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1 Introduction

A program for measuring the bistatic scattering of microwaves from rough
surfaces has been conducted for the purpose of understanding the nature of
the role of bistatic scattering in the radar backscatter response of complex
scenes such as forests and crops. A Bistatic Measurement Facility, an au-
tomated radar system operating with a center frequency of 9.25 GHz, has
been designed and built for measuring the bistatic scattering response of
rough surfaces in a laboratory setting. In addition, an enhancement to the
Physical Optics model for surface scattering has been developed.

This report provides a summary of the results realized under this pro-
gram, with the details provided in Appendix A in the form of reprints of
articles published in scientific journals and symposia proceedings. Not in-
cluded in the Appendix is a long report [1] documenting the operation and
maintenance of the Bistatic Measurement Facility, created for use by the U.S.
Army Waterways Experiment Station. These reports have been requested by
and provided to numerous U.S. Army and other DOD groups and laborato-
ries. The references cited in the body of this report refer to the publication

list given in Section 3.



2  Summary of Results

Previous research, which resulted in the development of the Michigan
Microwave Canopy Scattering (MIMICS) model, demonstrated that an im-
portant mechanism for describing the radar scattering from complex natural
targets, such as forests and crops, involves a double bounce of energy involv-
ing both the ground and overstructure components, such as stems, branches,
trunks and/or the canopy. In order to understand this double bounce mech-
anism, the individual bistatic scattering mechanisms at the ground and the
overstructure components can be explored individually. This report contains
the results of our efforts to understand the nature of bistatic scattering from

the ground.

2.1 Bistatic Measurement Facility

While extensive theoretical developments exist regarding bistatic scatter-
ing, experimental confirmations are very scarce, and therefore an emphasis
was placed on developing an accurate means of measuring the bistatic scat-
tering from the ground. From our experience with previous efforts to make
such measurements, a Bistatic Measurement Facility has been designed from
scratch and is now in operation. Critical design considerations include main-
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taining polarization purity, polarimetric calibration, positional and angular
accuracy, large numbers of independent samples, automation for acquiring
large data sets, and long term stability.

A second Bistatic Measurement Facility has been designed and built for
the U.S. Army Waterways Experiment Station and is awaiting delivery pend-

ing the preparation of appropriate laboratory space at WES.

2.2 An extension to Physical Optics

One of the oldest and most popular rough surface scattering models is the
Physical Optics model. An extension of the model, involving higher order
slope dependence, has been developed and confirming measurements in the
specular direction have been made on the Bistatic Measurement Facility.
These results are published in [2, 3]. The first experimental evidence of
Brewster angle migration toward nadir as the surface roughness increases,

predicted by the Small Perturbation Method, is also contained in this paper.
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4 Participating Scientific Personnel

The following people participated in the bistatic scattering program:

Faculty and Research Scientists

Professor Fawwaz T. Ulaby
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Mr. Neil Peplinski, received MS (1993).

Mr. Andrew Zambetti, received MS (1995).

Mr. Bryan Hauck, expected MS completion in 1996.

Research Engineer

Mr. Ronald Hartikka

5 Conclusions

The bistatic scattering program has led to the development of hardware
and techniques for the accurate measurement of bistatic scattering from
rough surfaces. A number of important measurements has already altered
our understanding of the nature of bistatic scattering, particularly in the
specular direction.

By combining these measurement techniques with rough surface manu-
facturing techniques developed under a separate research project, a set of

high quality bistatic measurements of deterministic rough surfaces is under



way. These measurements are expected to be of great value to theoreticians

studying surface scattering.

A Reprints of Selected Papers
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Bistatic Specular Scattering
from Rough Dielectric Surfaces

Roger D. De Roo, Student Member, IEEE, and Fawwaz T. Ulaby, Fellow, IEEE

Abstract— An experimental investigation was conducted to
determine the nature of bistatic scattering from rough dielectric
surfaces at 10 GHz. This paper focusses specifically on the
dependence of coherent and incoherent scattered fields on surface
roughness for the specular direction. The measurements, which
were conducted for a smooth surface with ks < 0.2 (where k
= 2w/ and s is the rms surface height) and for three rough
surfaces with ks = 0.5, 1.39, and 1.94, included observations
over the range of incidence angles from 20° to 65° for both
horizontal and vertical polarizations. For the coherent compo-
nent, the reflectivity was found to behave in accordance with the
prediction of the Physical Optics model, although it was observed
that the Brewster angle exhibited a small negative shift with
increasing roughness. The first-order solution of Physical Optics
also provided good agreement with observations for hh-polarized
incoherent scattering coefficient, but it failed to predict the
behavior of the vv-polarized scattering coefficient in the angular
range around the Brewster angle. A second-order solution is
proposed which appears to partially address the deficiency of the
Physical Optics model.

I. INTRODUCTION

CATTERING of electromagnetic fields by random rough

surfaces. in the backscatter direction has many uses and
has been investigated extensively over the past few decades.
By comparison, very few experimental investigations have
been attempted to evaluate forward scattering in the specular
direction. This is in part because the applications for specular
scattering are not as straightforward as for backscattering. The
many theoretical developments for scattering from random
rough surfaces, while developed for the general bistatic case,
have only been extensively used and tested for backscattering.
Therefore, the usefulness and validity of these theories for
specular scattering is largely unknown.

Recent developments in the modeling of terrain for radar
backscattering indicate that specular scattering from a rough
ground surface combined with scattering by an overstructure
(such as trees or crops) can contribute significantly to the
backscattering from the terrain as a whole [1]-[S]. Therefore
an understanding of the nature of specular radar scattering and
knowledge of the behavior of specular scattering theories are
needed. Several experimental investigations were conducted at
centimeter wavelengths in the 1946-1960 period to evaluate
the variation of the coherent and incoherent components
of the -specularly reflected energy as a function of surface

Manuscript received Aprif30, 1993; revised September 17, 1993. This work
was supported by the Army Research Office, contract DAALO3-92-G-0269.

The authors are with The Radiation Laboratory, Department of Electrical
Engineering and Computer Science, University of Michigan, Ann Arbor, MI,

48109-2122.
IEEE Log Number 9215659.

0 T T T T T T T T
10. | 677 3
-~ 4e/r/
- A 3
S af RN iy 1f
> b e k r'/‘//'
) 30 Fom \“ "//.,_i e
? -~ \ I,I/'
o 4. F /// \\ .’," J
g PR W/ —— =0
] - I N
g sp--—" . 1\ 4] e - k0
P
g ’ i 3 e ks=l0
g -60. b= ,_I e \‘ 1 e el
”’ /
2. F R / 4] --=- =20
X - ;
. I — k2§
.80 FTvN | ! L 1 L 1
0. 10. 20. 3. 40 S0. 60. 70. 8. 90

Incidence Angle 8 (degrees)

Fig. 1. Calculated coherent reflectivity for v polarization using the Physical
Optics model for a Gaussian surface with ks vaired from 0 to 2.5, and € = 3.

roughness. The results for the coherent component, which is
represented by the reflection coefficient, are summarized in
Beckmann and Spizzichino [6]. According to these results, the
overall variation of the reflection coefficient with ks, where
k = 2r/), and s is the rms height, may be explained by
the coherent scattering term of the Physical Optics surface
scattering model [6], [7]. The data, however, are rather lacking
in several respects: (1) marginal accuracy with regard to both
the measured reflected signal and the surface rms height, (2)
limited dynamic range (10 dB relative to the level of the
signal reflected from a perfectly smooth surface), and (3) no
examination of the behavior in the angular region around
the Brewster angle. Additional bistatic measurements were
reported by Cosgriff et al [8] in 1960, but the data were not
calibrated, nor were the surfaces characterized.

