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Highlights

What are the main findings?

• A hybrid VRT-S-BR framework is developed by integrating an angle-indexed vegetation
scattering database and a deterministic, facet-dependent phase compensation scheme
into the ray-tracing process.

• The model agrees well with field-measured backscattering data, with RMSE values of
1.82 dB and 3.10 dB for HH and VV polarizations, and reveals a nonlinear saturation
behavior of target-vegetation coupled scattering with increasing vegetation coverage.

What is the implication of the main finding?

• The proposed method provides a computationally efficient and physics-informed tool
for predicting the radar cross-section (RCS) of complex targets in vegetation-covered
cluttered environments.

• These findings offer useful theoretical support for radar target detection, terrain-
background scattering analysis, and bistatic scattering prediction, particularly for low-
altitude targets above diverse vegetation-covered terrains.

Abstract

This paper proposes a hybrid Vector Radiative Transfer Shooting (VRT-S)-Bouncing Ray
(BR) method, referred to as the VRT-S-BR method, for predicting composite electromagnetic
scattering from targets above vegetation-covered rough surfaces. In this proposed frame-
work, the vegetation layer is modeled as a stratified random medium and incorporated
into the BR solver through VRT-S-derived amplitude modulation and deterministic phase
compensation. Specifically, an offline database of vegetation-induced complex reflection
coefficients is first generated using the VRT-S model over a set of incidence angles. During
the BR ray-tracing process, these coefficients are used to replace the conventional Fresnel
reflection terms on a per-interaction basis, thereby accounting for vegetation-induced atten-
uation and coherent scattering effects. In addition, a facet-dependent phase compensation
scheme is introduced to describe propagation-path variations of individual rays through
the vegetation canopy, avoiding the empirical random phase perturbation used in previous
hybrid models. The proposed method is validated against field-measured backscatter-
ing data over natural grassland, achieving root mean square height (RMSE) values of
1.82 dB and 3.10 dB for horizontal-horizontal (HH) and vertical-vertical (VV) polarizations,
respectively. Numerical results further demonstrate the capability of the method to charac-
terize target–vegetation coupled scattering under different percentages of vegetation cover,
vegetation heights, terrain backgrounds, and bistatic observation geometries.
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1. Introduction
Research on composite electromagnetic (EM) scattering from targets above vege-

tated rough surfaces is of considerable significance in diverse fields selected examples of
which include precision agriculture, wireless communications and military applications.
Accurate modeling of such composite scenes supports radar-based target detection and
recognition in cluttered environments, enables vegetation and soil parameter retrieval,
and facilitates such as the monitoring crop growth and terrain assessment [1–4]. However,
the coexistence of volumetric vegetation scattering, rough-surface scattering, and target-
induced multiple interactions makes the underlying EM mechanism highly complex and
computationally demanding.

Numerical full-wave methods, such as the Method of Moments (MoM) [5], Finite Ele-
ment Method (FEM), Fast Hybrid Method (FHM) [6,7], and Finite Difference Time Domain
(FDTD) [8], have been extensively employed for high-fidelity simulation of vegetation.
Although these methods can provide rigorous solutions, their computational cost grows
rapidly with the electrical size of the scene and the number of scatterers, especially when
wide-area vegetation and rough ground are jointly considered. The FHM offers an efficient
full-wave EM simulation of forests, particularly at the L-band, but it still requires substan-
tial computational resources in terms of CPU time and memory [9]. In contrast, the Vector
Radiative Transfer (VRT) method exhibits superior computational efficiency for vegetation
scattering problems [10,11]. The VRT models the vegetation layer as a discrete medium
composed of branches and leaves with various shapes, sizes, and orientations [12–14] and
enables quantitative characterization of EM wave propagation, scattering, and absorption
in complex media. As a result, it has shown particular efficacy in vegetation scattering
analysis and related parameter studies [15–23].

