
) ) ) _ examined at an incidence angle of’80
wherez is the mean backscatter from the illuminated portion

of the distributed target (asphalt surface). This mean value is
a function of the target backscatter coefficiefit the antenna
pattern, incidence angle, and antenna height

I1l. DEBRIS AND LANE-GUIDE REFLECTORS ON
ROAD SURFACES

) In this section, the backscatter measurements and models for
7= 5° // G*(z, y) do dy = 0° Ay, (2) some points targets on asphalt surfaces are presented and their
r(x, y) ’ detectability is examined. Three common types of highway
debris are considered: bricks, scrap metal, and bolts. Also, the
whereG(«, y) andr(z, y) are the antenna gain and the distanameasured backscatter behavior of lane-guide reflectors as a
from the antenna to a point within the lit area, respectively, affidnction of aspect angle is presented here.

T.itArea
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Fig. 2. The backscatter response of the brick on asphalt surfaces at an incidence angle of 80
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Fig. 3. At an incidence angle of 80the theoretical values of the backscatter RCSs of the brick on asphalt surfaces are compared with the measured data at
azimuthal angles nearGand 90 .

A. Targets with Planar Facets imaginary part, thus PO model is expected to provide accurate

A simple scattering model based on physical optics (P. 3§SUlts: _
approximation for targets with planar surfaces, such as bricks! € backscatter response of a brick on an asphalt surface
and right-angled iron, is developed and the results are compaféf be obtained from that of a planar dielectric surface above
with backscatter measurements. At W-band frequencies & infinite ground plane (asphalt surface). The bistatic scat-
sizes of most targets of interest (those that create hazardt®igng from a planar dielectric surface whose dimensions are
conditions for automobiles) are large compared to the waJérge compared to the wavelength can be modeled using the
length and their relative permittivity has a sufficiently largé®?O approximation. The expression for the bistatic far-field
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Fig. 4. The comparison between the simulation results and the measured data for the backscatter RCS atioof the brick on asphalt surfaces at an
azimuthal angle of .

5 coefficients of the dielectric platey; = kiz + kig + kiz
and k, = k3% + ky4 + kZz are the unit vectors along the
incident and scattered directions, respectivélys the unit
vector perpendicular to the local plane of incidence and is
defined as

~ 7 x I;'z

= ——F.
|ﬁ/ X kz|

An analytical expression fo8 can be obtained based on the
stationary phase approximation in which the nonexponential
portion of the integrand is evaluated at the SP point. The
elements of the scattering matrix are found to be

L Sy = — [7 (A - 0) (R - Dy) + " (ﬁ’ : hi) (ﬁ’ : hsﬂ
| | | [ ¢ k2
Fig. 5. The scattering mechanisms of the backscatter response of the . .
right-angled iron on asphalt surfaces at an azimuthal angle.of 0 Spn =— [TU (ﬁ’ - by (ﬁ’ g) — g (ﬁ’ ;) (ﬁ’ . hs)}
amplitude of a dielectric plate with arbitrary orientation is X = 5 Q
. a1
given by [7] | x k]

S — ’4’; /Lit [(1 — ") (Bo - 1) (ﬁ’ : k) ks n’ik

P  n X ———Q
x (s < ) + (14 7") (Bo - 1) | h 2
~ ~ — _ v a1 7 A/_A hiat =~ PN
Dt (v )i, = R () ]
x ks % (R x £ o (Fimks )’ g 5 ‘
( )} ®) with

whereE, andH, are the amplitudes of the incident electric ks o=k ) g 7
and magnetic fields;” and+" are the local Fresnel reflection Q= Cdm J ¢ 5 ™
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Fig. 6. The backscatter response of the dihedral on asphalt surfaces at an incidence artgle of 80

20 ? ! ! ! f !
07 N AR S . . i
: : : PO-GO
: : : a Measured Data
10.. ............ ............ ,,,,,,,,,,,, R [RREEPRPREN P .

74 76 78

80 82 86 88
Incidence Angle (Degrees)

Fig. 7. The comparison between the simulation results and the measured data for the backscatter RC3 satioof the dihedral on asphalt surfaces at near
0° azimuthal angle.