More recently, Ulaby et al. [9] measured bistatic scattering
from sand and gravel surfaces at 35 GHz, and while the
data were calibrated and the surfaces were characterized,
no comparison to a theoretical prediction was given. In the
optical regime, Saillard and Maystre [10] have measured the
bistatic scattering of light from dielectric surfaces, and have
observed a change in the Brewster angle as the roughness of
the surface increased. Greffet [11] explained their observations
using the Small Perturbation Method [12]. However, the
Small Perturbation Method does not explain the observations
reported in our present study: the first-order Small Perturbation
Method predicts that the Brewster angle will move toward
grazing as the roughness increases, while our observations
indicate the opposite. '

0018-926X/943$04.00 © 1994 IEEE
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Fig. 2. Diagram of Laser Profiler.

There are three major rough surface scattering approach-
»s which have long held the acceptance of the scientific
:ommunity as valid for some ranges of surface roughness.
The Geometric Optics (GO) model, the Physical Optics (PO)
nodel, and the Small Perturbation Method (SPM) are the three
heoretical approaches most commonly used at microwave
tequencies for characterizing scattering from random rough
surfaces [7]. While both GO and PO models rely on the
Kirchhoff approach of using the tangent-plane approximation,
hey yield very different predictions for the scattering of waves
rom a rough surface. In particular, the GO model does: not
sredict any coherent reflectivity from rough surfaces. This may
ippear to be an inadequacy of the GO approach; however,
he GO approach is valid only for surfaces so rough that
ny coherent scattering would be very small anyway. The PO
nodel, on the other hand, has a simple expression for the
:oherent scattering component, but the complete expression
‘or incoherent scattering, even for single scattering, has not
yet been formulated. SPM is a different approach, but its range
>f validity is restricted to surfaces with small rms heights and
slopes. Because the ranges of validity for the GO and SPM
‘heories are outside the range of rms heights described in this
saper, comparisons to GO and SPM will not be discussed.

In this paper we will examine experimental measurements
of the coherent and incoherent scattering components in the
specular directions at 10 GHz for several dry sand surfaces
>overing a wide range of rms heights (0.5 mm to 1.4 cm). The
measurements were conducted over an incidence angle range
axtending from 20° to 65° for both horizontal and vertical
polarizations. The sand, with a relative dielectric constant
of 3.0 and negligible loss factor, exhibits a null for vertical
polarization at the Brewster angle of 60°. The experimental
data are compared with predictions based on a revision of
the Physical Optics solution that is slightly different from and
more accurate than the standard form available in the literature
(7.

II. PHYSICAL OPTICS MODEL—A VECTOR SOLUTION

The Physical Optics approach involves integration of the
Kirchhoff scattered field over the rough surface. The coherent

field reflection coefficient from a surface with a Gaussian
height distribution is given by [7]:

Rq(a) — Rqoe—-2k292 cos? Oapq (1)
where the polarization subscripts p, ¢ are either h or v, and
cosf = —z% - k;. The angle 4 is both the angle of incidence
and reflection; coherent scattering occurs only in the specular
direction from the mean surface. The reflection coefficient
Ry for a plane surface is given by (15) and (16) below.
Fig. 1 shows I',(8) = |R,(f)|* for several values of ks.
The Brewster angle does not change with surface roughness,
but the coherent scattered power decreases very rapidly with
increasing roughness.

The power in the incoherent reflected field may be given
by a Taylor series in surface slope distributions. In Ulaby
et al. [7] the Physical Optics solution is called the Scalar
Approximation because slopes are ignored in the surface local
coordinate system, leading to a decoupling of polarizations
in the vector scattering equations. As a result, co-polarized
scattering in the plane of incidence is fairly accurate, but
cross-polarized scattering is zero. With the inclusion of surface
slopes transverse to the plane of incidence in the vectorial
solution to the Physical Optics approximation, depolarization
in the plane of incidence is predicted when the Taylor series is
expanded to the second order in surface slopes. The derivation
is given in Appendix A. In the specular scattering direction, the
first order terms are zero. The Physical Optics expression for
incoherent scattering in the specular direction, which includes
the zeroth and the important part of the second order terms, is
given by (see last paragraph of Appendix A):

0 2.2 2 4
00, = 2k? cos? Blafy,, [ 1§ + 4k*s* cos* B(|a,, |* + lat,l*) T2

2

where
1 _ _—4k%s% cos? 6 * 4k? 32 cos? 8p(€)
I=e e —1)ede 3)
0

00 2
I;O — / <apa(££)> €_4k2’2 cos? 0(1—p(£))£d£ @)
0
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and
agrh = Rho 5)
appn = Ru1 6)
gy, = Ruo (7
yy = Rut (8)
Qyph = Gy =0 )
Qv = Ulyh = Qohy = U1y =0 (10)
ayyn = (Rhocos?f + Ryo)/sinf 11
a4, = —(Ruo cos® 6 + Rao)/sin b (12)

The ag,,, terms are the zeroth-order terms (scalar approxima-
tion); the aj,,, and a3, terms are the second-order terms due
to slopes longitudinal and transverse to the plane of incidence.
The function p(£) is the normalized correlation function of
the surface, and the parameters R,o, Rpo, Ry1, Rp1 are the
coefficients of the (field) reflectivity local to the surface when
expanded in terms of surface slopes:

(13)
(14)

Ru(z,y) = Rho + RniZi(z,y) + -
R,(z,y) = Ryo + RnZi(z,y) +---

where Z;(z,y) is the surface slope longitudinal to the direction
of the incident wave at the (z,y) lateral coordinates of the
surface. The zeroth-order terms are identical to the reflection
coefficients for a smooth surface. In particular,

_ mpcosf — m cos by
h0 = 72 cos 8§ + 7 cos b,
71 cos @ — ng cos 8,

= 16
0 N1 cos 6 + 72 cos 6, (16)

N2sinf(1 — Rpo) — T L 0:(1 + Rno)

(15)

Rhl — k2 cos 8
72 cos B + 1 cos b,
(17)
m sinf(1 — Ryo) — nzﬁ%‘% sinf:(1 4+ Ryo)
e < mcosf + nycosb,
(18)

where 0, is related to 6 by Snell’s Law: k1 sinf = ko sin 8y,
and ) = \/ju/e. These first-order coefficients are different from
those found in Ulaby er al [7] and Ulaby and Elachi [13] due
to the incorporation of a more precise method for expanding
the local angle of transmission.