Despite its efficiency for vegetation volumes, the VRT method exhibits limitations
when applied to composite scattering scenarios involving vegetation-covered surfaces and
man-made targets, where the coupled interactions among vegetation, ground, and targets
can significantly affect both the amplitude and phase of the returned signals. Related semi-
empirical and L-band radiative-transfer models, such as water-cloud, L-band Microwave
Emission of the Biosphere (L-MEB), and forest radiometry formulations, provide useful
vegetation parameterizations but are not designed to explicitly resolve target–vegetation
multi-bounce coupling [24–27]. In such cases, it is necessary to incorporate complementary
high-frequency techniques that can efficiently handle electrically large targets and multi-
bounce interactions. The Bouncing Ray (BR) method is computationally efficient for predict-
ing coupled EM scattering between rough surfaces and targets [28,29] and has been widely
adopted for complex geometries under high-frequency conditions. Consequently, several
studies have explored the integration of SBR and VRT to address composite scattering prob-
lems. For example, the facet-based modified two-scale model (FMTSM)–VRT–SBR method
in [30] effectively solves the composite scattering problem for a target above vegetated
ground. However, its treatment of target–vegetation interaction is simplified by introducing
only a phase compensation based on a random parameter (between −0.5 and +0.5). Such a
coarse approximation cannot capture facet-dependent propagation and attenuation effects,
and thus may limit the prediction accuracy when the target geometry is complex or when
the vegetation layer is moderately to densely populated.
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To overcome the above drawbacks, a new VRT-S-BR hybrid method is proposed
and validated in this paper. The proposed method models the vegetation as a stratified
(layered) medium and incorporates vegetation effects into the SBR framework through two
key mechanisms: (1) Amplitude modulation: an offline database of vegetation scattering
coefficients is generated using the VRT-S over a range of incidence angles, and these
coefficients are then used to modify the Fresnel reflection coefficient in BR to account
for vegetation-induced attenuation and scattering and (2), Phase compensation: since
the path lengths traveled by rays through the vegetation layer depend on the reflection
points on different target facets, phase compensation are applied by jointly considering the
incidence angle and the vegetation height. With these treatments, the proposed method
provides an efficient and physics-informed approach for composite scattering prediction in
vegetation-covered scenes.

The main contributions of this paper are twofold: (1) a VRT-informed modification
of the Fresnel reflection term in SBR using a precomputed vegetation-scattering database
to account for vegetation-induced amplitude effects, and (2) a facet-dependent phase
compensation that considers propagation path-length variations through the vegetation
layer. The remainder of this paper is organized as follows: Section 2 details the proposed
VRT–S–BR method, Section 3 presents validation and numerical results, and Section 4
concludes the paper.

2. VRT-S-BR Hybrid Method
2.1. Traditional VRT Method

The VRT constitutes a fundamental framework for studying the scattering, absorption,
and propagation of polarized electromagnetic waves in random media and particularly
relevant for complex environments such as vegetation [31–33]. To model the propagation
of electromagnetic waves through vegetation, a simplified version of the Michigan Mi-
crowave Canopy Scattering (MIMICS) model is employed. This simplified model omits the
trunk layer, retaining solely the vegetation and ground layers [34,35]. This simplification
facilitates a more focused analysis of the scattering processes within the vegetation canopy.
The VRT formulation describing electromagnetic wave propagation through this simplified
MIMICS model can be expressed as:

d I(r, ŝ)
ds

= −Ke · I(r, ŝ) +
∫

4π
dΩ′ P(r, ŝ, ŝ′) · I(r, ŝ′) (1)

where I(r, ŝ) denotes the Stokes intensity vector at position r along the propagation direction
ŝ, r is the position vector, ŝ is the propagation direction of the electromagnetic wave, ŝ′

represents the incident direction contributing to the scattering integral, and dΩ′ is the
differential solid angle. In addition, Ke represents the extinction matrix, and P denotes
the phase matrix. The zero-order solution of this VRT equation corresponds to the sole
scattering from the ground layer. The backscattering coefficient for the ground can be
expressed as:

σ
g
pq(k̂s, k̂i) = Lp(θs)σ

s
pq(θs, ϕs; θi, ϕi)Lq(θi) (2)

where Lq(θi) represents the attenuation factor for a q-polarized wave passing through the
vegetation layer along the incident direction, and σs

pq is the bistatic scattering coefficient of
the ground. The subscripts p and q represent the polarization unit vectors of the scattering
wave and the incident wave, respectively. The attenuation factor is defined as:

Lq(θi) = exp
[
−Keq(θi)d sec θi

]
(3)

https://doi.org/10.3390/rs18132183

https://doi.org/10.3390/rs18132183


Remote Sens. 2026, 18, 2183 4 of 18

The first-order solution of the VRT equation yields a backscattering coefficient consist-
ing of three terms:

σ1
pq = σc

pq + σ
cg
pq + σ

gc
pq (4)

where σc
pq represents the scattering coefficient of the vegetation, while σ

cg
pq and σ

gc
pq are

the scattering coefficients associated with the interaction between the vegetation and the
ground respectively. These terms are given by:

σc
pq(k̂s, k̂i) = 4π Ppq(θs, φs; π − θi, φi)

1− Lp(θs)Lq(θi)

Kep(θs) sec θs + Keq(θi) sec θi
(5)

Ppq =
N

∑
m=1

nm

〈
|Fpq(k̂s, k̂i)|2m

〉
(6)

where Ppq is the (p, q) component of the phase matrix.

σ
gc
pp = d sec θiPpq(θi, π + ϕi; θi, ϕi)σ

s
cpLp(θi)Lp(θi) (7)

In Equation (7), The term σ
gc
pp accounts for the ground–canopy interaction, where σs

cp
denotes the coherent scattering coefficient of the ground and by building on the reciprocity
theorem, σ

cg
pq = σ

gc
pq .

