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Abstract— This article presents a new index, polarization-
conversion ratio (PCR) to characterize depolarized bistatic scat-
tering from rough surfaces with dielectric inhomogeneity and
spatial anisotropy. We then investigate the dependence of PCR
on both surface and radar parameters. Numerical results show
that the distribution of PCR on the scattering plane varies with
the polarization state of the incident wave and incident angle. The
PCR clusters more in the cross-plane for horizontally polarized
incidence. However, for vertically polarized incidence, the PCR
disperses as “triangular shape” on the whole scattering plane
with a sharp valley occurring in the incident plane. The following
points can be drawn: 1) the inhomogeneity effectively enhances
the PCR in the cross-plane; 2) the effect of anisotropy on the
PCR is relatively weak, because the scattering is less affected
by correlation length; 3) the impacts of surface rms height
on the PCR are negative on the whole scattering plane; and
4) as the background permittivity increases, at the horizontally
polarized incidence, the PCR is enhanced in the backward and
forward regions, while at vertically polarized incidence, it is
enhanced in the incident plane and the forward region. As is
demonstrated, the PCR is an effective measure of the sensitivity
of depolarization, making it potentially useful as a new reliable
index for surface parameter inversion.

Index Terms— Anisotropy, bistatic scattering, depolarization,
inhomogeneous, polarization conversion, rough surface.

I. INTRODUCTION

POLARIZATION, as one of the inherent properties of
electromagnetic (EM) waves, is of practical significance

to many applications [1]–[4]. Artificial devices have been

Manuscript received April 18, 2020; revised May 30, 2020; accepted
May 30, 2020. Date of publication June 11, 2020; date of current version
December 24, 2020. This work was supported in part by the China Post-
doctoral Research Science Foundation under Grant 2019M663414, in part
by Initiative Funding of Guilin University of Technology under Grant
GUTQDJJ2019146, in part by the National Natural Science Foundation of
China under Grant 41871268Y, and in part by the National Natural Science
Foundation of China under Grant 41971317. (Corresponding author: Kun-
Shan Chen.)

Ying Yang and Kun-Shan Chen are with the College of Geomantic and
Geoinformation, Guilin University of Technology, Guilin 541004, China
(e-mail: yangying@glut.edu.cn; chenks@radi.ac.cn).

Xiaofeng Yang and Jiangyuan Zeng are with the State Key Laboratory
of Remote Sensing Science, Institute of Remote Sensing and Digital Earth,
Chinese Academy of Sciences, Beijing 100101, China, and also with Beijing
Normal University, Beijing 100101, China (e-mail: yangxf@radi.ac.cn;
zengjy@radi.ac.cn).

Zhao-Liang Li is with the Institute of Agricultural Resources and Regional
Planning, Chinese Academy of Agricultural Sciences, Beijing 100081, China
(e-mail: lizl@unistra.fr).

Color versions of one or more of the figures in this article are available
online at https://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TGRS.2020.2999543

developed to control and manipulate the polarization of the
EM waves, such as invisibility cloaks, antenna system, polar-
ization beam splitters, and perfect absorbers [5]–[7]. Given its
inherent properties, polarization conversion has been proposed
in the microwave [8], [9], terahertz [10], infrared [11], and
visible [12] frequency fields for metasurfaces. By different
structures of the metamaterial, the linear polarization of the
incident waves can be converted into the orthogonal direction,
and the right-hand circularly polarized incident waves can
also be converted into the left-hand circularly polarized wave
[13]–[15]. When the EM waves travel through the metama-
terial, the polarization conversion for both the linearly and
circularly polarized waves can be observed. In remote sensing
applications, exploring EM scattering for the natural surface’s
3-D structures is of increasing importance.

The spatial anisotropy of the rough soil surface may be
formed either by natural force (e.g., dune) or by plowing
or raking practice in the agricultural field. The permittiv-
ity distribution is nonuniform in depth [16], due to, for
example, the evapotranspiration process of the soil moisture
content [17]. In some real physical scenarios, the wind-induced
dunes and the ridged land surface by plowing are azimuthally
anisotropic. From the experimental measurements reported
in [18], the relative complex dielectric constant curves as a
function of volumetric soil moisture content. In remote sensing
applications, the soil moisture profile is of particular interest
for its prominent role in the climatic and hydrologic mod-
elings [19]–[21]. Extensive studies of wave-scattering inho-
mogeneous rough surfaces have been conducted in the past
decades. The reflection coefficient from the vertically inhomo-
geneous media whose permittivity is a function of depth was
reported [22]. Sarabandi and Chiu [23] derived the bistatic
scattering coefficients of the soil surface with a slight rough
interface and inhomogeneous dielectric profile. A similar study
was also carried out by a small perturbation method (SPM) for
a slightly rough boundary [24]. Tsang et al. [25] developed the
EM full-wave simulations for the volume scattering of dense
media with terrestrial snow. Komarov et al. [26] analyzed
the EM wave scattering from rough boundaries interfacing
inhomogeneous media and applied the formulation to study
snow-covered sea ice. Zamani et al. [27] reported a perturba-
tion approach, the extended boundary condition (EBC)-based
SPM to study the scattering from inhomogeneous media with
arbitrary dielectric profiles. A translation matrix (T-Matrix)
solution to the 3-D EM scattering from the dielectric layered
medium was proposed in [28].
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Fig. 1. Scattering geometry of a rough surface.

In the context of spatial anisotropy, Bateson and Wood-
house [29] showed azimuthal backscatter response from the
wind-induced sand ripples from scatterometer observation.
Bartalis et al. [30] demonstrated the azimuthal anisotropy
of the scatterometer measurements by the European Remote
Sensing Satellite and SeaWinds overland with plowing in the
north–south direction. Another example is that Xu et al. [31]
conducted a full-wave simulation of bistatic scattering from
the wind-sculpted sastrugi surface, which resembles a ridge
and corrugated structure and can be modeled as a spatially
anisotropic surface. More recently, an efficient hybrid method
combining the finite-element boundary-integral method with a
fast multipole method (FE-BI-FMM) was proposed to study
the EM scattering characteristics from a coated object above
a two-layered dielectric rough surface at both vertical and
horizontal incidences [32]. In addition, the monostatic and
bistatic models of the anisotropic rough soil were recently
proposed in [33].

