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Highlights

What are the main findings?

¢ A fully analytical GO-PO bistatic scattering model is developed for a canonical target
over a lossy random rough surface (ground or sea), accounting for both single- and
multiple-bounce interaction mechanisms.

* The proposed model shows satisfactory agreement with numerical simulations and
measurements under different operating conditions, demonstrating its accuracy and
reliability despite the simplified target geometry.

What are the implications of the main findings?

* The proposed analytical model enables efficient and accurate evaluation of bistatic radar
cross-sections for urban and maritime targets (e.g., buildings and large ships), making
it well suited for large-scale simulations in complex environments and for improved
interpretation of bistatic remote sensing data.

* The closed-form framework can support bistatic mission planning, system design, and
data analysis and interpretation, while also fostering the development of advanced
retrieval methodologies for urban monitoring and maritime surveillance applications in
bistatic observation geometries.

Abstract

The increasing availability of microwave bistatic remote sensing data highlights the need
for reliable and computationally efficient scattering models to support data interpretation,
system design, and mission planning. This is particularly relevant in urban and maritime
environments, where the electromagnetic (EM) interaction between buildings and ships
with the surrounding environment significantly affects the observed bistatic signatures.
This paper presents a fully analytical model for EM bistatic scattering from a canonical
target, represented as a parallelepiped with smooth dielectric faces located over a lossy
random rough surface. The formulation is developed within the framework of the Kirchhoff
Approximation and accounts for both single- and multiple-bounce scattering mechanisms
arising from the mutual interaction between the target and the underlying surface. Re-
flections from the target walls are modeled using the Geometrical Optics solution, while
scattering from the rough surface is described through the zeroth-order Physical Optics ap-
proximation. The resulting closed-form expressions provide both coherent and incoherent
components of the scattered field as explicit functions of system and scene parameters. The
proposed closed-form model enables fast and reliable evaluation of bistatic scattering from
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parallelepiped-like structures, such as buildings and large ships interacting with surround-
ing rough surfaces. This capability is particularly beneficial for the design and optimization
of bistatic remote sensing missions in urban and maritime contexts as well as the develop-
ment and assessment of inversion methods and large-scale analyses. Validation against
numerical simulations and experimental results available in the literature demonstrates the
effectiveness of the proposed approach across different operating conditions.

Keywords: electromagnetic scattering; Kirchhoff approximation; physical optics; radar
cross-section; bistatic radars

1. Introduction

Reliable evaluation of the electromagnetic (EM) scattering in complex environments,
such as those depicted in Figure 1, including a parallelepiped-like target lying over a
rough background surface is of key relevance in a variety of microwave remote sensing
applications. Indeed, an accurate prediction of the strength of the EM field received from
such a composite target can support both inversion procedures aimed at retrieving EM
and/or geometric information (e.g., shape, size, location, material composition) about the
illuminated object or the underlying surface, as well as the optimal design of microwave
remote sensing systems. Some examples include detection and classification of ship targets
using bistatic radar systems, such as Global Navigation Satellite System-Reflectometry
(GNSS-R) [1] and synthetic aperture radar (SAR) [2], and extraction of building height from
monostatic SAR imagery [3], as well as estimation of the depth of floods occurring in urban
areas [4]. Notably, as shown in [5], building scattering signatures can also be fruitfully used
to devise cross-calibration methods for heterogeneous spaceborne SAR acquisitions.

Figure 1. EM scattering in complex environments: (a) urban scenario, (b) maritime scenario.

In recent decades, bistatic radar and remote sensing systems have been experiencing
an increasing interest in the scientific community due to key advantages w.r.t. monos-
tatic radars, such as the possibility to implement low-cost, low-power, and lightweight
receiver-only platforms able to opportunistically acquire signals already available in the
environment for remote sensing applications and technologies, e.g., passive radars and
GNSS-R. Moreover, in recent years, both public space agencies and private leading com-
panies are planning to launch innovative spaceborne SAR systems working in bistatic
acquisition geometries, such as the X-band PLATiNO-1 (PLI-1) designed by the Italian
Space Agency (ASI), that will form a bistatic SAR system with the COSMO-SkyMed Second
Generation (CSG), also working in X band [6].

With the increasing number of bistatic microwave remote sensing systems and mis-
sions, the understanding and modeling of bistatic EM scattering is gaining increasing
interest. Indeed, the modeling effort not only stands as the basis for future exploitation of
bistatic radar data, but can also support the mission design phase: for instance, it could
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support the definition of the best bistatic acquisition geometry for a specific application,
thus exploiting the larger number of degrees of freedom than the monostatic case, for which
the observation geometry is fixed to the backscattering one.

While evaluation of EM scattering from a rough surface (e.g., natural environments,
such as bare soil, seawater, snow) is a topic of classical EM scattering theory, where
numerous analytical approaches have been developed (see, e.g., classical books on the
topic [7-9]), computation of EM scattering from complex targets, such as ships or buildings,
has been the subject of a more limited literature, see, e.g., [10-19]. However, in most
cases, the complexity of the EM interactions between the target and the ground, due to the
presence of both single and multiple reflections (see Figure 2), has motivated the adoption
of either statistical, fully numerical or hybrid approaches. The hybrid approaches as, for
instance, the algorithms in [16-18], are typically based on the decomposition of the scene in
sufficiently small facets, whose scattering is evaluated by means of analytical approaches,
such as Kirchhoff Approximation (KA) or Small Perturbation Method (SPM). The overall
scene scattering is then obtained by numerical integration of all the facets” contribution.
Ray-tracing approaches are also typically included to determine facet EM coupling, such as
multiple scattering, and shadowing regions. Finally, a Monte Carlo simulation is required
to determine the received field statistics in presence of random rough surfaces. Accordingly,
hybrid and full-wave techniques offer the capability to deal with arbitrarily complex target
geometries, also including fine structure details, such as windows and superstructures, at a
cost of a large computational cost; in addition, they cannot provide physical insights into
the involved scattering mechanisms. As a matter of fact, the application of such methods for
information retrieval purposes as well as for system design is rather limited due to the lack
of a direct and algebraic relationship between the scene and target parameters and the radar
return. Additionally, in the case of electrically large scenes, scattering evaluations based on
numerical methods might require unacceptable computational time or even be unfeasible.

Single bounce
=== Double bounce wall-ground (WG)
== = Double bounce ground wall (GW)

v /
N / /

A Qe :
Rough Tar
get ~
surface ¥ / —

Figure 2. Scattering problem from a parallelepiped target (e.g., a building, or also, possibly, a

large ship) over a rough background surface (e.g., bare soil or sea surface). The different scattering
contributions are identified as follows: single-bounce from target and ground (green solid arrows),
double-bounce wall-ground (WG) (blue solid arrows), double-bounce ground-wall (GW) (blue
dashed arrows), and triple-bounce wall-ground-wall (WGW) (yellow solid arrows).