Considering only the zeroth and first-order solutions of the VRT equation, the total
scattering coefficient of the two-layer structure (vegetation and ground) is:

σpq = σ
g
pq + σc

pq + σ
cg
pq + σ

gc
pq (8)

2.2. SBR Method

The SBR method, initially developed for modeling scattered fields from cavity tar-
gets, is advantageous due to its simplicity, low computational complexity, and high accu-
racy [36–38]. This method integrates Geometrical Optics (GO) and Physical Optics (PO),
utilizing GO for ray tracing in complex geometries and PO for calculating the induced
electromagnetic currents on the target surface. Consequently, the total scattered field can
be expressed as:

E⃗total = ∑
n

Nn

∑
i=1

E⃗i,PO (9)

In Equation (9) above, the first summation represents the accumulation over each ray
tracing order (bounce), while the second summation accumulates the scattered fields from
each illuminated triangular surface patch under the n-th ray tracing order. The variable Nn

represents the number of illuminated patches for the n-th ray tracing order.
To accelerate the ray–facet intersection judgment in the GO ray-tracing procedure, a

k-dimensional tree (kd-tree) data structure is employed. Each non-leaf node of the kd-tree
generates an axis-aligned partition surface to divides the target space into two subspaces,
as shown in Figure 1. These partition surfaces are determined based on the spatial dis-
tributions of triangular facets so that the facets are grouped into locally compact regions
and the tree remains approximately balanced. The subspaces are organized according to
their positional relationships, which provide domain information for fast traversal. The
ray-tracing efficiency is further improved by first determining which subspace the ray
intersects in a front-to-back manner, and by exclusively performing intersection and occlu-
sion (shadowing) checks on the facets contained in the visited nodes. This decomposition
strategy significantly reduces the number of candidate facets to be tested and enables
efficient evaluation of the illuminated set and the corresponding E⃗i,PO contributions at each
bounce order.
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Figure 1. Kd-tree space partitioning for ray tracing acceleration.

For a PEC target, the far-field scattered electric field can be approximated as:

E⃗s ≃ jk
exp(−jkR)

4πR

[
E⃗a − ηH⃗a × ŝ

]
(10)

where E⃗a and H⃗a are respectively defined as:

E⃗a =
∫

ŝ× M⃗ exp
[
−jk⃗r · (î− ŝ)

]
ds′ (11)

H⃗a =
∫

ŝ× J⃗ exp
[
−jk⃗r · (î− ŝ)

]
ds′ (12)

The induced electric current density J⃗ and induced magnetic current density M⃗,
generated by the incident wave on the triangular surface patches, are respectively given by:

J⃗ =
1
η
{ETE cos θ (1− RTE) êTE + ETM(1− RTM)(n̂× êTE)}

∣∣∣∣
s

(13)

M⃗ = {ETE(1 + RTE)êTM + ETM cos θ (1 + RTM) êTE}
∣∣∣∣
s

(14)

where η is the spatial wave impedance, and θ is the local incident angle between the
incident wave and the surface normal n̂ at the point of incidence. ETE and ETM denote the
TE and TM components of the incident electric field Ei, respectively; êTE and êTM are the
unit direction vectors for TE and TM modes; and RTE and RTM correspond to the surface
reflection coefficients, which can be written as follows:

RTE =
cos θ −

√
εr − sin2 θ

cos θ +
√

εr − sin2 θ
(15)

RTM =

√
εr − sin2 θ − εr cos θ√
εr − sin2 θ + εr cos θ

(16)

2.3. Hybridization Strategy of VRT and S-BR

As illustrated in Figure 2, the proposed VRT–S–BR method models the vegetation as
a stratified medium and embeds its effects into the SBR framework through two key
mechanisms: (1) amplitude modulation, modifying the Fresnel reflection term with
VRT-computed scattering coefficients, and (2) phase compensation, accounting for facet-
dependent propagation path lengths through the vegetation layer.
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Figure 2. Schematic diagram of the VRT-S-BR hybrid method.

2.3.1. Amplitude Modulation via a VRT-Computed Complex Reflection Database

To physically characterize the vegetated ground, the VRT model is first executed offline
under a discrete set of incidence angles and a prescribed vegetation/ground parameter set
p. For each incidence angle θ, the macroscopic vegetation effects are quantified by defining
an effective complex reflection coefficient:

R̃q(θ; p) ≜
∣∣∣R̃q(θ; p)

∣∣∣ exp
(

j∠R̃q(θ; p)
)

, q ∈ {TE, TM}, (17)

where
∣∣∣R̃q

∣∣∣ accounts for vegetation-induced attenuation and effective coherent loss/gain,

and ∠R̃q represents the net phase delay. These coefficients are then stored in an angle-

indexed discrete look-up table, denoted as D =
{

θm, R̃TE(θm; p), R̃TM(θm; p)
}M

m=1
.