It is seen that natural surfaces in many specific physical
scenes have both azimuthal anisotropy and dielectric inho-
mogeneity. Exploring bistatic scattering characteristics and
polarization conversion for such surfaces is of practical interest
in parameter retrieval. However, from the preceding review
of previous works, either dielectric inhomogeneity or spatial
anisotropy was considered, but not taking account of both
of them simultaneously. Hence, it is the main objective of
this article to explore the bistatic scattering characteristics
and polarization conversion for rough surfaces with both
azimuthal anisotropy and dielectric inhomogeneity. In par-
ticular, polarization-conversion ratio (PCR), developed for
artificial devices, is applied to characterize the depolarized
scattering. This article also attempts to investigate the depen-
dence of PCR on the radar parameters and surface parameters.
An advanced integral equation model (AIEM) [34]–[37] is
adopted as a working model to simulate the bistatic scattering
coefficients.

II. ROUGH SURFACE WITH DIELECTRIC INHOMOGENEITY

AND SPATIAL ANISOTROPY

Fig. 1 shows the geometry of scattering from a spatially
anisotropic rough surface with an inhomogeneous dielectric
profile in depth. In Fig. 1, k̂s(θs, φs) and k̂i(θi , φi) denote the
scattering- and incident-wave unit vectors, respectively, θi and

Fig. 2. (a1) Profiles_1 and 2 with the same maximum dielectric constant
of 20 − j2.0 and background dielectric constant of 4.5 − j0.45. (a2) Pro-
files_3 and 4 with the same background dielectric constant of 18 − j1.8 at
f = 1.25 GHz. Comparison in magnitude of reflection coefficients between
the homogeneous and inhomogeneous surfaces with (b1) profiles_1 and 2 and
(b2) profiles_3 and 4.

φi are the incident angle and the incident azimuthal angle, and
θs and φs are the scattering angle and the scattering azimuthal
angle. In backscattering, θs = θi and φs = φi + 180◦. The
spatial anisotropy can be statistically described by a directional
correlation function ρ(r, ψ), where r is the lag distance and
ψ is the direction from 0◦ to 360◦, and the inhomogeneity is
modeled by dielectric profiles εr (z).

A. Inhomogeneity

For an inhomogeneous rough surface, the permittivity may
be vertically nonuniform as a function of depth. For illus-
tration, four typical dielectric profiles with the permittivity
varying in the z-direction are chosen [17], [22], [38], [39].
Fig. 2(a1) presents two nonmonotonic dielectric profiles in
depth with the same background permittivity of 4.5 − j0.45 at
1.25 GHz [17]. Indeed, these two dielectric profiles are very
common in the soil surface, when the moisture content wets
down first and then dries up. The maxima soil moisture
of these two dielectric profiles locates at different depths.
In addition, the ice-covered surface with fresh or continental
ice and clouds with drops of different types and sizes may
be modeled by these dielectric profiles. Fig. 2(a2) shows
two monotonic dielectric profiles with the same background
permittivity of 18 − j0.18 at 1.25 GHz but with different
variation paths [17]. These two profiles can better describe
the bare soil after different sunshine times and the sea surface
covered with marine ice or fresh ice. Fig. 2(b1) and (b2)
demonstrates the reflection coefficients [40], [41] at the hor-
izontally and vertically polarized incidences for these four
typical inhomogeneous dielectric profiles. As a reference,
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Fig. 3. Numerically generated realization of the rough surfaces with
three degrees of anisotropy. (a) Weak anisotropy. (b) Moderate anisotropy.
(c) Strong anisotropy.

the reflection coefficients for a homogeneous medium with
the same background dielectric constant of the inhomogeneous
medium are also given here. It is found that the angular
dependence of the reflection coefficients, modeled by the four
sets of dielectric profiles, is essentially different, for example,
the location of the Brewster angle at vertical polarization.
It can be seen that the difference in the reflection coefficients
is significant, although the background dielectric constants
are the same. The reflection coefficient depends not only
on the background dielectric constant but also on the shape
and change rate of the dielectric profiles. By comparison
with the homogeneous cases, the reflection coefficients of
profile_1, profile_3, and profile_4 are relatively small and that
of profile_ 2 is high. Both the bistatic scattering characteristics
and the PCR for an inhomogeneous medium with different
dielectric profiles are examined in a later section.

B. Spatial Anisotropy

Azimuthal anisotropy may be formed by either natural
forces or human activities, or even both; for the later, one
example is that the ridges on which small roughness rides
are created by plowing or raking practice. For EM scattering
modeling, the spatial anisotropy can be statistically described
by the directional correlation function [42], [43]. The degree of
anisotropy can be described by the correlation length varying
with azimuthal angle ψ , which is L(ψ) = Lx cos2 ψ +
L y sin2 ψ with Lx and L y being the correlation lengths along
two orthogonal directions, and their difference determines
the degree of spatial anisotropy. The equivalent correlation
length of an anisotropic rough surface is defined by averaging
out the directional dependence as Le = 1/2π

∫ 2π
0 L(ψ)dψ .

Fig. 3 illustrates the numerically generated realization for
three types of rough surfaces with the degree of anisotropy
varying from weak and moderate, to strong. By comparison,
the strongly anisotropic rough surface shows greater orienta-
tion dependence.