The zeroth-order terms dominate co-polarized scattering ex-
cept near the Brewster angle, where the zeroth-order terms tend
toward zero. For cross-polarization, the zeroth-order terms
predict no scattering for all specular angles, and therefore
cross-polarized scafte’??ng is determined by the second-order
terms. Unfortunately, this is still a single-scattering theory,
and depolarization is very small compared to other possible
sources, such as multiple scattering or volume scattering. Thus
it provides a simple estimate of the minimum expected cross-
polarized scattering in the specular scattering direction. The
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Fig. 3. Typical results of surface characterization of one of the surfaces
measured in this study: (a) Histogram of measured heights for a slightly
rough surface and the Gaussian probability distribution used to model it; a
total of 4353 height measurements were made, from which the rms height
was calculated to be s = 6.9 mm. (b) Measured autocorrelation function of
the same surface.

co-polarized second-order terms are all negligible except in the
vicinity of the Brewster angle, where the zeroth-order terms
vanish for vv polarization. The second-order terms all tend
toward zero at grazing, and the cross polarized terms tend
toward zero at nadir.

The fact that the Kirchhoff approximation is capable of
predicting any cross-polarized single scattering in the plane of
incidence is somewhat surprising. However, this is possible
because the Physical Optics approximation is used in the
derivation; use of the Geometric Optics approximation ne-
glects diffraction and is incapable of predicting cross-polarized
scattering. While expressions similar to, but not identical with,
those described here for the higher order terms of the Physical
Optics model have been presented In the past [14], and have
been unsuccessful in matching experimental measurements of
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the cross-polarized scattering coefficient [15], the authors are
not aware of any attempt to use the higher order terms to
explain scattering in the vicinity of the Brewster angle.

III. MEASUREMENT DESCRIPTION

A. Laser Profiler

The measurements shown in this paper are for random sur-
faces with varying roughness. The surfaces were characterized
by a Laser Profiler, a device engineered at the University of
Michigan to measure 2 meter linear or 1 meter by 1 meter
square sections of surface profiles. The Profiler is shown in
2 meter linear mode in Fig. 2. Using a Pulsar 50 Electronic
Distancemeter manufactured by GEO Fennel, it can measure
profiles of surfaces without direct contact. The profiler has a
horizontal resolution of 1 mm and a vertical resolution of 2
mm. Fig. 3(a) is an example of the height histogram generated
from the profile measured for one of the surfaces, and Fig. 3(b)
shows the corresponding correlation function.

B. Bistatic Faciliry

The configuration shown in Fig. 4 depicts the indoor bistatic
radar system used for making the measurements reported in
this paper. It is a stepped-frequency (8.5-10 GHz) measure-
ment system capable of measuring the scattering matrix S
of the target contained in the area or volume formed by the
intersection of the transmit and receive antenna beams. Using
an HP8720 vector network analyzer with an amplifier on the
transmitting antenna, the system measures a complex voltage

223

Diagram of the Bistatic Facility.

for any pair of v or h receive and transmit polarization states.
With proper calibration, it is capable of measuring all four
complex elements of the scattering matrix of the target surface.
The hardware allows the transmitter and receiver to be located
independently at any point on a hemispherical shell 2.1 m from
the center of the target. In practice, however, measurements
are accurate only when both antennas are within 70° of nadir.
The receive antenna is a dual-polarized horn antenna with
a beamwidth of 12°, and the transmit antenna is a dual-
polarized parabolic dish whose feed was designed such that the
main beam of the parabolic dish is focused at a range equal
to the distance to the target surface, which is held constant
for all measurements. Because of the larger aperture (30 cm
diameter), the transmit antenna has a narrow beam of 5°,
which dictates the extent of the surface area responsible for
the scattered energy. By using a focused beam antenna, we
achieve a narrow-beam configuration without having to satisfy
the usual far-field criterion. A baffle made of radar absorbing
material was placed in the direct path between the transmitter
and reciever to insure proper isolation of the two antennas.
To separate the measured signal into its coherent and
incoherent components, it is necessary 10 measure many
statistically independent samples of the random surface char-
acterizing the target surface. This is achieved by rotating
the sample holder in increments of 10°. thereby realizing 36
spatial samples per full rotation. The spatial correlation of
the measured incoherent power indicates that measurements
decorrelated every 15°, resulting in 24 independent samples
per surface. Measurements of smooth surfaces indicate that
phase coherence is maintained between independent samples.
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Fig. 5. Measured coherent reflectivity of a smooth surface with € = 3.0 and
ks < 0.2: squares denote horizontal polarization and circles denote vertical
polarization. Continuous curves are predictions based on Physical Optics. The
angle of minimum reflectivity for vertical polarization is 60°.

The total path length, from transmitter to target to receiver,
has a standard deviation less than 4 mm (7° at 9.25 GHz) for
the set of independent samples.

C. Separation of Coherent and Incoherent Power

The Bistatic Facility measures a complex voltage V,,, which
is proportional to the scattered electric field for each po-
larization state at each spatially independent sample of the
surface. Because the scattered electric field is composed of
a coherent component from the mean surface and an inco-
herent component from the rough surface and/or volume, the
measured voltage will also have a coherent and incoherent
component: V,, = Von + Vincon- These two components can
be separated because the incoherent component has a zero
mean: (Viycon) = 0. Provided a large number of independent
samples are measured, the coherent power P°! is proportional
to the square of the complex average of the measured voltages:

PCOh "/coth = ‘EF (19)
The incoherent power P"°" is then proportional to the

variance of the fluctuating component of the measured voltage:

Pmcoh (“’mcoh| )

= |Vin = Vin|? (20)

D. Calibration

The bistatic measurement system is calibrated using a
bistatic adaptation of the polarimetric backscattering calibra-
tion technique developed by Sarabandi and Ulaby [16]. For
measurements corresponding to the bistatic specular configura-
tion, a large, flat condulting plate is used as a calibration target.
Further verification is obtained by measuring a conducting
hemisphere placed on the calibration target. The radar cross
section of the hemispherical target was calculated via Physical
Optics. Calibration to date has been accurate to within 0.5
dB in magnitude and 10° in co-polarized phase difference at

boresight. The system is extremely stable; while the calibra-
tion procedure is performed for each day of measurements,
calibrations have been good for up to 5 days.

The bistatic facility measures E,q, the p polarized field due
to a q polarized transmitted field. The power in this measured
field P,q, is composed of a coherent and an incoherent
component:

Poo = it + Fpee” b
K, |?
Pcoh - P _.L 22
9 (4m)2(ror + 10t)2 P! .
Kpql? 95(2,9)94(z. y)
Pmcoh Ptl Pq 0 /\2/ p——i-———d.'l,'d (23)
CEnp [ Ry
Kpq|?
=k l( pq)3 quAﬂl Pq @)

where the coherent power reflection coefficient, and therefore
the coherent power, exists only for co-polarized scattering:
Pt = Tpe = 0if p # ¢.