During the subsequent SBR ray-tracing execution, each ray–facet interaction dynami-
cally establishes a local plane of incidence. Once the local incidence angle θ is determined
from the ray geometry, the algorithm retrieves the corresponding R̃TE(θ) and R̃TM(θ) from
the precomputed database D. Finally, to account for the vegetation effects, the standard
Fresnel expressions in Equations (15) and (16) are directly substituted by the following
effective coefficients on a per-interaction basis:

RTE(θ)← R̃TE(θ), RTM(θ)← R̃TM(θ). (18)
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2.3.2. Facet-Dependent Phase Compensation

To establish the correspondence between vegetation physical properties and model
inputs, Ulaby’s dual-dispersion model [13] is adopted to characterize the effective permit-
tivity of the vegetation medium, as shown in Equation (19).

εr = εn + v f w

[
4.9 +

75.0
1 + j f /18

− j
18σ

f

]
+ vb

[
2.9 +

55.0
1 + (j f /0.18)0.5

]
, (19)

where εn is the permittivity of the dry matter, v f w and vb denote the volume fractions of
free water and bound water, respectively, σ is the effective ionic conductivity, and f is the
frequency in GHz.

Based on the vertical morphology of the canopy, the vegetation layer can be treated as
a stratified medium, as illustrated in Figure 3. The local propagation directions of rays at
layer boundaries are determined from Snell’s law:

√
εiµi sin θi =

√
εi+1µi+1 sin θi+1, (20)

k̂t = k0
√

εi+1µi+1(sin θi+1 x̂ + cos θi+1ẑ). (21)

i

t
θ i

s
θ

( )1 1 1,ε µΩ =

1h

2h

3h

i

t
θ

( )2 2 2,ε µΩ =

( )3 3 3,ε µΩ =

( )5 5 5,ε µΩ =

( )4 4 4,ε µΩ =

Amplitude modulation
R′

Phase correction ϕ′

4h

Figure 3. Geometry of the layered vegetation structure.

For the target–vegetation-covered rough surface coupling path illustrated in Figure 3,
ray propagation within the vegetation canopy is described using the stratified-medium
formulation given above. After an incident ray reaches a rough-surface facet through the
vegetation layer, the reflected direction is determined by the local specular reflection law:

k̂r = k̂i − 2(k̂i · n̂g)n̂g, (22)

where k̂i and k̂r are the incident and reflected ray directions at the rough-surface facet,
respectively, and n̂g denotes the local normal vector of the corresponding facet. The
reflected ray is subsequently traced through the vegetation layer toward the target. A valid
coupling path is identified when the ray intersects the target mesh and satisfies the visibility
condition. The scattering direction from the rough surface to the target is defined as

https://doi.org/10.3390/rs18132183
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k̂s =
rt − rg∣∣rt − rg

∣∣ , (23)

where rg is the reflection point on the rough surface and rt is the corresponding intersection
point on the target. Accordingly, the scattering angle θ′s is obtained as

θ′s = cos−1
(

k̂s · n̂g

)
. (24)

Owing to the reciprocity of the ray path, θ′s can be equivalently determined from the
reverse tracing path from the target intersection point to the rough-surface reflection point.
In the present simulations, the maximum macroscopic bounce order between the target and
the vegetation-covered rough surface is set to nmax = 3, while the propagation, attenuation,
and phase variation within the stratified vegetation layer are evaluated along each valid
ray path.

In the FMTSM–VRT–SBR method [30], the phase compensation is simply modeled
using a random perturbation term, which does not explicitly account for the actual propaga-
tion difference of individual rays through the vegetation layer. As a consequence, the phase
variation associated with different facet locations and ray trajectories cannot be rigorously
captured. In contrast, the proposed VRT-S-BR method introduces a deterministic and
facet-dependent phase compensation scheme in which, the complex phase compensation
is directly linked to the local incidence geometry, the facet position, and the BR-derived
propagation path. In this way, the vegetation-induced phase delay is no longer treated
empirically but is instead incorporated in a physically consistent manner.

According to the different propagation configurations associated with the incident and
scattered paths, three representative complex phase terms are introduced for compensation:

(i) ϕ1 =
[
kq(θi, ϕi)− kp(θs, ϕs)

]
· R′n

+ j

(
(R̃TE)n

cos θi
Hn +

(R̃TM)n

cos θs
Hn

)
,

(ii) ϕ2 =
[
kq(θi, ϕi)− kp(π − θs, ϕs)

]
· R′n + 2k0H cos θi

+ j

(
(R̃TE)n

cos θi
(2H − Hn) +

(R̃TM)n

cos θs
Hn

)
,

(iii) ϕ3 =
[
kq(π − θi, ϕi)− kp(π − θs, ϕs)

]
· R′n + 2k0H cos θi.