Conversely, analytical approaches can be applied if simplified target geometries are
assumed, as done in [19-21], where closed-form evaluations of the single and multiple
bounces have been derived. The primary aim of such closed-form approaches is not so
much providing highly accurate radar cross-section (RCS) evaluations for specific targets,
but rather to provide mathematical tools for the investigation of the main scattering mecha-
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nisms arising from the target-ground EM interaction. In [19], an analytical formulation of
the so-called four-path model is presented within the framework of the first-order small-
slope approximation (SSA). It can deal with an arbitrary target geometry, but the analysis
is limited to the coherent component of the bistatic RCS and to isotropic rough surfaces.
In [20,21], the target is modeled as a smooth parallelepiped and scattering from its vertical
faces, hereafter referred to as walls, is evaluated via Geometrical Optics (GO), while ground
reflections are modeled via GO and Physical Optics (PO) in [20] and the SPM in [21]. How-
ever, such works focused on isotropic ground surfaces and on backscattering evaluation
only, which is of relevance for monostatic radars. Accordingly, the models in [20,21] cannot
be adopted for the analysis of microwave radar systems working in bistatic or multistatic
configurations. More recently, the backscattering formulation presented in [20] was gen-
eralized to the bistatic case in [22], where, however, both target and ground scattering
was described by means of GO. Such a GO-GO bistatic model was further generalized to
anisotropic surfaces in [23]. However, the GO solution for modeling scattering from the
rough surface provides reliable results in the case of very rough surfaces (as e.g., moderate
to rough sea surface), while in the case of a smooth ground (e.g., calm sea, bare soil, asphalt),
the PO solution is recommended.

In this paper, we complement the GO-GO bistatic scattering model in [22] with the
GO-PO formulation, where scattering from the ground is described via the PO solution,
instead of the GO one, which, conversely, is still adopted for describing scattering from
the smooth target walls, as done in the previous works [20-22]. Accordingly, we derive
analytical expressions for the coherent and the incoherent components of the EM field
scattered from a canonical parallepiped target lying over a lossy ground, modeled as a
two-dimensional (2-D), possibly anisotropic, random rough surface of finite dimensions.

The proposed approach offers key features compared to hybrid /numerical approaches
as well as other analytical models. First, the simplified target geometry allows for ex-
pressing efficiently the EM coupling between the object and the surrounding background
surface through closed-form algebraic expressions, thus providing physical insights into
the role of the different target and scene parameters mainly involved into the scattering
and multiple-reflection mechanisms. Additionally, no facet decomposition, numerical
integrations, Monte Carlo simulations, or measurements calibration are required by our
fully analytical approach. The proposed scattering model can describe (analytically) the de-
pendency of the field scattered from the target upon ground surface roughness conditions,
including potential ground surface anisotropy, that is neglected in other analytical models,
such as those in [20-22]. Finally, the SPM adopted in [21], despite being able to account for
surface anisotropy, is often not accurate at near-specular scattering directions, which can be
important in the mutual interaction between target and surface. Additionally;, it typically
exhibits a narrower validity range compared to PO.

Moving to the limitations, our analytical model is not able to catch higher-order
scattering effects, such as those arising from the multiple interactions between fine structure
details, such as windows and superstructures. Moreover, the adoption of the PO solution
for ground surface scattering limits the applicability of our model to sufficiently smooth
natural surfaces, namely those with root mean square (rms) slope not larger than about 0.25,
such as calm to moderate sea, asphalt, smooth terrain. In the case of very rough ground,
the complementary GO-GO model in [22] might be adopted.

Final expressions of the bistatic scattered-field statistics are reported for a rough
surface, possibly anisotropic, with a generic spectrum and specialized for normally and
exponentially correlated surfaces.
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Finally, to ensure reproducibility of results, the codes of the proposed model are
publicly available at http:/ /wpage.unina.it/alessio.disimone /download /download.htm
(accessed on 13 April 2026).

The remaining part of the work is organized as follows: Section 2 introduces the
theoretical framework adopted for scattering evaluation and the geometrical models of the
composite scene; Section 3 presents the EM bistatic scattering model; numerical results and
comparisons with the available literature are provided in Section 4 along with the validity
limits of the proposed model; finally, concluding remarks are highlighted in Section 5.

2. Material and Methods

In this section, we introduce the theoretical background adopted to derive the bistatic
scattering model. Remarkably, Section 2.1 briefly discusses the EM framework, namely
the KA with its subsequent GO and PO solutions; Section 2.2 introduces the geometrical
description of both the target and the surrounding rough surface.

2.1. Electromagnetic Scattering Framework

The scattering problem is solved under the assumption that the incident field is a
plane wave, i.e.,

Ei(r) = Eoéiexp (jqu - r) , 1)

where 7 is the observation point, Ej is the complex amplitude, é; denotes the polarization
state of the incident field, k = 27/A is the free-space EM wavenumber, A being the
corresponding wavelength, and k; is the propagation direction of the incident field. A
periodic time dependence exp(—jwt) is understood and omitted.

In presence of a single, and possibly rough, scattering surface S delimiting two homo-
geneous media, the KA, and its subsequent GO and PO solutions, allow for the analytical
evaluation of the field scattered in the upper medium, provided that the mean radius of
curvature of the illuminated surface is much larger than the wavelength and that shadow-
ing and multiple reflections do not take place over the scattering surface. In the case of
a random rough surface, the validity conditions for KA can be expressed in terms of the
surface roughness standard deviation and correlation length, as reported in Section 4.3 and
also in ([8] ch. 12) and [22].

A polarimetric description of the scattering surface can be obtained by decomposing
the incident and scattered fields into two mutually orthogonal polarization components
named horizontal (subscript “h”) and vertical (subscript “v”). In this linear polarization
basis, the scattered field can then be expressed as [9,20,24]

b :]'kikr // e &K) T SRy, ks, 2)dxdy Eon )
Esv 4mtr Ay EN EOV 4

where Ay is the projection of the scattering surface S onto the mean plane xy; ks denotes the
observation, or scattering, direction; 7 is the local normal to the surface S; and Eg, and Epy,
are the complex amplitude of the horizontal and vertical components of the incident electric
field E;, respectively; similarly, Eg, and Esy are the components of the scattered field.
In(2), S (ki, ks, 1) denotes the scattering matrix (also referred to as scattering amplitude
or polarization tensor), that, under KA, still depends upon the local surface normal [20,22]. It
is related to the slowly varying vector function F that depends upon the polarization, the
slopes and the dielectric properties of the surface. Its full expression is reported in [20,22].
In the scattering reference frame reported in Figure 3, where the xy plane coincides
with the rough surface mean plane, and the transmitter is located in the yz plane, the

incident k; and scattered ks wave propagation directions can be written as
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ki = —sin 6 — cos 6z, 3)

ks = sin 65 cos ¢sX + sin s sin @51 + cos 052, 4)

where 6 € [0,77/2] stands for the transmitter look angle, whereas 6; € [0, 77/2] and
¢s € [0,27] are the receiver polar and azimuth angles.

Figure 3. Reference system for the scattering problem. The transmitting source is located in the
yz plane.

In this coordinate system, the entries Sy, of the scattering matrix can be expressed
in terms of the Cartesian components of the vector functions F, and E,, which stand for
the vector function F evaluated for horizontally and vertically polarized incident field,
respectively [22]:

Shi = Fhy Sin@s — Fyy cos ¢s, (5a)
Syh = Fyxsin¢s — Fyy cos ¢s, (5b)
Shy = —Fny €08 65 cos ¢s — Fy;, cos b sin s + Fy, sinbs, (5¢)
Swv = —Fyy cos 65 cos ¢s — Fyy cos O sin s + Fy sin b . (5d)

We stress here that the above expressions of the cross-polarization scattering entries Sy,
and Sy, were incorrectly reported by some of these authors in [22].