III. FORMULATIONS AND POLARIZATION-
CONVERSION RATIO

A. Scattering Model

In this article, the scattering coefficient is simulated by
an analytical model, the advanced integral equation method
(AIEM) [34], [35], which was developed based on the integral
equation method (IEM) [2], [35]. The multiple scattering is
also included, since it has a significant contribution when the
roughness and incident angle are relatively large. For easy
reference, here, we summarize the major expressions below.
The complete and detailed formulas can be found in [36]
and [37]. The scattering coefficient consists of single and
multiple scattering terms

σ o
qp = σqp(s)+ σqp(m). (1)

The single scattering term in (1) remains the same as in
[30] and reads as follows:
σqp(s) = k2

2
e−σ 2(k2

sz +k2
z )

∞∑
n=1

σ 2n

n!
∣∣In

qp

∣∣2
W(n)

(
ksx − kx, ksy −ky

)

(2)

where ksx = k sin θs cosφs , ksy = k sin θs sin φs , and
ksz = k cos θs and kx = k sin θi cosφi , ky = k sin θi sin φi ,
and kz = −k cos θi .

The multiple scattering in (1) up to second order, including
cross and complementary terms, can be expressed as follows:

σqp(m) =
3∑

l=1

σ kcl
qp (m)+

8∑
i=1

σ ci
qp(m)+

14∑
j=9

σ
c j
qp(m). (3)

The cross term in (3) is an interaction of the Kirchhoff field
and the complementary field, which takes the form

σ kcl
qp (m) = k2

8π
Re

[
f ∗
qp

∫∫ {
F+

qp(u, v)g
kcl (u, v, q1)

+F−
qp(u, v)g

kcl (u, v,−q1)

G +
qp(u, v)g

kcl (u, v, q2)

+G −
qp(u, v)g

kcl(u, v,−q2)
}

dudv].
(4)

The second and third terms in (3) are the complemen-
tary terms. The relevant factors and coefficients appearing
in (2)–(4) are referred to [36] and [37].

The scattering coefficients of circular polarizations can be
readily given in terms of those of linear polarization [44]

σ 0
RR = 1

4

{
σ 0

vv + σ 0
hh + σ 0

vh + σ 0
hv

−2
[
Re

(
σ 0

vvhh − σ 0
vhhv

)
−I

(
σ 0

vvvh + σ 0
vvhv + σ 0

vhhh + σ 0
hvhh

)]}
(5)

σ 0
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4
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)
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)]}
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σ 0
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)]}
(7)
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Fig. 4. Comparison of the backscatter azimuthal variations over the dunes
region between the model predictions and the scatterometer data [29] acquired
by the ERS-1 satellite in (a) 18◦N, 13◦E, January 1993, σ = 5.2 cm
and (b) 16◦N, 13◦E, December 1994, σ = 5.4 cm. Radar parameters:
f = 5.3 GHz, θi = 45◦. Surface parameters: Lx = 10 cm, L y = 20 cm,
εrb = 18 − j1.8(profile 4).

σ 0
LL = 1

4

{
σ 0

vv + σ 0
hh + σ 0

vh + σ 0
hv

−2
[
Re

(
σ 0

vvhh − σ 0
vhhv

)
+I

(
σ 0
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vhhh + σ 0
hvhh

)]}
. (8)

It is realized that all the last terms in (5)–(8) are relatively
small, such that the LL-polarized scattering coefficient is
very close to the RR-polarized. Similarly, the LR and RL
polarizations are close to each other. Hence, only RR for the
like-polarized scattering and the LR for the cross-polarized
scattering are discussed in this article. Given the equations
displayed in (1)–(8), both linearly or circularly polarized scat-
tering coefficients are the functions of the surface parameters
(e.g., correlation length, rms height, dielectric constant, and
spectrum) and radar attributes (e.g., incident angle, incident
azimuthal angle, scattering angle, scattering azimuthal angle,
and frequency). As we mentioned in the previous section, for
the anisotropic inhomogeneous rough surface, the permittivity
is a function of depth and the correlation length varies as the
view azimuthal angle. By applying the new correlation length
and the dielectric constant with variables to the AIEM model,
the full-polarization scattering coefficient can be calculated.

Before we proceed, let us compare the model predictions
and the C-band VV polarization scatterometer data acquired
by the ERS-1 satellite between January 1993 (18◦N, 13◦E)
and December 1994 (16◦N, 13◦E) in the dunes area. The
measurement data [29] were collected from the active sand in
the north east of Niger, and each pixel is 50 km × 50 km to
within a 500-km-wide swath. In this area, the dunes and ripples
were formed by the winds. Meanwhile, the sunlight enhanced
strength during the day, and the moisture content of the sandy
land was nonuniform in the vertical direction. It turned out that
such a rough surface could be best described as azimuthal
anisotropy and dielectric inhomogeneity. Fig. 4 displays the
comparisons between the model predictions and the measure-
ment data. Comparing with the radar scattering for anisotropic
homogeneous and anisotropic inhomogeneity alone, the model
predictions with anisotropic and inhomogeneous properties are
in good agreement with the measurement data for both angular
level and trend. The close tracking of peaks and valleys in
the azimuthal variation of scattering is observed. The results
demonstrate that the AIEM model can be practically useful
to model the scattering from the anisotropic inhomogeneous
rough surface. Note that in Fig. 15(a), the ascending pass
(0◦ < ψ < 180◦) measurements are entirely higher than
the descending passes (180◦ < ψ < 360◦). As reported
in [29], a possible explanation for this phenomenon is that the
ascending passes are made in the evening and the descending
passes in the morning. Ripples produced at the late afternoon
winds were larger than those generated by the morning winds.
Another possible explanation is that diurnal changed in the
vertical permittivity arising through the condensation effects.
These two reasons explained the azimuthal asymmetry of the
scattering coefficients.

B. Polarization-Conversion Ratio

Polarization is an inherent feature of the EM waves, rep-
resenting the trajectory of electric field oscillation at some
fixed point in space. The radar detects the target information
by transmitting the EM waves and receiving the scattered
echoes. In general, any EM wave scattered from the rough
surface consists of two field components: one with the same
polarization state as the incident wave called copolarized
scattering and the other one is an orthogonal component to the
polarization state of the incident wave called cross-polarized
scattering. Due to the modulation of the incident wave by the
target, the polarization state of the scattered wave is different
from that of the incident wave, which is called depolarization.
In this section, the PCR, which evaluates the polarization-
conversion capability of the incident wave when it gets through
the rough surface, is extracted.