(25)

where R′n denotes the position vector of the n-th interaction point associated with the
corresponding surface element, H is the vegetation height, and Hn denotes the path-length
difference of the n-th ray relative to a reference propagation path. In addition, kq(θi, ϕi) and
kp(θs, ϕs) denote the wave-vector components associated with the incident and scattering
directions, respectively. The quantities (R̃TE)n and (R̃TM)n are the VRT-computed complex
specular reflection coefficients for the TE and TM components, respectively. Therefore,
compared with random phase perturbation models, the proposed formulation enables
the phase compensation to explicitly follow the facet-dependent in-canopy propagation
difference, which is more suitable for describing coherent target–vegetation interactions in
complex composite scattering scenarios.

2.4. Overall Workflow

The implementation procedure of the proposed VRT–SBR method can be summarized
as follows:

https://doi.org/10.3390/rs18132183
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1. Offline stage: Run the VRT model to construct the database D for the prescribed
parameter set p.

2. Online SBR stage: Build a kd-tree for the target mesh to accelerate ray–facet intersec-
tion tests, and perform ray tracing up to the maximum bounce order nmax.

3. Per interaction: Determine the local incidence geometry and TE/TM basis, interpolate
R̃TE/TM from D, and apply both coefficient replacement and facet-dependent phase
compensation before evaluating the corresponding E⃗i,PO contribution.

4. Field/RCS synthesis: Coherently sum the scattered-field contributions from all illumi-
nated facets and bounce orders to obtain the total scattered field and the desired RCS.

2.5. Validation of the VRT-S-BR Hybrid Method

To validate the physical accuracy of the proposed VRT–S–BR hybrid method, field-
measured backscattering data collected over a natural grassland are used. The measurement
setup is illustrated in Figure 4. To suppress edge diffraction and reduce interference
from the surrounding environment, the radar-illuminated area is restricted to a relatively
homogeneous region of the grassland.

Figure 4. Photo illustration of the field measurement setup.

In the simulation, the field measurement data available for validation in this study in-
clude only the electromagnetic scattering response of the target-free vegetation background,
whereas the proposed VRT-S–BR method is designed for composite electromagnetic scatter-
ing from a target above a vegetation-covered rough surface. To enable comparison with
the available target-free measurement while preserving the computational workflow of the
proposed composite-scattering framework, a very small auxiliary sphere with a radius of
1.0× 10−6 m is placed above the vegetated ground. Owing to its extremely small radius,
the scattering contribution of this auxiliary sphere is sufficiently small compared with
the vegetation-covered ground response. Therefore, the simulated results can be used to
approximate the target-free backscattering response of the vegetated surface. The incidence
angle is set to θi = 45◦.

The VRT-S-BR predictions are compared with the measured data in Figure 5, where
panels (a) and (b) correspond to HH and VV polarizations, respectively. Although minor
discrepancies remain due to the inherent randomness of natural vegetation, the simulated
curves capture the overall trends of the measurements well. The RMSE values of 1.82 dB
(HH) and 3.10 dB (VV) further indicate that the proposed method provides reasonable
quantitative agreement with the measurements [39,40]. This validation supports the use
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of the proposed method for the subsequent investigation of complex target–background
composite scattering in vegetation-covered environments.
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(b)

Figure 5. Comparison between VRT-S-BR results and measured data for (a) HH polarization and
(b) VV polarization.

3. Results and Analysis
Figure 6 presents the backscattering RCS of a vegetated ground with a missile po-

sitioned 10 m above it, calculated using the proposed VRT-S-BR method under L-band
conditions: a frequency of f = 1.34 GHz, HH polarization, and a 90◦ azimuthal incidence
angle. The vegetated ground covers an area of 10 m× 10 m, while the missile-shaped target
model has a length of 5.5 m and a radius of 0.5 m. The detailed parameters for the vegetated
ground are provided in Table 1.

Table 1. Ground-Related Parameters.

Parameter Stem Leaf Ground

Moisture 0.72 (g/g) 0.67 (g/g) 0.17 (g/cm3)
Height/Length 50 cm 120 mm RMS 1: 0.03 m
Width/Radius Radius: 1 mm Width: 10 mm CL 2: 0.3 m

Density 320/m3 3430/m3 –
Distribution Vertical Uniform Uniform

1 RMS: Root Mean Square Height. 2 CL: Correlation Length.
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Figure 6. Backscattering RCS of a vegetated ground with a missile-shaped target model positioned
10 m above it.
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As shown in Figure 6, for larger incident angles (θi > 20◦), the total scattering RCS
closely resembles that of the target, indicating that the target scattering dominates within
this angular range. Conversely, for smaller incident angles (θi < 20◦), the total backscat-
tering is primarily contributed by the vegetated ground. The coupled backscattering RCS
remains approximately 5 dBsm across all incident angles. This is attributed to the fixed
incident azimuth angle of 90◦, resulting in a consistent target profile regardless of the
incident elevation angle.