In presence of a random rough surface, the analytical evaluation of the scattered field
in (2) requires the additional assumptions leading to the GO and PO solutions. A detailed
description of such formulations goes beyond the scope of this work and is reported
in [20,22]. Here it is recalled that under both PO and GO, the scattering matrix S no longer
changes over the scattering surface, and, consequently, the scattered field in (2) simplifies

as follows:
Eq _.kef’“ g|Eon|; (6)
Esv = 4mr= EOV Bo
where
Ag

is the scattering integral, that accounts only for the surface roughness through the height
profile z(x, y); 7 = ki — ks. Tt is also recalled that, under GO, the scattering matrix does no
longer depend upon the surface local normal due to the specular reflection condition:

ks = ki — 2(k; - n)n. 8)
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From (6) and (7) it is evident that, in presence of a random rough scattering surface,
the coherent and incoherent components of the scattered field can be obtained once the
entries of the scattering matrix in (5d) and the mean (I4,) and variance 01240 of the scattering
integral in (7) are evaluated. It is also worth recalling that, under PO, the latter depends on
the surface spectrum through the nth-order power spectrum [8,9], which is discussed in
the next Section 2.2.

Finally, a last remark on the validity limits. The GO solution is valid if KA holds,
and if, additionally, the kernel of the integral in (2) is rapidly oscillating, which requires
(knzo)? > 10 ([8] ch. 12). Conversely, the zeroth-order PO solution holds in the small
local slopes regime, i.e., if the rms of the surface local slopes is lower than 0.25 ([8] ch. 12).
Additionally, the modulus of ko7, has to be sufficiently small in order to ensure power
series convergence of the scattering integral kernel in the evaluation of the field variance. It
is then evident that GO and PO provide somehow complementary validity limits. However,
a deeper discussion on the validity limits of the proposed scattering model is reported
in Section 4.3.

2.2. Geometrical Models

The geometry of the scattering problem is shown in Figure 4, where an electromagneti-
cally large target lies over a lossy rough background surface with complex permittivity 5.
The target is modeled as a dielectric parallelepiped with complex permittivity /¥ and
smooth walls of length I, m = 1,2, 3,4, and height & (it is assumed then that /; = I3 and
I = 14). The vertical faces of the target are parallel to the z-axis and, then, the unit vector
normal to such faces is

fiw,, = sin¢u % +cos P, m=1,2,3,4, 9)

where ¢, = ¢1 + (m — 1)7t/2 is the angle between the positive x-semiaxis and the base of
the wall of length /,;;,, measured clockwise. Additionally, we assume that the center of the
target roof, i.e., the top horizontal face, is located at (X, Yo h), so that the center of the mth
target wall base is located at (x,, ym,0) with, see Figure 4,

X = To + l”% sin ¢, (10a)
_ 1
Ym =Yy + inl COS ¢y (10b)

The rough background is modeled as a finite-size 2-D zero-mean normally distributed
random process with height variance o2, normalized ACF 0 (Tx, Ty), where 7, and T, are
the distances along the x- and y-axes between the two generic surface points. Results are
reported for a generic ACF, possibly anisotropic, while closed-form expressions of the
scattered-field statistics can easily be obtained for normally or exponentially correlated
rough surfaces, either isotropic or anisotropic.

The nth-order roughness power spectrum (normalized to ¢?") is defined here

as follows [25,26]
+o00
W(”>(kx,ky) — // Pn(Tx, Ty)ejerx+jkyry Aty dTy (11)

where k; and k; are the spatial frequency counterparts of the spatial variables 7, and
Ty, respectively.
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Figure 4. Geometry of the scattering problem with illustration of the target wall reflection.
(a) 3-D view; (b) front view for ¢, = 0; (c) top view.

The roughness power spectrum of order n can be expressed in closed form for the
above-mentioned rough surface types, see Table 1, where T = /72 + Tyz is the distance
between two generic surface points, /. stands for the isotropic surface correlation length,
and, finally, I and [, stand for the correlation lengths of the anisotropic surface along the
x- and y-axis, respectively. It is worth noting that other correlation functions, such as the

“mixed” and the “intermediate” functions defined in [27] do not lead to closed forms of the

nth-order power spectrum. In the case that no analytical expression exists for the nth-order
roughness power spectrum, a two-fold numerical integration is required to evaluate (11)
and, then, the scattered field. Finally, in the case the nth-order surface power spectrum is
assigned, (11) can be reverted either analytically or numerically to get the normalized ACF

as follows:
1/n

+00
(T ) = ﬁ / / WO (ky, ke Tk ke, dke, | (12)

This could be of interest for, e.g., sea surface, whose second-order statistics are typically
assigned through the power spectrum, i.e., in our notation o2W ) (k,, ky). Conversely, bare
soil surfaces are typically described via the ACF.

In the case of the normally distributed isotropic random rough surface, the rms local
slope is 05 = (|0 (0)|)'/?, where p” () is the second derivative of the ACF. For anisotropic
normally distributed surfaces, the rms local slopes along x and y can be evaluated as
0sx = 0(|prr, (0,0))/2 and 03 = o(loz, (0,0)])1/2, respectively, where pr, (-, -) and

https://doi.org/10.3390/rs18081219
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Pz, (,-) are the second-order partial derivatives of the anisotropic ACF p(ty, Ty) with
respect to 7y and Ty, respectively. Finally, the overall local rms slope can be evaluated as

Os = /02y +02,.

Table 1. Nth-order power spectrum for normally and exponentially correlated random rough surfaces.

Surface Type Normalized ACF nth-Order PSD
72 U 12
Gaussian isotropic o(T) = exp <f 1—2) W (ky, ky) = glf exp [f ﬁ (k2 + ki)}
C
2 2 K212 + K212
Gaussian anisotropic o(T, Ty) = exp <— % - lg> W (ke ky) = %lxly exp {— %}
X

Exponential isotropic o(t) =exp <_II> W (ke ky) = 27'(%

c

3
2173
2442 n
e (2)]
2 T2 -3
Exponential anisotropic  p(Tx, Ty) = exp | — l—;‘ + l—z/ W (ky, ky) = 27enlyly, (kilﬁ + k517 + n2>
oy

Finally, a last remark about sea surface modeling. Actually, the proposed scattering
formulation starts from the fundamental assumption of Gaussian height distribution for
the rough surface height. This hypothesis allows keeping the full mathematical tractability
of the considered scattering problem and is a common assumption in microwave scattering
from random rough surfaces, including sea surface (as reported in the classical textbooks on
the topic). Within the context of ocean scatterometry, this model is also referred to as linear
sea surface model, which assumes that each surface harmonic propagates according to the
dispersion relation typical of water waves [28]. However, the non-linear hydrodynamics
coupling the motion of the large and small waves may change the statistical characteristics
of the surface wave components, such as mean, rms slope and spectrum, and then impact
on microwave scattering from sea surface. Indeed, non-linear sea surface models typically
exhibit non-zero-mean and non-Gaussian height distribution with slightly increased rms
slope w.r.t. the linear model [28]. As a result, the proposed model does not explicitly account
for such non linearities with potential underestimation of the scattered field. A possible
approach for implementing the non-linear sea model within the proposed formulation
could exploit the Choppy Wave Model (CWM) discussed in [29] as outlined in [28] for
the SSA-2 model. Notwithstanding, the expected magnification of the rms slopes induced
by the non-linear CWM transformation of the sea surface may generate small errors in
the estimation of the RCS, as detailed in [28]. Additionally, advanced sea spectrums (e.g.,
Elfouhaily, Pierson-Moscowitz, Apel) based on measurements inherently account for non-
linear features and, therefore, the induced errors might be partially compensated if such
measurements-based sea spectrum models are adopted in the proposed framework. To this
end, we stress here that the proposed GO-PO model is able to deal with any arbitrary surface
spectrum, given that the surface roughness is normally distributed. Indeed, as discussed
above, under this assumption, the rough surface ACF can be derived from the assigned
roughness spectrum through (12) and, then, the roughness power spectrum of order n
can be evaluated via (11). Accordingly, it can be reasonably expected that the inclusion
of such higher-order effects could lead to limited improvements of accuracy compared to
other simplifying hypotheses of the proposed scattering model, such as the adoption of
the zeroth-order PO solution and the simplified target geometry. Notwithstanding, from a
model perspective, in the case of non-Gaussian surfaces, such as non-linear sea surface, the
derivation of the PO solution should be adapted to accommodate the surface roughness
characteristic function appearing in the scattering integral evaluation.