To evaluate the performance of the polarization-conversion
capability, the PCR for incident β-polarization is defined as
follows:

PCRβ =
∣∣σ o
αβ

∣∣2

∣∣σ o
αβ

∣∣2 + ∣∣σ o
ββ

∣∣2 (9)

where σ o
αβ represents the scattering coefficient with

α-polarized scattering and β-polarized incidence, α and β
can be either linear or circular polarization, and α �= β.
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Fig. 5. Hemispherical plots of the linearly and circularly polarized
bistatic scatterings on the scattering plane for the anisotropic inhomoge-
neous surfaces with profile_3, where the simulation parameters were set as
Lx = 5 cm, L y = 20 cm, σ = 2 cm, θi = 40◦, ψ = 30◦,
f = 1.25 GHz, and εrb = 18 − j1.8.

IV. SCATTERING FROM ANISOTROPIC

INHOMOGENEOUS SURFACE

A. Bistatic Scattering Behaviors

In the previous section, an analytical model for predicting
the fully polarized scattering behaviors of the anisotropic
inhomogeneous rough surfaces was obtained. Here, data sim-
ulations are carried out to investigate the scattering proper-
ties for the rough surface with different dielectric profiles.
To comprehend better the characteristics of the extracted PCR,
the linearly and circularly polarized bistatic scatterings are first
analyzed. In this section, for numerical illustration, taking two
typical dielectric profiles with the same background dielec-
tric constant (profile_3 and profile_4) as examples, the fully
polarized bistatic scattering on the whole scattering plane is
investigated. In both cases, correlation length L(ψ) varies
as the azimuthal angle, and dielectric constant εr (z) is a
function of depth. For numerical explanation, the correla-
tion lengths along two vertical directions are assumed as
Lx = 5 cm and L y = 20 cm, and the rms height is fixed
at 2 cm with the exponential correlated function and the
frequency of 1.25 GHz. The background dielectric constant
of the anisotropic inhomogeneous surfaces is 18 − j1.8 for
profile_3 and profile_4. The incident angle is set to 40◦, and
the view azimuthal angle is chosen at 40◦. We show the
hemispherical plots of the linearly and circularly polarized
bistatic scatterings on the scattering plane for the anisotropic
inhomogeneous surfaces with profile_3 in Fig. 5 and with
profile_4 in Fig. 6. The scattering polar and azimuthal angles

Fig. 6. Hemispherical plots of the linearly and circularly polarized bistatic
scatterings on the scattering plane for the anisotropic inhomogeneous surfaces
with profile_4, where the simulation parameters were set as Lx = 5 cm,
L y = 20 cm, σ = 2 cm, θi = 40◦, ψ = 30◦, f = 1.25 GHz, and
εrb = 18 − j1.8.

each vary with a step of 1◦. Both for these two cases note that
the linearly polarized scattering reveals stronger directional
dependence, while the circularly polarized scattering tends to
be more omnidirectional. For a rough surface with dielectric
inhomogeneity and spatial anisotropy, the strong scattering
region of HH polarization lies in around the specular direction.
However, for VV polarization, the strong scattering region is
more diffused in the backward region but contracted in the
forward region. The deep scattering valley across the scattering
polar angle appears at the cross-plane (φs = ±90◦) for HH
polarizations, whereas for VV polarization, it is not so strict
at the cross direction but instead tends to be in the forward
region (φs = 60◦, 300◦). For the HV and VH polarizations,
the scattering coefficients are clustered in the cross-plane but
their scattering behaviors are quite different. We find that
the HV polarization is more dispersed in the scattering polar
direction, while the strong scattering of VH polarization is
more clustered to the low incidences. The scattering valley
of HV and VH polarizations occurs in the incident plane
(φs = 0◦), especially in the large scattering polar angle region.
Namely, the depolarization effect is relatively weak in the
incident plane. In addition, we would like to mention that
the circular polarization tends to be more omnidirectional,
and RR polarization is relatively smaller than RR polarization
in general. By comparing Fig. 5 with Fig. 6, we found that
although the background dielectric constants of profile_3 and
profile_4 are the same, the differences in the bistatic scattering
characteristics on the scattering plane are obvious. The bista-
tic scattering coefficients for the anisotropic inhomogeneous
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Fig. 7. Difference of bistatic scattering along the azimuthal direction
for isotropic homogeneous, isotropic inhomogeneous, anisotropic homoge-
neous, and anisotropic inhomogeneous, respectively. The simulation para-
meters are σ = 2 cm, θi = 40◦, θs = 40◦, ψ = 5◦, f = 1.25 GHz,
Lx = 5 cm, L y = 20 cm(anisotropic), Le = 12.5 cm(isotropic),
εr = 18 − j1.8 (homogenous), εrb = 18 − j1.8, and profile_4 (inhomoge-
neous). (a) Linear copolarizations HH and VV. (b) Linear cross-polarizations
VH and HV. (c) Circular polarizations RR and LR.

surfaces with profile_4 are relatively greater than that with
profile_3. This phenomenon can be well explained by the
reflection behaviors in Fig. 2.