Figure 7 shows the comparison of RCS for different percentages of vegetation cover
(0%, 50%, and 100%) simulated using the VRT-S-BR method. In this study, the vegetation
coverage rate is implemented by changing the number densities of stems and leaves, rather
than by changing the vegetation-covered area. Specifically, the 100% vegetation coverage
case uses the original stem and leaf densities, the 50% vegetation coverage case uses half of
these densities, and the 0% vegetation coverage case is modeled by setting the stem and
leaf densities to zero. The individual vegetation geometry, moisture contents, orientation
distributions, vegetation-covered area, and ground parameters are kept unchanged among
the three cases.The corresponding vegetation and ground parameters are listed in Table 2.
The incident frequency is set to 1.34 GHz, and the incident azimuth angle is set to 0◦.

Table 2. Vegetation Parameters for Different percentages of vegetation cover.

Parameter 0% Vegetation
Coverage

50% Vegetation
Coverage

100% Vegetation
Coverage

Stem moisture – 0.72 (g/g) 0.72 (g/g)
Leaf moisture – 0.67 (g/g) 0.67 (g/g)
Stem height – 50 cm 50 cm
Leaf length – 120 mm 120 mm
Stem radius – 1 mm 1 mm
Leaf width – 10 mm 10 mm

Stem density 0 160/m3 320/m3

Leaf density 0 1715/m3 3430/m3

Stem distribution – Vertical Vertical
Leaf distribution – Uniform Uniform
Ground moisture 0.17 (g/cm3) 0.17 (g/cm3) 0.17 (g/cm3)

Ground RMS 1 (m) 0.03 0.03 0.03
Ground CL 2 (m) 0.3 0.3 0.3

Ground
distribution Uniform Uniform Uniform

1 RMS: Root Mean Square Height. 2 CL: Correlation Length.
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As shown in Figure 7a, for smaller incident angles (θi < 60◦), the total backscatter-
ing RCS increases as the vegetation coverage increases. This is because the increase in
vegetation coverage leads to enhanced coupling scattering (i.e., the scattering interaction
between the vegetation layer and the target). For larger incident angles (θi > 60◦), the
total backscattering RCS for percentages of vegetation cover of 50% and 100% is similar.
This is attributed to the reduced contribution of coupled scattering between the vegetated
ground and the target at larger incident angles. For a more comprehensive understanding
of the impact of percentages of vegetation cover on composite scattering, a comparison
of the coupled scattering RCS for varying vegetation coverage is illustrated in Figure 7b.
The results show two key trends: (1) the coupled scattering RCS decreases monotonically
with increasing incidence angle at all vegetation coverage levels; (2) the increase in the
coupled scattering RCS with vegetation coverage shows a nonlinear variation. Specifically,
the increase observed when vegetation cover rises from 0% to 50% significantly exceeds
that observed during the transition from 50% to 100%. This trend suggests that the initial
introduction (0–50%) of vegetation primarily drives the change in scattering characteristics,
while a saturation effect occurs at higher coverage levels (50–100%).

Figure 8 presents the differential RCS of a missile-shaped target model positioned
above four distinct terrain types: vegetated ground, snowy terrain, desert, and bare soil.
The simulations were conducted using the VRT–S–BR method under S-band conditions
( f = 3.2 GHz, HH polarization, ϕi = 0◦). The geometric, statistical, and dielectric param-
eters of these ground surfaces are listed in Table 3. The differential RCS is defined as
σdiff = σtotal − σtarget, representing the composite scattering RCS with the target’s contribu-
tion subtracted.

Table 3. Ground Surface Parameters.

Parameter Vegetated
Ground Snowy Terrain Desert Bare Soil

RMS 1 (m) 0.03 0.01 0.015 0.02
CL 2 (m) 0.3 0.05 0.052 0.1
CRP 3, ε∗r 4.8− j0.9 1.6− j0.001 2.6− j0.05 8.0− j1.5
Area 10 m× 10 m 10 m× 10 m 10 m× 10 m 10 m× 10 m

1 RMS: Root Mean Square. 2 CL: Correlation Length. 3 CRP: Complex Relative Permittivity, ε∗r = ε′ − jε′′.
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Figure 8. Difference-field RCS of a missile-shaped target model above different ground surfaces.
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As illustrated in Figure 8, the scattering responses vary markedly across the four
terrains, closely correlating with the roughness parameters detailed in Table 3. Both the
snowy terrain and desert exhibit pronounced specular characteristics, featuring a sharp
peak near normal incidence (θi = 0◦). Owing to their minimal RMS heights (0.01 m and
0.015 m, respectively), the differential RCS is dominated by coherent specular reflection
from the smooth background surfaces. As the incidence angle deviates from the specular
direction, this coherent contribution drops rapidly, resulting in steep attenuation beyond
the specular region (|θi| > 10◦).