https://doi.org/10.3390/rs18081219


https://doi.org/10.3390/rs18081219

Remote Sens. 2026, 18, 1219

10 of 33

3. GO-PO Bistatic Scattering Model

By following the approaches reported in [20,22], in this section we provide analytical
expressions of the EM field scattered from the scene shown in Figure 2. According to
Section 2.1, the scattered field is a random process due to the randomness of the back-
ground surface and, hence, we focus on the evaluation of the mean and variance of the
field. Remarkably, for each of the scattering contributions shown in Figure 2, we provide
expressions of the scattering matrix entries S, and the mean (I4,) and variance 01240 of the
scattering integral I4,. The Fresnel reflection coefficients for the wall and ground will be
denoted hereafter with the “W” and “G” superscripts, respectively.

As already stated in Section 1, here we use the GO solution to describe scattering
from the target walls, with the exception of the single-reflection terms for which KA can be
adopted without any further approximation, as detailed later in this section. Conversely,
scattering from ground is modeled via PO, at variance of [22] where ground scattering is
described via GO. Accordingly, we refer to this model as the GO-PO bistatic scattering
model. Indeed, as the target walls are smooth and much larger compared to the operating
wavelength, the field scattered from them can be well approximated in the framework
of GO as plane waves reflected in the specular reflection direction, that depends on the
direction of the impinging field and the orientation of the target, see (8). In other words,
the target walls act as an EM mirror specularly reflecting the impinging energy. The only
exception is the single-scattering contribution from the wall, as, in this case, under GO, the
field scattered from the wall would be zero but in the limiting case of § — 7/2[20]. As a
matter of fact, this scattering contribution can be evaluated analytically under KA, without
any further approximation.

Additionally, to complement the analysis in [22], here we assume that the background
surface is gently to moderately rough, so that the PO solution can be applied to reflections
from the ground. As it will be demonstrated in this section, the PO solution can describe
the anisotropic roughness through the 2-D surface roughness spectrum of order n, W,
introduced in Section 2.2 and evaluated in Table 1 for different ACF types. Indeed, the
surface spectrum function is one of the parameters ruling the target-ground coupling and,
then, directly impacts on the target bistatic RCS via the multiple-reflection terms analyzed
in Sections 3.2 and 3.3.

A brief justification for the selected scattering solutions is now in order. The choice of
the scattering models for describing the EM behavior of the rough ground surface and the
target has been carried out based on both their main geometrical features and the require-
ment of keeping the mathematical treatability of the scattering problem. As a preliminary
consideration, we also underline that, as already briefly discussed in Section 2.1, both GO
and PO derive from the KA, which acts as a common framework for our scattering model.

The considered targets (e.g., large buildings and ships) exhibit negligible roughness
and large electrical sizes at microwaves and, accordingly, the scattering from such structures
can be adequately described in the framework of the high-frequency ray-optics limit, i.e.,
GO. En passant, we stress here that the adoption of the GO model also enables the deriva-
tion of closed-form expressions for the multiple-bounce terms and, hence, the analytical
evaluation of the EM coupling effects between the ground and the target. Indeed, according
to GO, the wave scattered from the target walls can be well approximated by a plane wave
propagating in a specific direction depending upon the incident field direction and target
orientation, and whose amplitude is described by means of the scattering matrix.

As for the rough ground surface, in this work we focus on such surfaces exhibiting
sufficiently small local slopes (rms slope not larger than 0.25), such as sea with no breaking
waves, asphalt, smooth terrain. In this hypothesis, PO is a good candidate for describing
the ground surface scattering.
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The same methodology based on the selection of different models for scattering from
the target and the ground has been already investigated in different works, see, e.g., [20-22].
Indeed, multiple reflections can be rigorously described provided that the selected models
for scattering from the target and the ground can be formulated in a common theoretical
background, so that it is possible to define unambiguously a proper scattering matrix and
scattering integral. In our GO-PO model, the common framework is the KA, where all
the scattering contributions can be expressed according to (6) and (7). Remarkably, by
following an approach similar to those in [20-22], the scattering matrix relevant to the
multiple reflection terms can be expressed as the multiplication of a proper set of elementary
scattering matrices relevant to the reflections upon the target wall and the ground, whereas
for the scattering integral evaluation, a proper scattering area and kernel have to be defined
depending on the reflection term and the scattering geometry.

It is worth mentioning that, for the sake of brevity, here we provide expressions of
only Sy, and Sy, as the remaining entries of the scattering matrix, namely Syy and Sy,
relevant to the generic N-bounce contribution can easily be recovered from the following
relations ([24] Appendix)

Sw(RL,Ry) =S (R, Ry) (13a)
Shw(R1,Ry) = —Swn(R/,R)) (13b)

whereR| = [R) 1,R| 5,..,R| y]and R, = [R//1,R//», ..., Rj/ ] are the N-tuples of Fresnel
reflection coefficients, with R ; and R//; for i = 1,2,..., N being the Fresnel coefficients
of the ith bounce (either from ground or wall), for locally perpendicular and parallel
polarizations, respectively. Conditions (13a) and (13b) reveal that we can move from
Shh to Syy, or viceversa, by simply exchanging any R, with the corresponding R, and
viceversa. The same applies for the cross-pol entries Syy, and Sy, with an additional overall
sign change.

Finally, in this section, expressions of the variance (71240 of the scattering integral are
provided for a generic rough surface, possibly anisotropic, with nth-order roughness power
spectrum wim) (+,-). However, an analytical formulation of the mean and variance of the
field scattered from a rough surface with Gaussian or exponential ACF can easily be derived
by replacing the nth-order power spectrum with the proper expression from Table 1.

Starting from the coherent and incoherent components of each scattering contribution,
the overall scattered field and RCS are evaluated as detailed in [20,22]. Remarkably, the
overall random scattered field E; can be expressed as the superposition of the field scattered
from ground surface Eg goung and the target E 1o, i€,

Es = Es,ground + Es,target (14)
where Eg 0t can in turn be decomposed as follows:

4
Es,target = Es,roof + Z (Es,W,m + ES,WG,W! + ES,GW,W! + ES,WGW,m) (15)

m=1

where Eg ;.o and Eg vy, are the single-bounce fields scattered from the target roof, i.e., the
top horizontal face of the parallelepiped, and the mth target wall, i.e., the mth vertical face,
respectively (green lines in Figure 2); E; wg », and Eg gw ,, are the double-bounce scattering
terms (blue lines in Figure 2) arising from the interaction between the ground surface
and the mth target wall; finally, Eq wgw , is the mth wall triple-bounce term (yellow line
in Figure 2). It is worth mentioning that the multiple-bounce terms in (15) account for
the EM coupling between the target and the surrounding ground. Each scattering term
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appearing in (14) and (15) can be expressed as in (6), with proper scattering matrix and
scattering integral. While the former is deterministic in the considered scattering problem,
the latter is deterministic only for the single-bounce terms from the target roof and walls,
being random for all other terms which involve a reflection off the rough ground.
The mean square value of the g-polarized component of the overall scattered field can
be written as
(|ExqP) = |(Exg) > + VAR (Egy) (16)

where (Eg;) and VAR(E;;) are the coherent and incoherent components of the scattered
field (-) and VAR(-) standing for the statistical mean and variance, respectively. The mean
value (Eg;) can be easily recast as the sum of the coherent components from the ground
and the target, i.e.,