B. Sensitivity to Inhomogeneity and Anisotropy

Fig. 7 plots the bistatic scattering coefficients along the
azimuthal direction for profile_4, where the differences among
isotropic homogeneous, isotropic inhomogeneous, anisotropic
homogeneous, and anisotropic inhomogeneous are indicated
with σ = 2 cm, θi = 40◦, θi = 20◦, ψ = 5◦, and
f = 1.25 GHz. As a reference, we also plot the scattering
coefficients for the isotropic homogeneous surfaces with the
same background dielectric constant (18 − j1.8) and the
equivalent correlation length (12.5 cm) of the anisotropic
surface (Lx = 5 cm, L y = 20 cm). The bistatic scattering
coefficients are weakened here due to the presence of inho-
mogeneity, along the azimuthal direction, and are more so at

Fig. 8. Difference of backscattering between the isotropic inhomogeneous
and anisotropic inhomogeneous surfaces. The simulation parameters are
σ = 2 cm, θi = 40◦, f = 1.25 GHz, Lx = 5 cm, L y = 20 cm (anisotropic),
Le = 12.5 cm(isotropic), εr = 18 − j1.8(homogenous), εrb = 18 − j1.8,
and profile_4 (inhomogeneous). (a) Copolarizations HH and VV. (b) Linear
cross-polarization HV.

the copolarization, particularly around the dip locations. The
azimuthal angular trend of the circularly polarized scattering
coefficient is flatter than that of linear polarization. The
variations in the scattering strength for circular polarizations,
both co- and cross-polarizations, are quite small.

Looking into more detail reveals that the spatial anisotropy
has less impact on the linearly and circularly polarized scatter-
ings except for specular direction and its vicinity, regardless
of the surface being homogeneous or inhomogeneous. From
the above observations, it is inferred that the bistatic scatter-
ing coefficients in the azimuth direction are more sensitive
to dielectric inhomogeneity than to spatial anisotropy. The
effect of anisotropy is more pronounced around the specular
scattering direction. Among these four rough surface cases,
the dielectric inhomogeneity and spatial anisotropy jointly
exercise more influence, and the difference in bistatic scat-
tering between the isotropic homogeneous and the anisotropic
inhomogeneous is even more pronounced. It is worth noting
at this point that the scattering pattern in terms of scattering
strength level and angular trend will be complex when we vary
the degree of spatial anisotropy and dielectric inhomogeneity,
since their coupling effect may enhance or diminish the
scattering coefficient. Such a dependence will be investigated
in the whole scattering plane.

We investigate the scattering from the anisotropic and
isotropic inhomogeneous rough surfaces in the backscattering
and specular scattering directions in Figs. 8 and 9, respectively.
In Figs. 8 and 9, the solid lines represent the anisotropic cases
and the dashed lines represent the isotropic cases. It is clear
that with including the anisotropy, we can better capture the
characteristics of azimuthal dependence compared with the
circular curves that are from the isotropic surface indicating
azimuth-independent. By comparison, the specular scatter-
ing coefficients are more sensitive to the spatial anisotropy,
especially at ψ = 0◦, 180◦, in which the difference due
to anisotropy is as large as 8 dB. The effect of anisotropy
between backscattering and specular scattering is similar in
cross-polarization but that is quite different in copolarization.
Note that, due to the anisotropy, the backscattering coefficients
increase but the specular scattering coefficients decrease for
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Fig. 9. Difference in specular scattering between the isotropic inhomoge-
neous and anisotropic inhomogeneous surfaces. The simulation parameters
are Lx = 5 cm, L y = 20 cm(anisotropic), Le = 12.5 cm(isotropic),
εr = 18− j1.8(homogenous), εrb = 18− j1.8, and profile_4 (inhomogeneous).
(a) Copolarizations HH and VV. (b) Linear cross-polarizations HV and VH.

the azimuth ranges of 0◦ ≤ ψ ≤ 45◦, 135◦ ≤ ψ ≤ 180◦;
however, the trend is reverse where 45◦ ≤ ψ ≤ 135◦. From
the above observations, it is inferred that the spatial anisotropy
cannot be neglected for rough surface scattering, especially at
the specular direction.

We now examine the sensitivity of bistatic scattering to
the dielectric inhomogeneity and spatial anisotropy. Note that
the effects of dielectric inhomogeneity and spatial anisotropy
on bistatic scattering can be weakening or enhancing the
scattering strength. In Fig. 10, the scattering is weaker from
anisotropic inhomogeneous than from isotropic homogeneous
surfaces at the H-polarized incidence, as is seen in both
HH and VH polarizations, that is, for H-polarized incidence,
the effect of inhomogeneity and anisotropy on the bistatic
scattering to reduce the scattering. For V-polarized incidence,
things change. In detail, for VV polarization, we note that
the scattering coefficients are enhanced along the scattering
polar direction but weakened around the incident plane. For
depolarized HV polarization, the effect is to enhance the
scattering around a scattering angle of 40◦ when the scattering
azimuth angle lies in between 135◦ and 225◦. By compari-
son, the copolarization is more sensitive to the presence of
dielectric inhomogeneity and spatial anisotropy than cross-
polarization is. It becomes apparent that at the V-polarized
incidence, the dynamic range increases due to the presence of
dielectric inhomogeneity and spatial anisotropy. For circular
polarization, the dynamic range of the scattering strength due
to dielectric inhomogeneity and spatial anisotropy is greater
in LR polarization than in RR polarization, that is, the LR
polarization is more sensitive to the dielectric inhomogeneity
and spatial anisotropy.

V. RESULTS AND DISCUSSION

In this section, the examination of the different dielectric
profile, surface parameter (inhomogeneity, anisotropy, rms
height, and background dielectric constant), and radar para-
meter (incident angle) effects on the PCR is in order.

In Fig. 11, we investigate the PCR along the
azimuthal direction for isotropic homogeneous, isotropic
inhomogeneous, anisotropic homogeneous, and anisotropic

Fig. 10. Difference of bistatic scattering on the scattering plane between
the anisotropic inhomogeneous and isotropic homogeneous surfaces. The
simulation parameters are σ = 2 cm, θi = 40◦, ψ = 30◦, and
f = 1.25 GHz, εrb = 18 − j1.8. For anisotropic inhomogeneous:
Lx = 5 cm, L y = 20 cm, and profile_4. For isotropic homogeneous:
Le = 12.5 cm.