Conversely, the vegetated ground exhibits a broad, diffuse scattering pattern. Al-
though its specular peak is suppressed relative to the smoother terrains, the differential
RCS sustains a high magnitude (40–60 dBsm) over a wide angular range (|θi| < 40◦). This
behavior is primarily driven by volume scattering within the vegetation canopy and dif-
fuse electromagnetic coupling between the vegetation layer and the missile-shaped target
model. Acting as discrete scatterers with random orientations, the stems and leaves multi-
directionally redistribute the incident waves, thereby enhancing the scattering response at
oblique angles.

Finally, the bare soil presents the lowest overall scattering intensity in the non-specular
regions. Lacking both the volume scattering mechanism inherent to vegetation and the
high surface smoothness of snow or desert, it generates neither strong diffuse scattering
nor intense coherent reflection. These comparative results demonstrate the capability of the
proposed VRT-S-BR method to accurately characterize the complex scattering mechanisms
associated with diverse environmental backgrounds.

To further investigate the impact of vegetation height on the scattering behavior,
three vegetated ground models with varying plant heights are established. The remaining
geometric and physical parameters are kept constant, as detailed in Table 4. Based on these
configurations, Figure 9 presents the simulated backscattering RCSHH at f = 1.34 GHz and
θi = 90◦ for the three vegetation samples.

Table 4. Vegetation Parameters for Different Plant Heights.

Parameter Vegetation Sample 1 Vegetation Sample 2 Vegetation Sample 3

Plant height (m) 0.2 0.4 0.6
RMS 1 (m) 0.03 0.03 0.03
CL 2 (m) 0.3 0.3 0.3
Area 10 m× 10 m 10 m× 10 m 10 m× 10 m

1 RMS: Root Mean Square. 2 CL: Correlation Length.
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Figure 9. RCS comparison chart of different vegetation heights.
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As shown in Figure 9, the backscattering RCSHH exhibits a downward trend with
increasing incidence angle θi, accompanied by local oscillatory fluctuations resulting
from the coherent superposition of various scattering contributions. The influence of
vegetation height is particularly pronounced in the lower-to-intermediate angular range
(10◦ ≤ θi ≤ 40◦). This behavior indicates that increasing vegetation height enhances the
contributions of canopy volume scattering and canopy–ground electromagnetic interaction.
By contrast, for larger incidence angles (θi > 40◦), the three curves gradually converge,
implying that the sensitivity of the backscattering response to vegetation height becomes
weaker in the large-angle region.

To extend the analysis beyond monostatic backscattering, the in-plane bistatic RCS is
simulated at three intermediate incidence angles: θi = 45◦, 60◦, and 75◦.

The observation is restricted to the specular plane (φi = 0◦ and φs = 180◦). Under
these configurations, Figure 10 illustrates the bistatic scattering responses for both HH and
VV polarizations.

As shown in Figure 10, for the incidence angles of θi = 45◦ and 60◦, clear specular
peaks can be observed near the corresponding specular scattering directions. This indicates
that, under these geometries, the coherent component associated with the background
surface and its interaction with the vegetation layer still makes a non-negligible contribution
to the total bistatic response. Meanwhile, noticeable diffuse scattering is present away
from the specular direction, reflecting the combined effects of vegetation volume scattering,
canopy–ground interaction, and surface roughness modulation.
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(b) VV Polarization

Figure 10. Comparison of dual-station measurements at different incident angles.

As the incidence angle increases from 45◦ to 60◦, both the specular peak magnitude and
the overall scattering level decrease appreciably in HH and VV polarizations. This behavior
can be mainly attributed to the increased propagation distance within the vegetation canopy
at larger incidence angles, which enhances extinction, absorption, and multiple-scattering
loss along the wave path. At the same time, the coherent wave component that propagates
through the vegetation canopy, reaches the sub-canopy ground, and is then re-radiated
from the ground is further weakened, leading to a reduced specular contribution. The
weaker non-specular response also suggests that the effective canopy–ground coupling
becomes less pronounced as the incident wave undergoes stronger attenuation inside the
vegetation layer.

As shown in Figure 10, a more distinct transition is observed for the grazing-incidence
case of θi = 75◦. Under this condition, the specular component is no longer clearly dis-
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tinguishable in either polarization, and the bistatic response is instead dominated by a
relatively weak oscillatory diffuse background. This manifestation implies that the coher-
ent scattering mechanism is strongly suppressed at large oblique angles. Physically, this
can be understood as the combined result of several factors: the substantially elongated
propagation path in the canopy, stronger extinction of the coherent field, increased surface
shadowing and masking effects, and enhanced phase decorrelation among different scatter-
ing paths. The residual fluctuations in the curves are considered to arise from the coherent
superposition of the remaining scattering contributions, including weak surface return,
vegetation volume scattering, and higher-order interaction terms.