To compute the backscatter from this plate when it isApIaCMCkscatter originates only from two brick surfaces, namely
above a dielectric ground plane, Athe bistatic directién) ( sidebl and sideb2, the expressions af for both sides have
must be chosgn so that the reflectedfrom the asphalt sur- the following form:
face is along-k; direction. The unit vector in the backscatter _ jkoAyy sinU
direction &, is related tok, by Qo =— o U
s s 3 o . __jk‘oAbQ —iU 5V sinV
o = by — (22 k)7 S 8) Qu=——5 e VeV 9)
s i 1.s i EREEY ; «n  WhereA,; and A,, are the areas dfl andb2 sides, respec-
Hence, k3 = —ki, k3 = —k, andk? = ki. For a brick with b1 b2 P

vertical facets, the evaluation of the integral given by (7) ively. U and V" are given by

rather simple. Referring to Fig. 1 and recognizing significant U=kokla V= kok;b,
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Fig. 8. The backscatter response of the bolt on asphalt surfaces at an incidence angle of 80

and ¢ and b are the dimensions of the brick. The totabetectability is observed at°Oand 90 azimuthal angles.
backscatter from a plate above a ground plane is compodeds also noticed that théhh polarization offers the best

of two components: 1) the bistatic scattering from the plaseparation between the brick and the asphalt response.
reflected off of the ground plane, and 2) bistatic scatterintherefore, it is the preferred polarization to detect bricks
from the plate when illuminated by the reflected inciderdn asphalt surfaces. To compare the analytical solution
wave (illumination by the image wave). The scatteringith the measured backscatter response of the brick on the
matrix associated with the first term is denoted 8y, and asphalt surface, the effective dielectric constant of the brick

is given by is needed. An L-band microstrip ring resonator [8] may be
used to estimate the effective dielectric constant of bricks at

Spo = [7’5 0} } {va,b Svh’b} (10) 94 GHz since the real part of the effective dielectric constant

0 7g][Shob Shhb is almost independent of frequency. The effective dielectric

_ ~constant was found to b8.67 + j0.063. At an incidence
wherer? and s/ are the local Fresnel reflection coeff|C|entsomg|e of 89 the simulation results based on the P. O. model
for the asphalt surface. The scattering matrix associated Wi ihe packscatter RCSs of the brick on asphalt surfaces are
the second term denoted 8, can be obtained by taking compared with the measured data at azimuthal angles near
the transpose of,, according to the reciprocity theorem.qge 5nq 9. as shown in Fig. 3. In this comparisof0.5°
The total scattering matri§iicx is the coherent sum .. ncertainty is allowed in the azimuthal misalignment of the
and Sy, brick with respect to the radar boresight. These errors can
be attributed to the mechanical tolerance of the turntable
used for these measurements. Fig. 4 shows the comparison
) L ) ) . . between the theoretical values and the measured data of the
To examine the validity of this formulation, a brick of SIz6 . -kscatter RCS ratio Jown at near © azimuthal angle

20 cm x 10 cm x 5.7 cm is placed on top of the Tinitev_vhich shows a relatively good agreement considering the
asphalt surface for backscatter measurement. The orientalol} ot the surface of the brick is not exactly flat

of the brick with the 20 cmx 5.7 cm side facing the radar  the same PO model can be applied to right-angled iron with
system is defined as the® Gazimuthal angle. At incidence g5me minor modifications. In this case, as shown in Fig. 5, de-
angles from 76 to 86", the backscatter response of theending on the incidence angle, part of the scattered signal from
brick was measured as a function of azimuthal angle. Fiyge vertical plate is reflected off of the perfectly conducting sur-
independent samples were collected for each angle. Figfage and part of it is reflected off of the asphalt surface. Ac-
shows the backscatter response of the brick on the aspkaltinting for the appropriate reflection coefficients and consid-
surface as a function of azimuthal angle at an incideneging the phase difference of the backscatter due to the thickness
angle of 80. The threshold values defined for MFAR ofof the metal, the scattering from each part can be added coher-
10-® are included to determine the detection of the brick oently. A dihedral is chosen to simulate the backscatter response
asphalt surfaces (3 dB footprint are#0.021 m?). Excellent of scrap metal on the asphalt surface. This dihedral has a metal