Fig. 11. PCR along the azimuthal direction for isotropic homoge-
neous, isotropic inhomogeneous, anisotropic homogeneous, and anisotropic
inhomogeneous, respectively. The simulation parameters are σ = 2 cm,
θi = 40◦, θs = 40◦, ψ = 5◦, and f = 1.25 GHz, Lx = 5 cm,
L y = 20 cm(anisotropic), Le = 12.5 cm(isotropic), εr = 18 − j1.8
(homogenous), εrb = 18 − j1.8, and profile_4 (inhomogeneous).
(a) H-polarized incidences. (b) V-polarized incidences.

inhomogeneous, respectively. The simulation parameters
are the same as that shown in Fig. 7. Note that the PCR
increases first and then decreases in the azimuth direction,
that is, in the forward scattering region, the PCR is enhanced
as the azimuthal angle increases; however, in the backward
scattering region, the PCR is weakened with the azimuthal
angle increasing. The highest PCR occurs in the cross
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Fig. 12. PCR plots on the scattering plane for anisotropic inhomogeneous
surfaces with profile_1 and profile_2. The simulation parameters were set
as Lx = 5 cm, L y = 20 cm, σ = 2 cm, θi = 40◦, ψ = 30◦, and
f = 1.25 GHz, εrb = 4.5 − j0.45, εr max = 20 − j2.0.

Fig. 13. PCR plots on the scattering plane for anisotropic inhomogeneous
surfaces with profile_3 and profile_4. The simulation parameters were set
as Lx = 5 cm, L y = 20 cm, σ = 2 cm, θi = 40◦, ψ = 30◦, and
f = 1.25 GHzεrb = 18 − j1.8.

direction (φs = 90◦). Here, we also point out the PCR
in two common directions: backscattering and specular
scattering directions. We note that the PCR is almost 0 in
these two directions, which suggests that the polarization of
the incident wave is rarely converted into the backscattering
and specular scattering directions by the rough surfaces.
In addition, the PCR is more sensitive to the anisotropy and
inhomogeneity in the backward scattering region.

A. PCR for Different Dielectric Profiles

Two sets of dielectric profiles are considered here: 1) pro-
file_1 and profile_2 with the same maximum permittivity
of 20 − j2.0 and background permittivity of 4.45 − j0.45 and
2) profile_3 and profile_4 with the same background permittiv-
ity of 18 − j1.8, as shown in Figs. 12 and 13. These are a sig-
nificant example, because, as already mentioned in Section II,
the anisotropic inhomogeneous surfaces are very common
in the natural environment. The simulation parameters were

set as Lx = 5 cm, L y = 20 cm, σ = 2 cm, θi =
40◦, ψ = 30◦, and f = 1.25 GHz. To investigate further
the polarization dependence of the incident wave, both the
vertically and horizontally polarized incidences are explored.
Visual inspections of Figs. 12 and 13 reveal that depolarized
scattering patterns with different polarization states of incident
waves are quite different. The PCR is more clustered in the
cross-plane for horizontally polarized incidence. However, for
vertically polarized incidence, the PCR disperses resembling
“fan-beam” on the whole scattering plane with sharp valley
occurring in the incident plane. By comparison, the strong
PCR area with vertically polarized incidence is larger than
that with horizontally polarized incidence. That is to say that
the polarization-conversion capability is relatively stronger at
the vertically polarized incidence. In addition, compared with
Figs. 12 and 13, we readily acknowledge that the distribution
of the PCR on the whole scattering plane varies for different
dielectric structures. Here, we examine the PCR plots on the
scattering plane for different dielectric profiles but with the
same background permittivity. In Fig. 12, the hemispherical
plots of the PCR for dielectric profile_1 and profile_2 are com-
pared. As shown in Fig. 2(a1), profile_1 and profile_2 have
the same maximum and background dielectric constants, but
the depths of the maximum dielectric constants are different.
Under this dielectric structure, as the maximum dielectric
constants decrease, the strong PCR area enlarges and moves
to the forward scattering for horizontally polarized incidence,
but slightly narrow in backward scattering for vertically
polarized incidence. In Fig. 13, we investigate the PCR for
two monotonic dielectric profiles (profile_3 and profile_4)
with the same background permittivity but different variation
paths. The PCR is relatively weak when the slope of the
dielectric profile gradually increases. In summary, the PCR
is affected by both the change rate of the dielectric profile
and the background dielectric constant, namely, the differ-
ent anisotropic inhomogeneous surface structures can convert
polarization efficiently in the cross-plane for H-polarized inci-
dence but in scattering plane except for the incident plane for
V-polarized incidence. The effect of background permittivity
for the same dielectric profiles on the PCR will be explored
in Section V-B.

B. Effect of Surface and Radar Parameters

In Fig. 14, we investigate the bistatic scattering coefficients
and the PCR varying with the degree of inhomogeneity for the
anisotropic inhomogeneous surface. From Fig. 14(a) and (b),
we can see that both co- and cross-polarized scattering coeffi-
cients are enhanced as the degree of inhomogeneity. Fig. 4(c)
illustrates that, for the same dielectric profile, the change in
the PCR is not significant as the degree of inhomogeneity
increases. The PCR for different dielectric profiles has been
given in Figs. 12 and 13.