The co-polarized coherent power reflection coefficient is
calculated by comparing the coherent power from a target to
that from a large flat conducting plate, for which I'; Cal =1and

= 0. Thus,

Pcoh
Tpp = _rp_ (25)
1
Py
The co-polarized differential scattering coefficient is calcu-
lated by comparing the incoherent power from a target to that
of the calibration power. I 4,5, Was calculated from extensive
measurements of the normalized antenna patterns for both
antennas, for each of the principal polarization states, over
the entire main lobe of the antennas, at the boresight ranges
ror and rg¢. Thus,
0 4r Pincoh

0, = 26
P (TOt + TOT)2IA111 PP Pﬁ;?l 20

IV. RESULTS

A. Surface Characterizations

The shape of a random rough surface is described by the
surface height distribution function and the surface height
correlation function. For a surface whose height is given by
z = f(z,y), the surface-height probability density function is
given by p(z), and is assumed to be Gaussian:

1
V2rs

Measurements by this and other experimenters [17], [18]
indicate that this assumption is appropriate. Fig. 3(a) shows
the fit between a histogram of measured surface heights
and equation (27). The surface height characteristics can be
specified by a single parameter, s, which is the root-mean-
squared surface deviation from the mean planar surface located
at z = 0.

The other statistical descriptor of'random rough surfaces is
the normalized correlation function, denoted by p. It describes

_1:2
e 25,7

ps(z) = @7
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Fig. 6. Measured coherent reflectivity of three rough surfaces. Continuous
curves are predictions based on Physical Optics. In all cases, the surfaces
have a relative dielectric constant ¢ = 3.0. (a) ks = 0.515. k1 = 5.4, (b)
ks = 1.39.kl = 10.6. (c) ks = 1.94.kl = 11.8.

the degree to which the height at one location given by
z = f(z,y), is correlated to the height at another location,
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given by 2’ = f(z'.y). For surfaces described by a stationary
random process, p can be expressed in terms of the lateral
separations u = ¢ — 2’ and v = y — ¢’ between the two
locations on the surface. Moreover, if the surface statistics are
symmetric under azimuthal rotations, ¥e-correlation function
can be described by a single variable ¢ = Vu? + v2, which
specifies the absolute value of the lateral separation. Unlike the
surface height distribution function, the correlation function
may take on several forms for naturally occurring randomly
rough surfaces. The vast majority of the literature on rough
surface scattering assumes that the surface statistics are az-
imuthally symmetric and Gaussian, while many measurements
of commonly occurring surfaces in microwave remote sensing
situations indicate that an exponential correlation function may
be more appropriate [19].

A correlation function for a surface with a correlation length
of 52.5 mm is shown in Fig. 3(b). It was generated by
averaging the individual autocorrelations of 3 linear profiles
of the surface. Experimentation has shown that only 3 profile
measurements averaged together are neccessary to accurately
determine the correlation length and shape of this and other
surfaces, but many more are needed to demonstrate that the
correlation function tends toward zero beyond a few correla-
tion lengths. For the purposes of this paper, the correlation
length of a surface is that length at which the normalized
correlation function is e~!. As a result of the negative values
of the correlation function, several of the integrals used to
predict scattering characteristics ((3) and (4)) may yield values
which are obviously incorrect. However, only a few surface
profiles are needed to determine the shape of the correlation
function within one correlation length, and if the rest of the
correlation function tends towards zero, this portion of the
correlation function dominates the integrals. The effect of the
shape of the correlation function within one correlation length
can be explored by considering several analytical forms for
the correlation function.

B. Coherent Scattering

At the Brewster angle, the reflectivity for the vertical
polarization is identically zero for a smooth interface between
two lossless dielectric media. Whether or not it remains
identically zero for a slightly rough surface is not clear.
The Physical Optics approach clearly predicts that this is so;
moreover, it predicts that the minimum reflectivity remains at
the same incidence angle as for a smooth surface. This can
be seen in Fig. 1. However, the Small Perturbation method
predicts that the angle of minimum reflection for vertical
polarization increases slightly with increasing roughness of the
surface [11]. The fact that Physical Optics does not predict
a change in angle while the Small Perturbation does is a
consequence of the fact that the correction to the Fresnel
coefficient is multiplicative for Physical Optics while it is
additive for Small Perturbation. Additional terms in the Small
Perturbation expansion may move this minimum angle back
toward the smooth-surface Brewster angle.

a Fig. 5 shows measurements of the reflection coefficient
for a smooth dry surface with ks < 0.2 (the rms height s was
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Fig. 7. The reduction of coherent scattering from a surface due to roughness.
Shown is the measured coherent reflectivity of several surfaces (all with with
e = 3) but differing roughness parameters ', normalized to the reflection
coefficient of a smooth surface. The angles of incidence range from 20° to 70°
and the roughness ks ranges from 0 to 2. The continuous curve is the Physical
Optics prediction for surfaces with Gaussian-height probability densities.

smaller than 1 mm, the measurement precision of the laser
profileometer). The curves in Fig. 5 were calculated using the
Fresnel reflection coefficient formulas given by (15) and (16)
for a surface with a relative dielectric constant ¢ = 3.0 + ;0.
The dielectric constant for the sand medium was measured by
a dielectric probe, which gave a value of ¢ = 3.0 for the real
part and a value of ¢ < 0.03 for the imaginary part. Because
€”/€ < 1 and the inclusion of €’ as high as 0.05 does not
significantly change the results of any of the calculations in
this paper, it was ignored. The excellent agreement between
the measured data and the calculated curves presented in Fig.
5 provides testimony to the measurement accuracy of the
system.

Fig. 6 compares measured values of the power reflection
coefficient I' with curves calculated using Physical Optics
(equation (1)) for surfaces with ks = 0.515,1.39, and 1.94.
Although good overall agreement is observed between theory
and experimental observations, it should be noted that the
location of the Brewster angle exhibits a slight shift towards
decreasing angle of incidence; the Brewster angle shifts from
60° for the smooth surface shown in Fig. 5 to 58° for
the surface with ks = 1.39 (Fig. 6(b)) and to about 56°
for the surface with ks = 1.94 (Fig. 6(c)). The shift is
toward decreasing angle of incidence, which is opposite to
the direction predicted by the Small Perturbation Method.

By way of summary, Fig. 7 shows the dependence of the
g-polarized normalized power reflection coefficient ~y, on the
roughness parameter 1), where

‘.

G F (6,0, "p) |R Iz
1 ==
Yo(¥) L0(€,0.0)  |Rgol?

02

=t (29)

(28)

and ¥ = kscos¥f.
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Fig. 8. Measured co-polarized specular scattering coefficient for three rough
surfaces. Continuous curves are based on Physical Optics: the dashed curve
corresponds to the zeroth-order term for o0, the solid curve to 00, with
both the zeroth-order and second-order terms included: the dotted curve
corresponds to 0, . The second-order term is negligible for hh polarization.
In all cases, the surfaces have a relative dielectric constant € = 3.0 and an
exponential correlation function was used. (@) ks = 0.515,kl = 5.4. (b)
ks = 1.39,kl = 10.6, (c) ks = 1.94,kl = 11.8.
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>. Incoherent Scattering

As was discussed previously in Section II, the expression
riven by (2) for the bistatic specular scattering coefficient
:onsists of two terms, a zeroth-order term and a second-order
erm, with the latter being the result of a new derivation of
he Physical Optics model given in Appendix A. Fig. 8(a)
hows the measured values of o2, and o}, for a slightly rough
surface with ks = 0.515, plotted as a function of incidence
ingle, as well as plots for the same quantities calculated in
iccordance with (2). The calculated curves include a pair
‘or the zeroth-order term alone, and a pair for the sum of
he zeroth-order and second-order terms. For hh polarization,
he second-order term is much smaller than the zeroth-order
erm, and therefore its contribution is insignificant. The same
ybservation applies to vv polarization for angles more than
° away from the Brewster angle, but in the vicinity of the
Brewster angle, the second order term becomes the domi-
1ant contribution and it correctly predicts the level of the
:xperimental observations.