Sheick = Sab + Sta = (Sta)” + Sta- (11)
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Fig. 10. The crack modeled by two right-angled impedance wedges next to

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

thickness of 0.6 cm and inner dimension of 4.5 sm#.5 cm Good detection can be obtained at azimuthal angle$ @@l

x 5 cm. The 0 azimuthal angle is defined as the orientatio®0°. The hh polarization is the preferred polarization for dihe-
with the open angle of the dihedral facing the radar system. Tdeal detection on asphalt surfaces. The simulation results based
backscatter measurement of the dihedral on the asphalt surfacghe P. O. model for the backscatter RCS ratiQ/ovy at

was conducted at the same incidence angles as for the brivkar 0 azimuthal angle are compared with the experimental re-
The results at an incidence angle of’8&re shown in Fig. 6. sults. Fig. 7 shows excellent consistency between the theoretical
A backscatter pattern similar to that of the brick is observedalues and the measured data.
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B. Other Point Targets at normal incidence, the diffracted field can be expressed in

The backscatter of a bolt and an embedded lane-guide li%r_ms of the nonuniform diffraction coefficiedt™ as [9), [10]
flector are presented as other typical objects on asphalt surfaces. eikop

The bolt investigated has a length of 7.5 cm and a 3-cm head. ul = D" (¢, po, 04, 6) (13)
The @ azimuthal angle is defined as that orientation with the VP

bolt head pointing toward the radar system. Fig. 8 shows th . o
backscatter response of the bolt at an incidence angle ‘of 8W?1ere¢ and¢, are the observation and incidence angis,

The threshold values are also included for comparison. Simi%rrldQ* are the angles which satisfy the following relationship:
conclusions are drawn as for the brick and the dihedral.

Another type of target frequently encountered in the highway sin(fy) = {
environment are structures for lane-guiding purpose. Examples
are cylindrical poles, yellow paint, and reflectors. The reflectors ) )
are chosen for this study because of their strong backscatterte- '€ the normalized impedances of the two faces of the
sponse and widespread usage. Most reflectors are made of iigfl9e. The nonuniform diffraction coefficied?™ has the
with a plastic lens in the central area. The iron is half-buried fRllowing expression:
the asphalt and the lens is tilted for light reflection, as shown
in Fig. 9(a). The 0 azimuthal angle is defined by the orienD"“(#, ¢o, b4, 6)
tation for which the normal direction of the lens points at the . { ®o na
radar system. The backscatter response of a reflector at an inci- —je=7(%/4) Sm<_> \P(W + o ¢)
dence angle of 80is shown in Fig. 9(b). It is observed thatthe — n\/27ko \P(@ _ 6 ) T —¢ bo
maximum backscatter response occurs & aZdmuthal angle. 2 ° COS( ) — Cos <_)
The hh polarization is again the preferred choice for reflector
detection. \I/(—7r + nér - </>)

COs m — COSs ﬁ
IV. ROAD-SURFACE FAULTS n n

In this section, the polarimetric backscatter behavior fhere\If
typical road-surface faults is considered. Two types of faulé%
are examined: 1) road-surface cracks, and 2) potholes. Al-
though cracks do not pose any safety threat, the study of thej . ( T ) ( a7 )
backscatter response is important as far as the false-alarm fg{((:\a) =Yolat et 2 br) Vala—2 2 +0-
caused by cracks is concerned. On the other hand, detection of X Uy (a +e-T 4 9+) U (a Y SR 97) )
potholes is important as they degrade the driving conditions 2 2
and can lead to vehicle damage or even cause fatal accidents. . . Lo :
. . . "The approximate formulation for the Maliuzhinets function
The cracks seen on road surfaces are oriented in variQus .
L . . (z) depends on the amplitude of the argument. The ex-
directions. Only those cracks oriented perpendicular to antenng : . : X
. o .~ preéssions are available in the literature by Senior and Herman
boresight have significant backscatter response and wHI&