To examine further the impacts of inhomogeneity on the
PCR, numerical results are analyzed for both vertically and
horizontally polarized incidences, as shown in Fig. 15. The
PCR for anisotropic homogeneous and inhomogeneous sur-
faces is shown in Fig. 15(a) and (b), and their difference
is given in Fig. 15(c). Note that the inhomogeneity has a
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Fig. 14. Bistatic scattering coefficients and PCR vary with the degree
of inhomogeneity for anisotropic inhomogeneous surface. The simulation
parameters are Lx = 5 cm, L y = 20 cm, σ = 2 cm, εrb = 18 − j1.8,
θi = 40◦, θs = 40◦, ψ = 30◦, and f = 1.25 GHz, and profile_4. (a) Linear
copolarizations HH and VV. (b) Linear cross-polarizations VH and HV.
(c) PCR for the H-polarized and V-polarized incidences.

significant influence on the PCR, especially at the vertically
polarized incidence. Due to the inhomogeneity, the PCR
at the horizontally polarized incidence gradually converges
but enhances in the cross-plane. However, at the vertically
polarized incidence, the PCR distribution progressively dis-
perses over the backward region. Note that the PCR is more
sensitive to inhomogeneity at the vertically polarized inci-
dence, and the inhomogeneity enables to convert polarization
more efficiently in the cross-plane at both H-polarized and
V-polarized incidences. From Fig. 15(c), we see that the effect
of inhomogeneity on the PCR in the whole scattering plane is
to enhance the scattering at the vertically polarized incidence,
but is to diminish the scattering at a larger scattering angle
at the horizontally polarized incidence, that is, at a larger
scattering angle region, the polarization-conversion capability
increases at the vertically polarized incidence but decreases
at the horizontally polarized incidence by the presence of
dielectric inhomogeneity.

Fig. 16 shows the specular scattering coefficients varying
with the degree of anisotropy. At the first glance, as the

Fig. 15. Effects of inhomogeneity on PCR in the whole scattering
plane for profile_4. The simulation parameters were set as Lx = 5 cm,
L y = 20 cm, σ = 2 cm, θi = 40◦, ψ = 30◦, and f = 1.25 GHz,
εrb = 18 − j1.8. (a) Anisotropic homogeneous surface. (b) Anisotropic
inhomogeneous surface. (c) Difference in PCR between the anisotropic
homogeneous and inhomogeneous surfaces.

anisotropic azimuthal angle increases, the linearly copolar-
ized scattering coefficients increase first and then decrease.
However, the trend of cross-polarized scattering is reversed.
Meanwhile, with the degree of anisotropy increasing, the copo-
larized scattering coefficients are weakened overall and the
azimuth dependence becomes stronger, whereas the cross-
polarized scattering coefficients are entirely enhanced.

Next, we examine the effect of anisotropy on the PCR
shown in Fig. 17. The PCR on the whole scattering plane for
the isotropic and anisotropic inhomogeneous surfaces is shown
in Fig. 17(a) and (b), and their difference with the anisotropic
view azimuthal angle of 60◦ is displayed in Fig. 17(c). From
Fig. 17(a) and (b), the region of strong PCR is reduced for
the anisotropic inhomogeneous surface. From Fig. 17(c), it is
evident that the PCR decreases due to spatial anisotropy when
ψ = 5◦, and this reduction is more pronounced in the back-
ward scattering region, that is, the effect of spatial anisotropy
on the PCR is greater in the backward scattering region
at both horizontally and vertically polarized incidences. The
above analysis suggests that the spatial anisotropy weakens the
polarization-conversion capability in the backward scattering
region.

In Figs. 18 and 19, we investigate the backscattering and
specular scattering coefficient as a function of the background
moisture content and the rms height for the anisotropy inho-
mogeneous surface, respectively. The simulation parameters
were set as Lx = 5 cm, L y = 20 cm, ψ = 30◦, εrb = 9− j0.9,
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Fig. 16. Specular scattering coefficients vary with the degree of anisotropy
for the anisotropic inhomogeneous surface. The simulation parameters are
Lx = 5, 10, 15 cm, L y = 20 cm, σ = 2 cm, εrb = 18 − j1.8, θi = 40◦,
θs = 40◦, φs = 0◦, and f = 1.25 GHz, and profile_4. (a) Linear
copolarizations HH and VV. (b) Linear cross-polarizations VH and HV.

θi = 40◦, and f = 1.25 GHz. From Fig. 18, we note that both
backscattering and specular scattering coefficients increase
slightly, as the background moisture content increases. From
Fig. 19, with the increase in rms height, both backscattering
and specular scattering coefficients increase first and then
flatten out. Apart from this, we can see that the cross-
polarized scattering decreases for large rms height. In addition,
VV polarized scattering is larger than HH polarization in
backscattering, but it is less than HH in the specular scattering
direction. The VH and HV polarizations are close, and VH is
slightly larger than HV polarization.

The background dielectric constant and rms height are two
key surface parameters to describe the reflection and scattering
behaviors. In what follows, we investigate the impact of the
background dielectric and the rms height on the PCR in
the whole scattering plane in Figs. 20 and 21, respectively.
As shown in Fig. 20, taking profile_4 as an example, we inves-
tigate the difference in PCR with a background dielectric
constant of 18 − j1.8 and 9 − j0.9. The results show
that the surface structures with different background dielectric
constants have a great impact on the polarization-conversion
efficiency. As the background dielectric constant increases,
for horizontally polarized incidence, the PCR is reduced in
the cross-plane, but enhanced in the backward and forward
regions with a large scattering angle. However, for vertically
polarized incidence, the increase in the background dielectric
constant enhances the polarization-conversion capability in the
incident plane and the forward region. In Fig. 21, we illustrate
the difference between the PCRs when the rms height varies
from 1 to 3 cm. Unlike other surface parameters, as the rms
height increases, the impacts of rms height on the PCR are

Fig. 17. Effects of anisotropy on PCR in the whole scattering plane
for profile_4. The simulation parameters were set as Lx = 5 cm,
L y = 20 cm, ψ = 5◦ (anisotropic), Le = 12.5 cm (isotropic), σ = 2 cm,
θi = 40◦, and f = 1.25 GHz, εrb = 18 − j1.8. (a) Isotropic inhomo-
geneous surface. (b) Anisotropic inhomogeneous surface. (c) Difference in
PCR between the isotropic inhomogeneous and anisotropic inhomogeneous
surfaces.

Fig. 18. Backscattering and specular scattering coefficient as a function
of background moisture content for the anisotropy inhomogeneous surface
with profile_4 in the whole scattering plane. The simulation parameters were
set as Lx = 5 cm, L y = 20 cm, ψ = 30◦, εrb = 9 − j0.9, θi = 40◦,
f = 1.25 GHz. (a) Backscattering coefficients φs = 180◦ . (b) Specular
scattering coefficients φs = 0◦.

negative on the whole scattering plane. We note that the PCR
is obliviously affected in the cross-plane with a large scattering
angle for the horizontally polarized incidence. However, for
the vertically polarized incidence, the PCR is greatly affected
by the rms height in the forward scattering region except the
incident plane.