Unfortunately, for the rougher surfaces shown in Figs. 8(b)
and (c) with ks = 1.39 and 1.94, the model overestimates the
level of ¢°, particularly for vv polarization in the vicinity
of the Brewster angle. The measured data fall in between
the curves calculated on the basis of the zeroth-order term
alone and the curves based on both terms. Thus, despite the
improvement that the proposed model provides for the slightly-
rough case shown in Fig. 8(a), it is inadequate for very rough
surfaces.

V. CONCLUSION

Several measurements of specular scattering from rough
surfaces at 10 GHz are presented. They indicate that the
Physical Optics predictions for coherent scattering are very
good for surface roughness as large as ks = 2.0, with
the exception that the theory does not predict a shifting
of the Brewster angle by a few degrees towards nadir. A
theoretical explanation of this phenomenon is unresolved.
For co-polarized incoherent scattering, Physical Optics has
been shown to be an adequate descriptor for a surface with
ks = 0.515, but rapidly loses its quantitative predictive value
for ks > 1.

APPENDIX A. A VECTOR PHYSICAL OPTICS DEVELOPMENT

In Ulaby et al. [7), the Physical Optics solution for scattering
from a dielectric rough surface is presented under the scalar ap-
proximation. This approximation leaves out many terms, some
of which change the results of the calculations significantly. In
particular, cross-polarized scattering is neglected in the plane
of incidence under the scalar approximation. What follows is a
full vector solution to the Physical Optics problem, including
vector terms which are neglected via the scalar approximation
and some higher order terms in the expansion of the solution
with respect to surface slope, with the rest of the assumptions
remaining the same as in Ulaby et al. [7].

The solution starts with the exact Stratton-Chu integral
equation for the p-polarized scattered far field due to a g¢-
polarized wave (¢Eoe~7*" %) incident upon a rough surface:
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_.jkse-jkaRO . . - R R -
E;, = Wﬂs X /[(n X E) = nsfis X (i x H))
x elkshe TS (AD)
- JksRo
—lgi———- ‘/Lleﬂ<M'des (A2)

where the singly scattered fields on the surface are calculated
via the tangent plane approximation and are given by:

fiy x E = [Ru(§-£)(g x f)
+Ry(fy-7:)(G-d)i]Es  (A3)

mAp X H= [Ri (- 7i)( G-t
- R.(¢- d) (7 x t)]Eo (A4)

where #; is the incident wave direction, g is the incident wave
polarization direction, 7, is the unit normal to the surface,
t =n; x Ay /|A; X g, and d = #; x £. Also, R, and R}, are
the v- and h- polarized Fresnel Reflection coefficients local to
a point on the surface. These quantities, and the appropriate
vector products, are defined in Ulaby et al. [7]; however, the
exact expressions for Uy, under the single scattering tangent
plane approximation do not appear there and hence are given
here for reference:

Upn = [RyZ:((sinfsin Ap + Z; cos 0 + Z;Z; sin )

DZD

+ (cos 8 + Z; sin )(sin f cos f, sin A¢

+ Z; cosfcosfs — Z;sinfsinb,))

— Ry (sinf — Z; cos 0)((cos 8 + Z,sin6)

X (sin 6 cos Ap — Z; cosf)

+ (sin 8 cos 85 cos A¢ — Z;' cos Bcos b,

+ Z,:Z; sinfcosb, — Z;sinfsin b,
+(Z% + Z¥) cosfsind,))]

[~ Rh(sinf — Z; cos 0)((sin fsin A¢

(A5)

Uoh = D"’D
+ Z7 cos8 + ZyZ} sin8) + (cos 6 + Z;sinf)
X (sin 8 cos 8, sin A¢ + Z; cosf cos b,
— Zysinfsinb,))
— R, Z4((sin 6 cos 85 cos Ap — Z; cos b cos b,
+ 24Z; sinfcosfy — Z;sinfsin b,
+ (2} + Z%) cosfsin,)
+ (cos8 + Z;sin §)

X (sin 8 cos Ag — Z; cos )]

[RrhZ:((cos 8 + Z;sinf)

(A.6)

Uy =
h D2D

X (sin @ cos Ag — Z; cos )
+ (sinf cos 8, cos Ap — Z] cosf cos b,
+ Z:Z; sinf cos8, — Z;sinfsin b,
+ (2} + Z?) cosfsind,))
+ R,(sinfd — Z; cos9)
X ((sinfsin Ap + Z] cos8 + Z,Z; sinf)
+ (cos 8 + Z; sin ) (sin 6 cos b, sin A¢

+ Z; cosf cosf, — Z;sinfsinb,))) (A7)
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Uy = [RhZ:((cos 8 + Z;sinf)

D2D
(sin 6 cos B, sin A¢ + Z; cos b cos b,
— Z;sinfsinf,)
+ (sinfsin A¢ + Z; cosf + Z:Z; sin§))
— Ry(sinf — Z; cos6)((sin @ cos B, cos A¢
— Z; cosfcosby + Z,Z; sinf cos b,
— Z;sinfsin b, + (Z} + Z?2) cosfsinb,)
+ (cosf + Z;sinf)(sinf cos Ap — Z; cos b))
(A.8)

where 0 and 6, describe the incident and scattered eleva-
tion angles measured from nadir, respectively, A¢ describes
the angular change in azimuthal direction between the inci-
dent and scattered waves, Z; and Z; represent the surface
slopes within (longitudinal to) and transverse to the plane
of incidence, respectively, Z; and Z; represent the surface
slopes within (longitudinal to) and transverse to the plane
of the scattered wave, respectively, Dy = |A; X f3] =
V/(sinf — Z,cos0)2 + Z2, and Dy = /1 + Z7 + Z2.