: L [10]. A crack can be considered to be two right-angled
characterized here. Two finite asphalt surfaces were pla L
: . : impedance wedges next to each other, as shown in Fig. 10. For
together with a gap left in between to simulate a crack for

indoor measurement. At incidence angles of,78(°, and fight-angled impedance wedges, the parameteaad® have

84°, the backscatter measurements were conducted for crav I%()angfSl(;S a?sd dg.f?r?ec;easspectlvely. The two-dimensional
- 02D,

of widths 2.54 cm and 5.08 cm. For the footprint size use
in this experiment, the volume-scattering contribution from 2
the asphalt mixtures in comparison to the backscatter fromoap = lim 27p —0 = 27|D"(¢, ¢, 04, 6_)°. (15)
the cracks is insignificant and can be ignored. At least 10 e 'l
mdependc(jar: sakmplttats were used m;he crick.measurterggntts. T%e RCS of the crack$, can be obtained by adding the
Measured backscatier Fesponse of cracks 1S reported In teip, 1o fields from two wedges coherently, then applying (15)
of the average backscatter power per unit length (dBsm/m), .. :

. o . give the expression
dividing the measured average RCS by the effective illuminated

N+, (v polarization)
1/my, (h polarization)

n n

(14)

() is the Maliuzhinets meromorphic function defined

length. e e
To predict the backscatter response of cracks a first-order”2P = 2Dy EZ)}’: ﬁ‘:g_yf*’ni_) )
diffraction solution of two adjacent impedance wedges are con- + 7RI DY (B2, o2, B4, 6-)7. (16)

sidered (see Fig. 10). Fig. 11 shows the wedge geometry and

the coordinate system. For an impedance wedge illuminated Bye measured quantity is the 3-D RGE;,. Conversion from
a plane wave o2p t0 o3p can be accomplished by the expression given in [7]

2172
u’ (E’ or H7) — e Fkopoos(d—do) 2 (12) 3D = —~ 02D a7
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Fig. 12. The comparison between the measured results of the cracks of two widths and the simulation results based on diffraction from two figptdagted
wedges.

TABLE | diffraction from the wedge further away from the source. The
PARTICLE SiZE DISTRIBUTIONS OFASPHALT MIXTURES AND THE PEBBLES same conclusion can be reached when the corners are modeled
by curved surfaces. In this case a specular point on the surface

Asphalt Mixtures I Pebbles of the cylinder further away from the source predominantly
Sieve Size in cm | % Passing || Sieve Size in cm | % Passing contributes to the backscatters. Therefore, only the backscatter
1.27 100 3.18 100 response of a single impedance cylinder, representing the
0.95 92 2.54 97.8 further crack edge, is considered here. The ensemble average
g:g; gg ?gf gg:g pf the backsca_tter power is_ calcula_t_ed using the backsgatter of
0,95 5E 159 T impedance cylinders of various radii and unit length, which are
016 v 197 9 chosen based on the particle size distribution. The simulation
0.06 20 0.95 61.9 results based on the scattering from an impedance cylinder are
0.03 7 0.64 333 compared with the measured data as shown in Fig. 13.
0.01 4.5

A. Potholes

The potholes seen on the road surfaces vary in shape and size.
eneral descriptions of the backscatter response of potholes are
difficult. An asphalt slab with a cylindrical hole of 10 cm di-

ter is used to simulate the pothole as shown in Fig. 14(a).
e backscatter response of the pothole was measured at inci-

By setting. = 1 m, the RCS per unit length of cracks is ob—G
tained.

Fig. 12 shows the comparison between the measured data
the simulation results based on diffraction from two impedancl?]

yve(_jges. Good agreement i; observed. In particular, both reSyidice angles from 740 86°. A pothole of depth 3.81 cm was
indicate thatthé/: response is greater than theresponse. The considered. Five independent samples were collected for each

slight discrepancy at lower grazing angles can be attribmediﬁ%idence angle. The results are shown in Fig. 14(b) along with