<Esq> = <Esq,ground> + <Esq,target> (17)

where
<Esq,target = sq roof T Z qum sq WG,m> + <Esq,GW,m> + <Esq,WGW,m>)/ (18)

the single-bounce terms from the target roof and walls being deterministic in the considered
target geometry. The overall field variance can be decomposed as follows

VAR(Esq) = VAR(Esq,ground) + VAR(Esq,target) (19)
where
4
VAR sq, target Z [VAR sq, WG m) + VAR( sq, GWm)
m=1

+ VAR(Esq,WGW,m) + 2 Re(COV(ESq,WG,m, Esq,GW,m))} (20)

where Re(-) and COV denote the real part and the covariance operators, respectively.
In (19) and (20) we make the assumption of uncorrelation among those scattering terms
undergoing different reflection mechanisms as motivated in [20]. Such a hypothesis does
not apply to the double-bounce terms as in specific configurations they are strongly corre-
lated. This point, that is more deeply investigated in this section, can easily be motivated
by the fact that such contributions coincide in the backscattering case, as it is the case
in [20], where the two double-bounce terms are indeed treated jointly. These considerations
motivate the covariance term in (20).

Finally, the RCS of either the ground or the target in the pq polarization channel can be
evaluated from the mean square value of the corresponding scattered field as follows [20]

(|Esql?)

_ 2
RCSyy = 4mr |Eop\2 .

(21)

The composite RCS is obtained by considering in (21) the total scattered field in (14).

3.1. Single-Bounce Contributions

In this section, we provide expressions for the contributions to the overall scattered
field related to the single reflections from either the ground or the target walls and rooftop
(see the green lines in Figure 2). Such contributions are well studied in the classical theory
of EM scattering from rough surfaces, see, e.g., [7-9,20].

The single bounce from the rough ground can be evaluated by directly applying (5d)
and (6) with 71 = 2. The scattering matrix as well as the mean and variance of the scattering
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integral 4, are provided in Table 2 for a generic surface with nth-order roughness power
spectrum W) (-, -) and with dimensions a and b along y and x, respectively. In Table 2,
RS (0) and R/G/ (0) are the perpendicular and parallel Fresnel reflection coefficients relevant
to the ground. Therefore, R (6) = R, (¢, 0) and R/G/(()) = R//(%,0).

As specific cases, the variance of the scattering integral U'io can be expressed in closed
form as follows

T (kon., )2 k212
(71240 = exp (—k2(7217§>ab7ﬂ§ ) % exp {— 4; (1732{ + 775)] (22)
n=1 :

in the presence of an isotropic rough surface with Gaussian ACF, or as

271 £ (kon. )" n 2] 72
(71240 = exp(—kzaziyg)abl— ) ((nzzi)' lkz(ﬂi + 175) + (lc) ] (23)

if the rough surface is exponentially correlated. In (22) and (23), the vector difference
1 = 112X + 17y} + 1722 is reported in Table 2.

Table 2. Single-scattering contribution from ground.

Shh = sin ¢ [RJG_(Q)(COS 6 + cos 6s) + cos 65 — cos 9}
Syh = COS s [R/G/(G) (14 cos6cosbs) + 1 — cos b cos 95]

k20'277§ . kamy\ . kb x
(In,) =ab exp( 7 ) smc(2> smc( 5 )

05, =180 1%) = 1{Iay)I?
)Zn

2 (ko Y
= exp(—k*c?y?)ab ) %W( )(knx,kny)
n=1 :

1y = — sin B cos ¢
1y = — sin 6 — sin 6 sin s
71z = — cos 0 — cos 6

It might be worth noting that all the entries of the scattering matrix still depend upon ¢
also in the limiting case of 65 = 0, i.e., with the receiver located along the z-axis. Even though
this might seem unexpected, we should recall here that the actual intensity of the scattered
field is proportional to |Spp|* + |Spq|%, i.e., both co- and cross-polarized components of
the scattered field must be considered. For example, an horizontally transmitted field is
associated with a scattered field whose intensity is related to |Spp,|? + |Shy|?, that can be
expressed as

[Stif? + IS [* =+ RE P [(cos 8 + cos 6s)° + cos” s (1~ cos?0) (1~ cos” s )|
+2R¢ {cos2 05 — cos? 0 + cos? ¢ (1 — cos? 95) (1 + cos? 6)} (24)

+ (cos @ — cos 05)2 + cos? s (1 — cos? 9) (1 — cos? 95)
It can be noted that (24) no longer depends upon ¢;s in the case that 8; = 0, as it could
be physically expected, the dependence of the single polarization components being instead

related to the mathematical dependence of the polarization state unit vectors &g, and &gy
upon ¢s [22].
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Let us move to the single-scattering terms from the target. The single-scattering
contribution from the target roof is a deterministic term that, under KA, can easily be
evaluated from (2) without any further approximation. The scattering integral 14, for such
a term reads as

L4, = exp(jknxxo) exp(jkinyyy) exp(jknzh)hil,

. [kh -
X sinc |:2(77x Cos ¢y — 17y sin <P1)} (25)

[kl .
X sinc 7(773( sin ¢y + 17 cos ¢1)

where sinc(x) = sin(x)/x, 7y = —sinfscos¢s, 7y, = —sind — sin6ssings,
7, = —cosB — cosBs, and & stands for the target height. In addition, it can easily be
shown by inspection of ([20] Equation (3.13)) that the scattering matrix relevant to such a
scattering term formally coincides with that related to the single scattering from ground
(see Table 2) as long as the dielectric constant of the ground is properly replaced with that
of the target.

Similarly to the scattering from the target rooftop, the scattering integrals relevant to
the contributions from the walls can be evaluated analytically and are no longer random.
Indeed, for such a contribution no expansion of the vector function F is necessary, and,
therefore, PO coincides with KA. Table 3 reports the results for the single-scattering from
the wall, hence evaluated according to KA. In this case, the local incidence angle on the
mth wall, called 1, depends upon both the transmitter look angle  and the orientation
angle of the wall ¢;,,. Indeed, it can be evaluated as

" = cos 1 (—fci . ﬁwm) (26)

and its expression is reported in Table 3, where RY (1) and R} () are the perpendicular
and parallel Fresnel reflection coefficients relevant to the wall. Therefore, RV (,,) =
Ry (&, m) and R () = Ry(el, m).

Table 3. Single-scattering contribution from wall (KA).

Shh = — 1/ sin® ¢y, { fR‘f () sin® iy [— sin 65 cos ¢y, + sin O sin(P + ¢s) ] [cos2 0 sin 65 cos dy, + cos? 0 sin 6 cos? ¢y, sin (P + Ps)

+ os 0 sin 6 cos 65 cos Py, Sin Py coS (P + ¢s)] + R}’)’(lpm) [sin6 sin? gy, sin(@m + ¢s) + sin® 8 sin O cos Py, SIN> Py

— cos 6sin 0 cos 05 cos P sin P cos(Pm + ¢s)] },

Seh = — 1/ sin® ¢y, { +RY () sin? y, [sin 65 o 0 sin Py + sin 0 cos fs cos(Pp + s )] [cos 8 sin b5 sin ¢y, + sin 6 cos b sin® ¢y cos(Pm + ¢s)

+ sin 6 cos 6 sin ¢y, oS Py sin(Pr + ¢s)] + Ry/v(lllm) [ sin 6 cos 0 sin ¢y, cos Py, sin(Pm + ¢s) + sin? 0 cos 0 sin 6 sin ¢y, cos? Py

— sin 6 cos? 6 cos b5 cos> ¢Om cos(pm + 4>s)} },

Pm = cos™!(sin O cos ¢y, )

. . ikh . kl . . kh
L4y =lnh cos ¢ exp(jkxmty) exp(jkymiry) exp <%> sinc (7"' (17x cos P — 17 sin zp,,,)) sinc ( 277z )
1y = — sin 65 cos ¢s
1y = — sin 6 — sin 0 sin ¢s
7, = — cos 0 — cos s

It is worth noting that the single-scattering term from the wall exists only if the wall is
directly illuminated by the transmitter, which happens if

iw,, - (ki) >0, (27)
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that can be recast as cos ¢, > 0.