Unfortunately, the exact expressions for U are not mathe-
matically tractable in the Stratton-Chu integral, as the surface
slopes are random functions of the location on the surface.
An approximate solution can be obtained by expanding U
in a Taylor series in slopes and retaining only the first two
terms:

Upg = U,§2)
_ 1
=5

+ G4gpgZy )/ Sinf + - -)

+U + (A9)
(a0pq + (WipgZit + atipg Ze + Qlspg 2y
(A.10)

Note that D, need not be expanded as it will be cancelled upon
integration over dS = Dydzdy, but D, is Taylor expanded as
follows:

1 1
—D_f_ (Sina—Z,cosH)2+Z;2 (A.11)
_ 1 ( B Z} Z
" sin?4 sin20 ' “tanf
Zz
2?g " ) (A.12)

Similarly, the reflection coefficients local to the surface are
also expanded in terms of slopes:

R,=Ry+RuZi+--
Ry =Ruo+ Rn1 21+ ---

(A.13)
(A.14)

The reflection coefficients are not gependent on Z; or Z7,
and depend on even powers only of Z;. The a coefficients in
the expansion of U -ar, for all principal linear polarization
combinations, given by:

aohh = —Rpo(cos @ + cos ) cos Ag (A.15)
aovh = —Rpo(1 + cosf cosb,)sin Ag (A.16)
aohy = Ryo(1 + cosf cosb,)sin Ag (A.17)

ove = —Ryo(cos b + cosb,) cos Ag (A.18)
aiinh = Rpo(sinfsinf, — (1 + cos cosf,) cos Ag)

— Ry sinf cos Ag(cos b + cosb,) (A.19)

a1shh = Rpo cos B(cos  + cos b,) (A.20)
atinh = Ryosin Ag(1 + cosf cosb,) (A2])
asohn = 0 (A22)
aliyh = —Rpo sin A¢(cos f + cosb,)

— Ry sinfsin A¢(1 + cosf cosb,) (A.23)
Qsvh =0 (A.24)
ativh = Rposinf cosfsinf,

— Ry cos Ap(cosf + cosb,) (A.25)
tsoh = —Rpocos6(1 + cosf cosb,) (A.26)
iy = Ryosin Ag(cosf + cosb,)

+ Ry sin @sin A¢(1 + cos cosb,) (A.27)
Aishy =0 (A.28)
atiny = —Ryosinf cosfsinb,

+ Rpo cos A¢(cos§ + cos b,) (A.29)
tshy = Ry cosf(1 + cosf cosb,) (A.30)

Alivy = Ryo(sinfsin b, — (1 + cos 6 cos ) cos Ag)

~ Ry1sinf(cos§ + cosf,) cos Ag (A.31)
sy = Ryp cosB(cos b + cosb,) (A32)
tive = Raosin Ag(1 + cosfcosf,) (A.33)
Gtsvy =0 (A.34)

A. Differential Radar Cross Section '
The elements of the covariance matrix [13] are given by:

(S5l = [ [

from which the differential radar cross section can be derived:

(Up U KBy 4G 45" (A 35)

mn" pq

k2

0 *

Tpg = 4 " —(SpeS, a) (A.36)

Using (A.9):

* . 77(0)77(0)* 0 *

UnnUpq = UDUS +UQUD" + UL U™+ Ul ud”
(A37)

and evaluating these separately, we can express o as:

0 k?
qu 47[.A (<S S )80 +<SPQSpq)31

+(SpgSpe)s2) (A38)
(SmnSpq)e0 = / / (UL ULD* ik =) (F=)) 45 4"
(A39)
0 1)= 0)*
(SmnS3q) _// U<,{U() + UL UQ*

e]k(n,—n

* 1)
(SmnShq)s = / / i

")\dSds’ (A.40)
e]k(n,—n, <(F— r))desl
(A4])
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To obtain explicit expt‘essions for 00 , the following rela-

ions will be used [7]:

P

(ejqz(z—Z')> — 057 (1-p(€)) (A 42)

! .'lqz(z‘z ) - — (f)
(Z.e ) = —jq.8% cosa—22 9
(A43)

ap(§)
a¢

e=a:57(1-p(6)) (A .44)
_ , 3 2
(Zzziemz(z-z )} = —cos? a(qzsz—i)@)

(Z, ele:(2—2 ))
o= a5 (1=p(8))
(Zyejqz(Z-Z')> =

(Z;ejq‘("zl)) —jq.8% sina—>~

9¢
~ais*(1-p(€) (A .45)
- op(£) "
:(z—2 2
(2,Ze7%72)) = —sin a(qz 96
e~ (1=p(€) (A 46)
(2.Z,e1% - )y = (2,2.e9%7*)) = —sinacosa

(Ql _PLQ) -a3s*(1-p(€)  (A.47)
as well as the following Bessel function integral identity:
/ cos(na + B)e’* < %da = 215" cos BJ.(z)  (A.48)
2r

where ¢, = k(cosf + cosf,), s is the rms height, (§,a) are
the polar coordinates of the difference between the unprimed
and primed surface locations, and p({) is the normalized
surface height correlation function.

B. Zeroth Order Term

The analysis of the zeroth order term is straightforward and
yields the traditional coefficients for Physical Optics:

k2

4T Ay Tndg S5m S‘ )

k aomnaopql()
(A49)

4 k aomnaopqlg

where

Io = 2me™ % / [e%2°7©) _ 1]Jo(qu€)édE  (A.50)
0

gt = ky/sin? @ + sin? 6, — 2sinfsinf, cos A¢  (A.51)
This term represents the expected power in a particular direc-
tion due to the correlation of the height of the surface at one
point to the height at another point. This term is the largest
contribution to ¢”.

C. First Order Term

The first order term in Ulaby et al. [7] is that of the scalar
approximation. Below is the full vector solution under the
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tangent plane approximation:

k? . —k?
41 Ay g 5m S )

* *
————{(omna;py + Alimnop, )qli
47rq, smb‘[( mnGiipg * Qlimn g )0l

* *
+ (GOmnalqu +,£'ls'mna0pq)q13
* v *
+ .(O'Omnatipq + atimnaopq)qu' )

*
+ ('U'Omna:,gpq + atsmna()pq)qts]IO

(A.52)
where
qii = k(sin s cos A¢ — sin 6) (A.53)
g = ksinf, sin A¢g (A.54)
qis = k(sinfs — sinf cos Ag) (A.55)
qts = ksinfsin A¢g (A.56)

This term represents the expected powgr in a particular di-
rection due to the correlation of height of the surface at one
point to the slope at another point. This term is negligible for
scattering in the plane of incidence.

D. Second Order Term

The cross-slope term does not appear in Ulaby et al [7], but
is nonetheless an analytic term. It is given by:

k2 .
A ———(SmnSpq)s?
_ Bast
" 4sin4
+ QtimnQyipg + QtsmnGyspg
+ ((a1smnaipg + AtimnQlspg)
= (@limnAtspg + Atsmnayip,)) Sin Ag
+ ((@timnspq + Asmnalipg)
+ (@timnQgspg + QtsmnQyipg)) €08 Ad)Iag
= Gtimn i) (0F — 43)

- atsmna:qu)(qze - qt25)

* *
{[alimnalipq + alsmnalgpq

= [(@timnaiipg
+ (@smnjgpq
~ (QlimnGyipg T timnlipg) Qi
~ (smn8iepq + GtsmnGiypg)Gtsdis
+ ((@timn0f4pg + Gtsmnalipg)
+ (@lsmn3ipg + QtimnOlspg)) (Gridls + qiiges)
+ ((@limnagpq + GlsmnQlipg)
= (BtimnGyepg + Gtsmnatipg))
(

X (Quiqrs + Geiges )| I22} (A.57)

where

00 2
120:/0 (a‘%%‘)) Jo(qi€)e™ =" 1= ede  (A58)
J2(¢1t§)

= [ (ap(e))
0 73 Qt
This term represents the expected power in a particular direc-
tion due to the correlation of slope of the surface at one point
to the slope at another point. This term is significant for cross
polarization in the plane of incidence, and when the angle of
incidence is near the Brewster angle for the mean surface.

e (1-r®)ede  (A59)
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E. Evaluation of the I Integrals for
Common Correlation Functions

The remaining integrals can be further simplified if we
assume a form for the correlation function p(€). In particular,
2 /2
if it is Gaussian, i.e., p(€) = e~¢/"", then

00 2 2,2
_ 2.2 ] _ut
Iy = ml%e™%* E ((Iz ) e H

o (A.60)
i=1 ’

I — 26“‘1382 i MC_T}?L_’}IY 1 —_ ._ng__.