ﬂ:e n_I(IJ_nid?al modelling ofthe cgack edge ?y agght-gngl_id;{vedﬁ% comparison with the threshold values. It is observed that the
atmifimeler-wave frequency because o random distrioution g7, polarization is the preferred polarization for pothole detec-
rocks and sand along the crack edge. The results also indi

that the diffracted fields from a crack at incidence angles from
74° to 86 are insensitive to the crack width. This is due to the
fact that the diffracted field from the impedance wedge near the
source is negligiblep7* >> D3*). The backscatter behavior of roadside boundaries is of interest
The aforementioned disagreement at lower grazing anglescause of their application in autonomous vehicle control. The
can be improved by modeling the crack edge as an impedaheekscatter response of roadside boundaries is studied in this
cylinder. The radius of the cylinder is selected based on the ragdction. Typical roadside boundaries are curbs, guardrails, and
size distribution of asphalt mixtures as shown in Table |. Thgravel road shoulders. Backscatter measurements of roadside
cylinder models the curve describing the crack edge, improvibgundaries were conducted outdoors. Most of the roadside
the backscatter prediction. In the wedge model, it is fourltbundaries examined here are considered as 1-D distributed
that the backscatter response of the crack is dominated by tamgets. Therefore, the ensemble backscatter power per unit

V. ROADSIDE BOUNDARIES
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Fig. 13. The comparison between the measured results of the cracks of two widths and the simulation results based on scattering from an impedance cylin
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Fig. 14. The picture and the backscatter response of the pothole of depth 3.81 cm.
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Fig. 16. The polarimetric backscatter response of a concrete curb.

length (rather than the RCS) is reported. Their backscatteackscatter measurements were conducted at incidence angles

response was measured at one specific incidence angle mmthe range of 74-88. Eighty independent samples were col-

expressed as a function of azimuthal angle. lected for each incidence angle. The backscatter response of the
Most commonly, gravels and pebbles are used as road sh@dbbles is shown in Fig. 15.

ders. The selection of rocks for roadside depends on availability.

The backscatter response of a surface covered by pebbleé-i:sCurbs

determined by the dielectric properties of the rocks, size dis-The curb is considered to be a 1-D distributed target. The

tribution, and surface roughness statistics. The size distribitansverse dimension of the curb examined here has a vertical

tion of the pebbles in this investigation is listed in Table I. Thaeight of 14 cm, upper horizontal length of 15.3 cm (next to
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Fig. 17. The polarimetric backscatter response of a metallic guardrail.

the grass), and lower horizontal length of 38 cm (next to the as-crack reasonably. The polarimetric measurements of various
phalt). The backscatter measurements were conducted at andadside boundaries are also included. The experimental results
cidence angle of 82 thirty independent samples were takenindicate that the detectability of targets on the road and surface
Fig. 16 shows the backscatter response as a function of filts is a function of the azimuthal orientation of the targets as
imuthal anglep, where¢ is defined as the angle between thevell as the system parameters such as incidence angle and po-
antenna boresight and the curb. larization. Since the backscatter from asphalt surfaces assumes

its lowest value at./i, polarization whereas most targets show

B. Guardrails

a maximum RCS ak/ polarization ih polarization was found

to be the most suitable polarization for target detection.

Guardrails vary in height, size, and the distance between
poles. The guardrail in this investigation has a height of 50 cm
(from the center to the ground), width of 33 cm, and a distance
between poles of 2.2 m. The backscatter measurements were
conducted at an incidence angle of°8Z hirty independent  [1]
samples were taken and the ensemble backscatter power per
unit length is shown in Fig. 17. 2]

(3]
VI. CONCLUSION
In this paper, the near-grazing backscatter behavior of debrig?
on road surface and surface faults is investigated at W-band
frequencies. For targets with planar facets, a physical opticgs]
scattering model is developed. This model is tested against
the backscatter measurements of a brick and right-angleg)
iron on an asphalt surface. The backscattering coefficients
of asphalt surfaces are used to determine a threshold valuta7
for the detectability of the point targets based on a specified
false alarm rate. Also two theoretical models, one based orf8]
diffraction from impedance wedges and the other one based
on scattering from impedance cylinders, are used to predict®]
the backscatter response of a crack. It is shown that both theﬁ%
models are capable of predicting the backscatter response from
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