3.2. Double-Bounce Contributions

The double-bounce terms of the overall scattered field refer to such contributions
undergoing a double reflection, namely wall-ground (WG) and ground-wall (GW), see
the solid and dashed blue lines in Figure 2, respectively. As already discussed in Section 3,
such contributions coincide in the backscattering case, as long as scattering from the wall
is modeled via GO [20]. However, they are no longer equal in a generic bistatic geometry
as the propagation paths in the WG contribution (transmitter-wall-ground-receiver) and
in the GW one (transmitter-ground—wall-receiver) differ in terms of overall length and
local incidence angles on the wall. The latter, denoted here as ,, and ¢, are the same as
in the GO-GO model [22], while the local incidence angles on the ground differ from those
derived in [22] due to the different surface normal unit vectors involved in scattering under
GO and PO, namely 7is and 7.

As for the WG terms, a plane wave propagating in the direction IAcsp emerges after
reflection off the wall, see Figure 4, where [20,22]

~

ksp = sin 0 sin 2¢», £ + sin 6 cos 2¢,j — cos 0Z . (28)

Accordingly, the overall scattering matrix §WG relevant to the WG contribution can be
evaluated as follows
SWG = éG (l%sp/ IA(S/ 2)S‘N(ieu IA(sp) s (29)

where éG and éw refer to the scattering matrices relevant to the reflection off the ground
and wall, respectively, evaluated according to ([20] Equation (3.13)) with the proper input
unit wavevectors and surface normal.

The target walls contributing to the WG term are those directly illuminated by the
transmitter, i.e., those for which (27) applies, i.e., cos ¢, > 0. However, the scattering area
Aj actually contributing to the WG scattered field depends also on the receiver position
and different expressions of A, can be derived depending on the target orientation and
acquisition geometry, see Table 4. Remarkably;, if l%s <Ay, <0, ie, sin(¢s + ¢m) < 0, the
scattering area might be partially or totally shadowed.

As for the GW terms (see Figure 5), the plane wave reaching the receiver after the
double reflection is the one that is specularly reflected from the wall in the observation
direction ks, i.e., the one propagating in the direction l%sg after reflection off the rough
surface, where [22]

kg = sin 6 cos(¢s + 2¢ )% — sin b sin(¢s + 2¢)§ + cos Os2. (30)

is evaluated according to the specular reflection condition in (8).
The scattering matrix QGW relevant to the GW contribution can be evaluated as

éGW = §W (Izsg/ i%s)éc (i%ir f(sg/ 2) ’ (31)

As opposed to the WG terms, GW contributions might also arise from target walls not
directly illuminated by the transmitter, i.e., such that cos ¢, < 0. This can be motivated
with the diffuse scattering from the rough surface which makes EM energy impinging on
any target wall after reflection off the rough background surface. Indeed, the GW term
exists if the target wall is illuminated by the plane wave raising after the reflection off the
background surface and propagating in the direction lAcsg, ie, if

A, - (—fcsg) >0, (32)
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or, given the specular reflection condition in (8), equivalently as

A~

Aw, ks >0, (33)

that can be both rewritten as sin(¢s + ¢;) > 0.

The analytical expressions of the scattering matrix and scattering integral statistics are
reported in Table 4 and Table 5 for the WG and GW contributions, respectively, where the
local incidence angles on the mth wall ¢, and ,, relevant to the WG and GW contributions,
respectively, are evaluated as in (26) and as

¢, =cos ! (—I%sg : flwm), (34)

respectively. Accordingly, in Table 5, RY (¢,,) = R, (¢, ¢,,) and R}’)] (¥,,) = RV, 9,,).
Within the GO-PO model, the local incidence angles on the ground relevant to the WG and
GW terms coincide with the transmitter look angle 6 as both —IAcsp and —k; share the same
z-component, which is equal to cos 6.

h
bm
(a)
Front view Top view
(¢m = 0; ksx = O)
O
z . -
h é ﬁWm
o y g x

(b)

Figure 5. GW scattering contribution. (a) 3-D view; (b) front view for ¢, = 0 and ks lying in the
y — z plane; (c) top view.
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Table 4. Double-scattering contribution (wall-ground).

=== { — sin(2¢pm + ¢s) {RE(@) (cos 6 + cos 05) + (cos Bs — cos 6)] {R‘f(tpm) cos? 0 cos? iy — Ry/\/(lljm) sin? (pm]

— coS(2¢m + Ps) cos 6 sin Py, cOS P [R/G/(G)(l + cos 6 cos 6s) + (1 — cos b cos 9)} [R‘f(lpm) + Ry/v(l,bm)} }

2sin 6 cos ¢
Shh .2
sin® iy,
2 sin 6 cos ¢,
Svh )
sin” ¢y,

== —Vm { + sin(2¢y + ¢s) cos 0 sin ¢y COS P {RE (0)(cos 0 + cos bs) + (cos b5 — cos 9)] {R‘f(lpm) + R}’/V(tpm)]

— cos(2pm + Ps) [R/G/(G) (1+ coscosbs) + (1 — cos b cos 9)] [Ry/v(lp,,,) cos? 0 cos® P — R‘iv(lllm) sin? gbm] }

2.2

k4o
(Iny) =Apexp {* N

X exp{jk [ (sin 0 sin2¢py, — sin 65 cos ¢s) + Yy (sin 6 cos 2¢, — sin b sin ¢s) | } exp {

P = cos~!(sinf cos ¢Om)

khtan 6

(cos 6 + cos 95)2} sinc {kl% (sin@ sin ¢y — sin 6 cos(¢ps + ¢m)> ] sinc { (sin 6 — sin 65 sin(¢ps + 247",)) ]

jkh tzane (sine — sin 6 sin(¢, + 24’"1)”

+o00 ( )Zn

ko’
01240 =exp <fk2(7217;2)A6 ) 7Zf W(H)(kﬂ;,kij;)

n=1

/

Af A — =
COV([AWOG, 12{‘)’\7) :(71240 exp {ijn; (J + X SIN(P) + Yim cos((pm)” sinc (kn&ﬁ) if Aj > 0and Ag > 0 (for Ay see Table 5)

L

Iyh tan 0 cos ¢, if cos ¢, > 0 and sin(¢s + ¢p) > 0

A =X Iyh[tan 0 cos ¢y + tan Os sin(Ps + ¢ )],  if cos > 0 and sin(¢s + ¢py) < 0and 6 > tan™! (

0,

_tanfs sin(¢s + ¢m)
COS Py
otherwise

1% = sin 0 sin ¢y, — sin s cos (s + P )
17@ =sin 6 cos ¢y, — sin O sin(¢ps + Pm)

72 = — cos 6 — cos 0

The scattering areas relevant to the WG and GW contributions are proper projections
of the target walls on the rough background surface as detailed in [20,22]. Indeed, they are
the same as evaluated in the GO-GO bistatic model [22]. It is noteworthy that in Table 5, the
expected value of the scattering integral (I5,) must be evaluated as either (I, )y if the mth
target wall is illuminated (i.e., cos ¢, > 0) or as (Ia,)gh if it is shadowed (i.e., cos ¢ < 0).