20 S (i +1)(i+1) 4(i+1)
(A.61)

1 2 ,—q2s? Z.(qzs)z(i_l) —%‘%—215

== z _— i A.62
R I DY e ey L (A4.62)

i=1

or, if the correlation function is exponential, i.e., p(¢) = e~¢/!,
then

o0 21
Ip = 2nl2e %% 3 (g:5)

A.63)
~(i- 1)!(i2 + g212)3 (
_ |+ 1)(g.8)20-1)
Iy=eiy L (A.64)
0= ) T i+ )
Ipp = 2% %% i (@9 (V(+ 12 4 G — (i + 1))
o -1+ 1)2 4+ gR)igie
y 2 212 _ (s
o PRI ACLRY b il CRRV PPN

2212

F. Special Case: Forward Scattering in the Specular Direction

For forward scattering in the specular direction, 6, —
6,A¢ — 0, and g — 0, and the general expressions above
simplify considerably:

2
ﬁ(sm,,s;q)so = a0t (A.66)
k2
m(smnsgq)sx =0 (A.67)
2 4.4
o (SmnSiads = o (Bt + 0 B+ )
+ (@timn + Gtemn) (@ipg T @fapg) 20
(A.68)
where
agrr = —2Rpocosf (A.69)
Aovh = Gohy = 0 (A.70)
Aoyy = —2R|,0 cosd (A.7l)
Glive + Qleve = —2Ry1 sinf cos (A.72)
Qivh + Qsvh = Gidity + Glahy = 0 (A73)
Qikh + Qishh = —2Rp; sinf cos (A.74)
Otivh + Gtsyh = —2(Rpo cos® @ + Ryg) cosd (A.75)
tikv + Qtsho = 2(Ryo cos? 8 + Riyg) cosf (A.76)

Qtive + Qtapy = Qginh + Qtshh =0 (A.77)

I = 21e~ %% / (%7 — 1]ede  (A78)
0

> P(f))z—zsz(l— ©)

I = AL TA % PE)¢q

» ./0 <6£ ) st
(A.79)

For the principal linear polarizations pqg = hh, hv, vh, vv,
the incoherent specular scattering coefficient can be obtained
by setting mn = pq in (A.66) and (A.68) and the resultant
expressions in (A.38) This process leads to the expression
given in 920.
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Comments on “Bistatic Specular Scattering
from Rough Dielectric Surfaces”

Jean-Jacques Greffet

Abstract— In a recent paper', De Roo and Ulaby have reported
experimental results for the coherent bistatic scattering by a random
rough surface. They have found a negative shift of the Brewster angle. We
show that their results are in agreement with all the previously reported
theoretical and numerical calculations.

In a recent paper,' De Roo and Ulaby have presented a compar-
ison between experimental data and the Kirchhoff specular bistatic
scattering. They have shown that the simple Kirchhoff result agrees
with the data, except near the Brewster angle 6. In the vicinity of
f g, the authors have found that the zero becomes a minimum and
that there is a shift Aé of this minimum. If we define the shift as
A# = #,,in —0 5, the shift is negative, which means that the minimum
moves toward the normal of the surface. I would like to correct two
statements that appear in the paper by De Roo and Ulaby in the
discussion of this point.

The shift was first observed on numerical simulations (but not
experimentally. as stated in the paper) for one-dimensional random
rough surfaces by Saillard and Maystre [1]. Hence. the paper by
De Roo and Ulaby is the first experimental report on this effect for
random rough surfaces.

The second point deals with the sign of the shift of the Brewster
angle #5. De Roo and Ulaby have observed that the shift is always
negative. This result was reported in [1]. In a later paper [2], I
have proposed a simple model based on a perturbation model to
explain the physical mechanism responsible of this shift. It predicts
a negative shift. Saillard has published a slightly different approach
which also yields the same result [3]. The above references deal with
one-dimensional surfaces. In a recent paper [4], we have derived
a perturbative expression for the coherent reflected field for a two-
dimensional surface. This new expression also yields a negative shift.
Therefore, the observed shifts reported by De Roo and Ulaby agree
with all the previous works in contrast with their statement in their
Introduction and their Conclusion.

Let us briefly describe a simple mechanism in order to get some
physical insight on this effect. Using a perturbative approach. the
amplitude A(#) of the coherent field can be written as the sum of two
contributions: the zero-order field (amplitude 4'®)) which is given by
Fresnel reflection factor, and the second-order contribution (amplitude
A due to the roughness

A(6) = 19(0) + 47(8).
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It can be shown that the imaginary part of A®” is much smaller than
its real part. Thus, we may assume as a first approximation that both
A©(4) and A@(6) are real. The minima are produced when the
two contributions have the same modulus and opposite sign. This
happens for # smaller than 65.

Finally, I would like to mention that the same mechanism holds for
the shift of the total absorption observed in the numerical calculations
reported by Garcia and Stoll [5). In this case, the reflection minima
are due to the total absorption of light by a sinusoidal grating when
a surface plasmon is resonantly excited. In their calculations, Garcia
and Stoll have added a small random component to the sinusoidal
surface. They have found that the minima for the reflected field
are shifted. Again, this effect can be understood on the basis of an
interference between the specularly reflected field A©(4) by the
nonperturbed grating and the coherent amplitude A®(8) due to the
roughness.

REFERENCES

[1] M. Saillard and D. Maystre, “Scattering from metallic and dielectric
surfaces,” J. Opt. Soc. Amer., A vol. 7. pp. 982-990, 1990.

[2] 1. ]. Greffet, “Theoretical model of the shift of the Brewster angle on a
rough surface,” Opt. Lett., vol. 17, pp. 238-240, 1992.

[3] M. Saillard, “A characterization tool for dielectric rough surfaces:

Brewster’s phenomenon,” Waves Random Media, vol. 2, pp. 67-79,

1992.

C. Baylard. J.-J. Greffet, and A. A. Maradudin, “Coherent reflection

factor of a random rough surface. Applications,” J. Opt. Soc. Amer., A,

vol. 10, pp. 2637-2647, 1993.

N. Garcia and E. Stoll, “Monte-Carlo calculation for electromagnetic

wave scattering from random rough surfaces.” Phys. Rev. Lett., vol. 52,

pp. 1798-1801, 1984.