To characterize the azimuthal variation of the bistatic scattering response, the bistatic
RCS are simulated with the incident azimuth angle fixed at φi = 0◦, while the scattering
azimuth angle φs is scanned over the full 360◦ range. Three selected elevation-angle
combinations, i.e., θi = θs = 45◦, 60◦, and 75◦, are considered. The corresponding azimuthal
bistatic scattering responses for HH and VV polarizations are shown in Figure 11.
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Figure 11. Comparison of bistatic measurements at different azimuth angles.

As shown in Figure 11, the HH- and VV-polarized responses exhibit similar overall
azimuthal variation patterns, with the dominant scattering feature being centered around
the forward/specular direction at φs = 180◦. For the cases of θi = θs = 45◦ and 60◦,
a pronounced narrow peak is observed near φs = 180◦, indicating that the coherent
contribution remains significant under moderate elevation angles. Away from this direction,
the scattering responses decrease gradually and evolve into a relatively smooth diffuse
background, which can be mainly attributed to the combined contributions of vegetation
volume scattering, rough-surface scattering, and canopy–ground interaction.

As shown in Figure 11, the HH- and VV-polarized scattering profiles exhibit pro-
nounced symmetry and similar azimuthal variation patterns. For moderate elevation
angles (θi = θs = 45◦ and 60◦), a distinct and narrow coherent peak is firmly estab-
lished near the exact forward scattering direction (φs = 180◦). This feature indicates
that, under these geometries, the phase-matching condition is strongly satisfied, and the
coherent forward-scattering mechanism remains highly dominant. Moving away from
this specular region, the spatial energy smoothly redistributes into a relatively stable dif-
fuse background. This non-specular floor primarily arises from the incoherent volume
scattering within the canopy, the diffuse surface return, and the complex higher-order
canopy–ground interactions.
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As the elevation angle increases from 45◦ to 60◦, both the peak magnitude near
φs = 180◦ and the surrounding azimuthal scattering levels decrease noticeably in the two
polarizations. This trend suggests that the longer propagation path within the vegetation
canopy at larger oblique angles enhances attenuation and scattering loss, thereby weak-
ening both the coherent forward return and the associated diffuse interaction terms. For
the grazing-angle case of θi = θs = 75◦, the forward peak is still observable but becomes
much less pronounced, while the overall azimuthal response is dominated by a lower and
more oscillatory diffuse background. As shown in Figure 11, for the grazing-angle case of
θi = θs = 75◦, this behavior indicates that the coherent component is strongly suppressed
due to the combined effects of stronger canopy extinction, surface shadowing/masking,
and phase decorrelation among multiple scattering paths.

Overall, the azimuthal bistatic results show a clear transition from a scattering regime
with a pronounced forward/specular component at moderate elevation angles to a regime
dominated by weaker diffuse scattering at large oblique angles. The similar trends observed
in HH and VV polarizations further indicate that the proposed VRT-S-BR framework is
capable of describing the main three-dimensional scattering characteristics of vegetated
rough surfaces under different azimuthal observation conditions.

4. Conclusions
This paper proposed a hybrid VRT-S-BR method for modeling composite electromag-

netic scattering from targets above vegetation-covered rough surfaces. In the proposed
framework, the vegetation layer is represented as a stratified medium and characterized
using the VRT-S model in an offline manner. The resulting angle-dependent complex reflec-
tion coefficients are then incorporated into the BR formulation to replace the conventional
Fresnel reflection terms, thereby accounting for vegetation-induced attenuation and coher-
ent scattering effects. In addition, a deterministic facet-dependent phase compensation
scheme is introduced to describe propagation-path variations of individual rays through the
vegetation canopy, providing a more physically consistent treatment of target–vegetation
coupling than empirical random phase perturbation models.

The proposed method was validated using field-measured backscattering data ac-
quired over natural grassland, showing satisfactory agreement with RMSE values of
1.82 dB and 3.10 dB for HH and VV polarizations, respectively. Numerical results fur-
ther demonstrated that vegetation coverage, vegetation height, terrain type, and bistatic
observation geometry all have significant effects on the composite and coupled-scattering
responses. In particular, the coupled-scattering RCS exhibits a nonlinear dependence on
vegetation coverage, while the bistatic response shows a clear transition from coherent
specular/forward scattering at moderate incidence angles to weaker diffuse scattering
under grazing-angle conditions. These results indicate that the proposed VRT-S-BR method
provides an efficient and physically interpretable tool for analyzing target scattering in
vegetation-covered environments.
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