In Fig. 22, we give the effect of incident angle on the PCR
for the anisotropic inhomogeneous rough surfaces in the whole
scattering plane. For numerical illustration, profile_4 with a
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Fig. 19. Backscattering and specular scattering coefficient as a function
of rms height for the anisotropy inhomogeneous surface with pro-
file_4 in the whole scattering plane. The simulation parameters were set as
Lx = 5 cm, L y = 20 cm, ψ = 30◦, εrb = 9 − j0.9θi = 40◦, and
f = 1.25 GHz. (a) Backscattering coefficients φs = 180◦ . (b) Specular
scattering coefficients φs = 0◦.

Fig. 20. Effects of background dielectric constant on PCR for the anisotropy
inhomogeneous surface with profile_4 in the whole scattering plane. The
simulation parameters were set as Lx = 5 cm, L y = 20 cm, σ = 2 cm,
θi = 40◦, ψ = 30◦, and f = 1.25 GHz, and �εr∞ = (18 − j1.8) −
(9 − j0.9).

Fig. 21. Effects of rms height on PCR for the anisotropy inhomogeneous
surface with profile_4 in the whole scattering plane. The simulation parameters
were set as Lx = 5 cm, L y = 20 cm, θi = 40◦, ψ = 30◦, εr∞ = 18 − j1.8,
and f = 1.25 GHz. σ = 3 cm − 1 cm.

Fig. 22. Effect of incident angle on PCR in the whole scattering plane
for the anisotropic inhomogeneous surfaces with profile_4. The simulation
parameters are Lx = 5 cm, L y = 20 cm, σ = 2 cm, ψ = 30◦, and
f = 1.25 GHz, εrb = 18 − j1.8, θi = 20◦, 40◦ .

background permittivity of 18 − j1.8 is taken as an example
here. The incident angles are selected as 20◦ and 40◦. The
simulation parameters were Lx = 5 cm, L y = 20 cm, σ =
2 cm, ψ = 30◦. The frequency is 1.25 GHz. Note that the
effects of incident angle on the whole scattering plane are
positive or negative. At a smaller scattering angle, when the

scattering azimuthal angle varies from 120◦ to 150◦ and 210◦
to 240◦, the increase in the incident angle effectively prompts
the polarization-conversion capability for the horizontally
polarized incidence but reduces it for the vertically polarized
incidence. In addition, as the incident angle increases, the PCR
is enhanced in the forward region with the scattering azimuthal
angle around 30◦ and 330◦.

Before closing this section, we emphasize that following
the formation of spatial anisotropy in the agriculture field, for
instance, the moisture content of the soil surface is keenly
dependent on the vertical depth due to the evapotranspiration
process—wet-down or dry-up. It would be more general to
treat such a soil surface as the anisotropic and inhomogeneous
rough surface. In modeling the scattering, the subsurface can
be equivalently treated as a multilayer medium in virtue of
dielectric inhomogeneity. By applying the boundary condition
at each layer, the complex reflection coefficients of the rough
surface on the top of the medium can be solved recursively
by accounting for the subsurface reflections and refractions.
For different dielectric profiles, the angular dependence of the
reflection coefficients varies accordingly, so are the scattering
features. Thus, the surface roughness varies with the view
azimuthal angle and depends on the degree of anisotropy. The
scattering modulation appears in the view azimuth direction
due to the anisotropy. The reason for this modulation is per-
haps due to the scattering reduction in these ridged structures
when the view azimuth angles are 0◦ and 180◦.

VI. CONCLUSION

The PCR for the scattering of the rough surface with
dielectric inhomogeneity and spatial anisotropy is investigated.
Numerical results show that the patterns of the PCR on
the whole scattering plane for the anisotropic inhomoge-
neous rough surfaces with different dielectric profiles are
quite similar. The polarization states of the incident waves
greatly affect the polarization-conversion capability. We note
that the PCR is more clustered in the cross-plane for the
horizontally polarized incidence. However, for the vertically
polarized incidence, the PCR disperses resembling “fan-beam”
on the whole scattering plane with a sharp valley occurring in
the incident plane. The distribution of a strong PCR region
on the whole scattering plane varies on different dielectric
profiles. The inhomogeneity has a great influence on the PCR,
especially at the vertically polarized incidence. The inho-
mogeneity converts polarization efficiently in the cross-plane
for both H-polarized and V-polarized incidences. At larger
scattering regions, the dielectric inhomogeneity increases the
polarization-conversion capability for the vertically polarized
incidence but reduces it for the horizontally polarized inci-
dence. The PCR is stronger in cross-plane with a large
scattering angle for the horizontally polarized incidence, but
in a backward scattering region for the vertically polarized
incidence. The polarization of the incident wave is rarely con-
verted in the backscattering and specular scattering directions
by the rough surfaces. The PCR is more sensitive to the
dielectric inhomogeneity than that to spatial anisotropy. As the
background dielectric constant increases, for the horizontally
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polarized incidence, the PCR is reduced in the cross-plane
but enhanced in the backward and forward regions with a
large scattering angle. However, at the vertically polarized
incidence, the increase in the background dielectric constant
enhances the polarization-conversion capability in the incident
plane and the forward region. With the increasing incident
angle, the stronger PCR appears in the backward region
at the horizontally polarized incidence but in the forward
region at the vertically polarized incidence. In all numerical
illustrations, the coupling effects of spatial anisotropy and
dielectric inhomogeneity are complex, and each exercises
different impacts on scattering, either in forward or backward
scattering. Results demonstrate that the PCR offers an effective
measure to identify the effects of spatial anisotropy and
dielectric inhomogeneity.
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