Finally, the covariance between the double-bounce terms COVINSEW can be written as

2
COV,,/ W — <4km> |Eop 2SSV cov(Iye, 1Y) (35)
where the superscript * denotes the complex conjugate, while S%G and SS,;N stand for the
pq entry of the scattering matrices relevant to the WG and GW terms, respectively, whose
expressions are provided in Tables 4 and 5. The covariance between the scattering integrals
COV(I}%G, IESN) is reported in Table 4. It is worth mentioning that such a covariance
is non-null only if both double-bounce terms are non-null. Notwithstanding, it is non-
negligible only in limited scattering geometries, for which 7 is sufficiently small (see
Table 4). Remarkably, in backscattering 1, = 0 regardless of the target orientation and, then,
the covariance coincides with the variance of both double-bounce scattering terms. Actually,
in this latter case, the double-bounce fields sum up coherently and the corresponding power
is four times that of each double-bounce terms [20]. It is also worth noting that in the case
of maximum correlation, i.e., 7, = 0, the local incidence angles on the wall ¢, and ¥,
coincide for both double-bounce terms (see Tables 4 and 5).
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Table 5. Double-scattering contribution (ground-wall).

_ 2sinfs sin(¢n +¢s)

Shh —
sin? Y,

_ 2sin@sin(¢p + ¢s)

‘h N pu—
v sin? [/

_ k202
(Ing)int =Agexp [— -

(cos @ + cos 95)2} sinc {kl% <sin9 sin ¢, — sin s cos(¢s + cpm))} sinc{

{ — sin(2¢m + ¢s) {RE (6)(cos 8 + cos bs) + (cos fs — cos 6)] {R‘f (1,,) cos? B sin? (¢ + Ps) — Ry/v (,,) cos? (pm + 475)]

— co8(2¢m + ¢s) cos O sin(p + ¢s) cos(Pm + Ps) {RE(G)(l + cos @ cosbs) + (1 — cos b cos 9)} [R‘iv (¥,,) + R}’X(En,)} }

{ + cos(2¢m + ¢s) {R/G/ (6)(1 4 cos 0 cosbs) + (1 — cos b cos 0)} [R‘f(ﬁm) cos? 0 sin2(¢m +¢s) — R}’/‘/(Em) cosz((pm + 4:5)]

— sin(2¢m + Ps) cos O sin(p + ¢s) [R/G/(G) (cos @ + cos bs) + (cos bs — cos 9)] {R‘iv(ﬁm) + R}//v (ﬁm)] }

P, = cos™! [sin B sin(¢y, + tPs)]

kh tan 0

(sin 0 sin ¢s + sin 05 cos(¢ps + 2<pm)> }
—jkh tan 05

exp{ —jk [xm sin s cos(¢s + 2¢m ) + Ym (sin @ — sin 65 sin(¢ps + 24),,1))} } exp [f <sin 6 sin ¢s + sin 6 cos(¢ps + 24),,,))}

(Ing)sh =(Iag i exp[—jkly (sin 6 cos ¢y + sin O sin(¢s + ¢ )]

(71240 =exp (—kztfzﬁg)Xo f

(ka7 )" I
T{ZW(M (knx’ kWy)

Ih tan 6 sin(¢s + ¢m), if sin(¢s + ¢m) > 0 and cos ¢, > 0

Ag =X Lyh[tan s sin(¢s + ¢ ) + tan 6 cos @), if sin(ps + ¢ ) > 0 and cos ¢y, < 0and < tan~! (

0,

_ tanéfs sin(¢s + ¢m)
COS ¢
otherwise

7, =+ sin@sin ¢y, — sin s cos(Ps + Pm)
71, = — sin 6 cos Py + sin s sin(Ps + P

77, = —cos B — cos 05

For better assessing the scattering geometries most impacted by such a correlation,
Figure 6 shows 2-D graphs of the sinc term appearing in the covariance covy W for
different orientation angles and relevant to a single target wall. As a matter of fact, the
two double-bounce terms can be safely considered uncorrelated in most configurations,
with the exception of those for which sin s sin(¢s + ¢r,) is equal or sufficiently close
to sin 6 cos ¢, It is useful to underline that the sinc term appearing in the covariance
expression allows for a clear physical interpretation. It originates from the finite spatial
extent of the effective scattering region contributing to both WG and GW double-bounce
mechanisms. In particular, the kernel included in the covariance includes phase terms over
a finite surface area, which leads to a sinc function related to the Fourier transform over a
limited support. From a physical standpoint, this term controls the degree of coherence
between the WG and GW contributions. When the phase difference between the two
scattering mechanisms (i.e., the propagation paths) remains small over the illuminated
area, the argument of the sinc function approaches zero and the covariance is maximized,
indicating strong correlation. This always happens in the backscattering case, where the two
propagation paths coincide exactly. Conversely, for increasing phase mismatch—driven
by changes in geometry parameters such as incidence angle, scattering angle, or target
orientation—the geometric decorrelation increases and coherence decreases.
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Figure 6. Sinc term of the covariance between the WG and GW scattering contributions (see Table 4)
for (a) 1 = 0°, (b) ¢; = 30°, and (c) ¢; = 60°. The look angle 6 = 30°, the frequency is 10 GHz, and
the target has dimensions [ = & = 1 m. The red cross highlights the backscattering direction, namely
s = 30° and ¢s = 90° in this configuration.

3.3. Triple-Bounce Contributions

The triple-bounce WGW contributions are those scattering terms undergoing a double
reflection from the target wall and a single reflection off the ground rough surface, see
the yellow lines in Figure 2. This is the only triple-bounce scattering term arising in the
considered scattering problem due to the assumed target geometry (i.e., smooth and vertical
walls). Similarly to the WG term, the first reflection from the target wall gives rise to a
plane wave propagating in the lAcsp direction, while, similarly to the GW term, the plane
wave reaching the receiver is that propagating in the direction ksg after the reflection off
the rough surface. Accordingly, the overall scattering matrix éWGW

reflection can be evaluated as follows:

relevant to the triple

§WGW = SW (i%sgr IA{S)QG (i%sp/ ksgr ﬁ)éw (i%i/ ksp) (36)

where lAcsp and I%sg are provided in (28) and (30), respectively.

The scattering area is evaluated by following the approach in [22]. Remarkably, the
area of the ground surface contributing to the triple-bounce scattering is evaluated as
the intersection between two parallelograms (see Figure 7), namely those obtained by
projection of the target wall on the ground surface along the IAcsp (green parallelogram)
and the ksg (red parallelogram) directions. The former identifies the portion of ground
impinged by the EM energy after the first reflection off the wall, while the latter identifies
the portion of ground that might potentially contribute to the EM field at the receiver after
the second reflection off the wall. Their intersection then provides the ground area actually
contributing to the WGW term. The common area can be either a quadrilateral or a triangle,
depending on the target and system geometry, as illustrated in Figure 7 and detailed in [22].
It is a quadrilateral if, in addition to (27) and (32), the following condition applies [22]

L > hmy|tan(¢n) — cot(¢ps + dm)|,

(37)

where m, is reported in Table 6.