(4

{5

Comments on “Bistatic Specular Scattering
from Rough Dielectric Surfaces”

Marc Saillard

Recently, the above paper' has been published describing an
experimental work on scattering by dielectric rough surfaces, and
investigating the shift of the Brewster angle when a plane interface
becomes randomly modulated. I have some comments about this
aspect of the paper.

As mentioned by the authors,' the numerical evidence of the
phenomenon has been given in [1], where rigorous computations have
shown that the minimum of the reflected intensity is shifted toward
lower incidence angles. This conclusion, concerning one-dimensional
surfaces under p polarization, is in agreement with the aforementioned
experimental work." Later, with the help of the perturbation methods,
a more detailed study has been achieved by several authors for both
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one-dimensional surfaces {2]-[4] and two dimensional surfaces [5].
The main point is that although the theories are not the same, they
all lead to the same conclusion and confirm the previous results.
Therefore, I am very surprised to read in the introduction’ that a
shift toward grazing angles was predicted.

Section B' also requires some comments. It is suggested that
not enough terms of the expansion are taken into account in the
perturbation method. I recall that in [3] the reflection coefficient is
expanded up to second order (the first order does not concern coherent
scattering) and that, within the Rayleigh hypothesis, the coefficients
are rigorously calculated. Even though we do not know accurately
what is the radius of convergence of such an expansion, a range of
rms heights exists where the theory gives accurate results. In addition,
a confrontation with rigorous computations is also achieved in [3] and
the results agree quite well when the rms height is less than a tenth
of the incident wavelength, thus for significan: shifts of the Brewster
angle.

The perturbation theory, as well as rigorous computations, also
predicts that the minimum of the reflectivity is no longer rigorously
zero.

Fig. 6(a)' deals with parameters within the domain of validity
of perturbation methods, thus the experimental results could be
compared with theoretical ones, while in Fig. 6(b) the rms height
probably exceeds the possibilities of these theories.

I would like to add one more comment. On p. 1, the authors write
that Greffet and Saillard “state that the small perturbation method
predicts just the opposite. ..” but (later) they refer to [1], which only
contains rigorous results from an integral theory. The results from the
.perturbation theory are given in [3]. This remark permits me to recall
that the shift of the Brewster angle has also been investigated with
the help of a rigorous theory which suffers no limitation with respect
to the geometrical parameters of the surface. In [3] a comparison
of rigorous computations with data from the perturbation method is
given, and shows a very good agreement for shallow surfaces.

In the Author’s Reply, it seems that two kinds of perturbation
theories exist; those which give a shift toward nadir and those which
lead to the opposite. According to me, it is more important to notice
that the perturbation theories which, in the frame of the Rayleigh
hypothesis, calculate rigorously the coefficients of the expansion of
the reflection coefficient, lead to a good quantitative agreement with
both rigorous computations and measurements (as shown in Fig. 1
of the reply).

As a conclusion, I suggest modifying a few sentences,' related to
the shift of the Brewster angle: the last sentence of p. 220, the end of
the first paragraph of section B, p. 225, the last comment on Fig. 6,
p. 226, and the concerned sentence of the conclusion.
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Authors’ Reply

Roger D. De Roo and Fawwaz T. Ulaby

Lo

»

The comments contributed independently by Greffet and Saillard
are basically the same and may be distilled down to two issues:

a) Their theoretical and numerical calculations predict that the
Brewster angle shifts in the direction of normal incidence (negative
shift) as the surface roughness increases, and our experimental results
indeed support their prediction. We clearly have no disagreement with
this comment and are in fact pleased that our data confirms their
theory.

b) In our paper [1], we stated that ‘‘the small perturbation method
does not explain the observations reported in our present study: the
first-order small perturbation method predicts that the Brewster angle
will move toward grazing as the roughnéss increases, while our
observations indicate the opposite.’”” This statement is incorrect and
both Greffet and Saillard take exception to it. The small perturbation
method (SPM) predicts that the Brewster angle is toward the nadir.

Our statements regarding SPM were based on the expressions given
in Tsang er al. [2]. Unfortunately, the published expression for the
SPM vertically polarized reflection coefficient contains a sign error
[3], which leads to the incorrect conclusion. Equation (51) of Chapter
2 in [2] as it apparently should appear is given by

Ry (spary =
fvo =k (A"fh':lj%+_k-§;'1;. i ket /0* .
{I;;:, (lom - zfﬁﬁ%}:zl(.ﬂ)
B gﬁ%%m” * AA{;ALIZ K2 +kf-;k1: %I"“’)

B

K-k k. K Li(x)
—_ Ig(r) — —— k. dk
+L': TR R E ko olx) . pdhp (n

where r = %k,,kp,lg, Ry (spapy is the vertical small perturbation
Fresnel reflection coefficient, Ry is the vertical Fresnel reflection
coefficient for a plane interface, ¢ is the rms surface height, [ is
the surface correlation length, k. k; are the wavenumbers in the
incident and other medium, respectively, k., = kcosé,, ky.; =
k2 —k2sin® 6, k, = ksin®, k* = k> = k2, k. = ki — k2, 6,
is the angle of incidence and I, () is the modified Bessel function
of order n. A Gaussian surface height distribution and a Gaussian
correlation function have been assumed. The change in sign is on the
second to last term in the integrand (which is the last term in [2]).
It is interesting to note that while the SPM expressions given
by Tsang et al. [2] and Baylard et al. [4] for the H-polarization
reflection coefficient agree to order o2, our translation of Baylard’s
SPM expression for the V-polarized reflection coefficient (to order
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The expressions are very similar, but not identical. Fortunately, the
differences are numerically insignificant.

Fig. 1 shows the reflectivity of one of the surfaces we measured
compared to the correct expression for SPM, as well as the predictions
of physical optics (PO). It is clear that our data agrees with the
prediction of SPM., including the shift of the Brewster angle toward
nadir, for this slightly rough case. To the extent that we may have
misrepresented the works of Greffet or Saillard [5], [6], we apologize.

We are pleased that our observations, at least for slightly rough
surfaces, have a rigorous explanation. Unfortunately, a number of the
rough surfaces that we have measured have roughnesses sufficiently
large that they fall outside of the accepted range of validity for the
SPM. The region of validity for the PO approach does encompass
the roughnesses of the surfaces in our paper, and for this reason we
emphasized that approach in the analysis of the entire body of data
which we presented. Nonetheless, PO does not predict any shift of
the Brewster angle, and the SPM is perhaps more appropriate for a
detailed analysis of this phenomenon.
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Correction to “A Study of Transient Radiation
from the Wu-King Resistive Monopole—FDTD
Analysis and Experimental Measurements”

James G. Maloney and Glenn S. Smith

The above paper' contained the following errors. Equation (4)
should read

_ (h/ﬂm)

B d¢oto

and in the first paragraph of Section III.
not 1.34. Equation (10) should read

aodo should equal 8.45,

1

g = ——.
27a,,dr!

The correct expressions were used in all calculations so all of the
numerical results, figures and tables in the paper are correct.
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