The analytical expressions of the scattering matrix and the scattering integral are
reported in Table 6, where ¢, and ¢, stand for the local incidence angle on the wall at the
first and second reflection, respectively, and are evaluated as in (26) and (34). It is worth
noting that, in the limiting case of backscattering (i.e., 6; = 6 and ¢s = 71/2), Py, = Em,
regardless of the target orientation angle.
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Table 6. Triple-scattering contribution (wall-ground-wall).
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sin? ¢y, sin’ [

Svn = [Ty (Dpy + Djy) + Tog(Dyy + D)
Tpp =RV (§,,) cos” O sin® (¢ + ¢s) — R (§,,,) cos® (¢m + )

Ty =[RY (F,) + RYf (3,,)| cos b sin(u + 9.) cos(g + p5)
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D,y = — sin s cos 0 sin @y cos P [RE 6)(cos 0 + cos bs) + (cos bs — cos@)] [R‘J’_V(t,bm) + Ry/v(lpm)],

(
D;,’q = — cos ¢ [R/G/((?)(l + cos 6 cos bs) + (1 — cos b5 cos 9)] {R}'/V(zpm) cos? 0 cos? P — R‘f(lp,,,) sin? q)m] ,
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D,;'q = — €08 ¢ €08 0 sin ¢y, cOS Py [R(j (0)(1+ cos 6 cosbs) + (1 — cosbs cos 9)] [R‘f(lpm) + R}'/‘](tpm)] ,

m = cos™ ! (sin @ cos ¢y, )

P, = cos™![sin O sin(¢m + ¢s)]

) = esp i€+ 2] () sime (€ )25 ) -t + ) sine (€ - 257 )]

o\ — 2 (kopl )2 o
o, =exp (—k2e*" )AL Y ( ZZ) W (ki k)

!
n=1 :

4 —2k20? 1wt o o |

A= 7k2ﬂ2m* exp(*ﬂé T) exp (]kﬂ,’é”;) exp (]kq;xw exp []k% (wﬂ + m%>}
x~/m = Xy COS Py — Y SIN Py, y;n = Xy SIN Py + Yim COS Pry

217? +ylm™

=
nxm

knl, kn _
C= , leT*lm, TQ:T"(lmme)

ny = min [tan 6 cos ¢y, tan b, sin(¢s + Pm)], m* = |tan ¢m £ cot(¢ps + ¢m)|

hmym™ .
hmy, if (37) holds E hmy( Iy — —>— ], if (37) holds
F={1, . Ay=F(ly—sm ) ={ 2
—,  otherwise 2 12 .
m —/, otherwise
2m=

7% = + sin 6 sin ¢y, — sin 65 cos(¢ps + P )
@ =+ sin 0 cos ¢y, + sin bs sin(¢Ps + P

1L = — cosf — cos b5

Finally, it must be noted that the triple-bounce WGW contribution exists if the tar-
get wall is directly illuminated by the plane waves propagating both in the k; and the
lAcsg directions, i.e., if both (27) and (32) apply. Accordingly, the expressions of the coher-
ent and incoherent components relevant to WGW reflection reported in Table 6 must be
considered null if at least one between (27) and (32) does not hold.
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Figure 7. Ground scattering areas contributing to the triple-bounce term WGW in the (a) quadrilateral
case, (b) triangle case. The area contributing to the WGW term is the intersection between the red
and green parallelograms.

3.4. Model Overview

To facilitate readability of the derivation procedure and the reproducibility of the
proposed model, we summarize here the main derivation steps leading from the general
scattering formulation reported in Section 2.1 to the closed-form expressions reported in
Tables 4—6. Indeed, here we focus on the derivation of multiple-bounce terms, being single
reflections from rough and smooth surface using KA well-assessed topics in microwave
scattering theory.

The analytical expressions reported in Tables 4—6 are derived starting from the gen-
eral formulation of the scattered field given in (6)-(7), by specifying, for each scattering
mechanism, the corresponding scattering matrix and scattering integral.

More specifically, the scattering matrix relevant to the multiple-bounce terms is con-
structed by proper combination of the elementary reflection contributions from the rough
ground and the target walls. In particular, the overall scattering matrix is obtained as
the product of the matrices associated with each single reflection, according to (29), (31),
and (36) for the WG, GW, and WGW contributions, respectively. For scattering matrix
evaluation, it is useful to recall that the input vectors ki, ks, IAcsp, and IAcsg are defined in (3),
(4), (28), and (30), respectively.

The scattering integral I4¢ is evaluated by identifying, for each scattering mechanism,
the phase term through the appropriate difference vector and the corresponding scattering
area, that accounts for the effective ground area illuminated by both the transmitter and the
receiver. These quantities depend on the specific interaction geometry and are explicitly
reported in the bottom part of Tables 4—6. In particular, they are identified as A}, and 7/,
Apand 77, A’y and 7/, for WG, GW, and WGW terms, respectively. Once such replacements
have been perforIrTed, the scattering integral statistics, i.e., mean and variance, can be
computed in a way similar to the single-reflection term.

The relative importance of the different scattering mechanisms depends on both the
acquisition geometry and the surface roughness. A qualitative summary is provided
in Table 7.
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Table 7. Qualitative dominance of the main scattering mechanisms.

Scattering Mechanism  Main Characteristics

Single reflection from gound: near-specular reflection; the smoother the surfaces,

Ground (single) the stronger the contribution
Single reflection from target roof: specular reflection; dominates in the specular
Target roof (single) reflection in presence of rough ground; practically negligigle in far-from-specular
directions
Target Wall (single) Smg!e .reﬂe'ctlon frc.)m target walls: Weak except near grazing angles; can be assumed
negligible in practical remote sensing applications
Double bounce ground-wall (GW) and wall-ground (WG): dominate over single-
WG and GW and triple-bounce terms in the backscattering region; they coincide in amplitude
a and phase only in the backscattering direction; stronger and more directive for
smoother ground surfaces
WGW Triple reflection wall-ground-wall: strong near backscattering; weaker than double-

bounce terms; stronger and more directive for smoother ground surfaces

4. Results and Discussion

In this section, we provide some comparisons of our GO-PO bistatic scattering model
with other models, numerical tools, and measurements available in the literature. Model
input parameters are reported in Tables 8 and 9 for the different scenarios analyzed,
where an isotropic Gaussian-correlated background surface has been assumed. To provide
quantitative information about the applicability of the proposed model, we also report the
rms slope, that can be evaluated as 20/I. for the Gaussian ACEF. In all the considered test
cases, the rough surface rms slope is lower than 0.25, but for the last scenario. As follows in
this section, the ground, the target, and the composite RCSs are evaluated according to the
proposed GO-PO model as detailed in Section 3.

Table 8. GO-PO model input parameters for validation with numerical /hybrid solvers.

Figure 8a Figure 8b Figure 9 Figure 10
Frequency 10 GHz 10 GHz 3 GHz 10 GHz
Look angle varying 45° 40° 40°

Diel. const. (target)

Aluminum [30]

Aluminum [30]

445+ j2.72 x 107

445+ j2.72 x 107

Diel. const. (ground) Aluminum [30] Aluminum [30] 70.07 + j40.19 72.10 +90.13
Rough surf. std. dev. (0) 0 0 7.6 mm 67 mm
Rough surf. corr. length () 12.8 pm 12.8 pm 86.4 mm 1.68 m
Rough surf. RMS slope 0 0 0.176 0.080
Target size (I; x I x h) 6 x 6 x 6 cm? 6 X 6 x 6 cm® 120 x 20 x 10 m? 31.6 x 4.3 x 5m°>
Target orientation (¢7) 0° 0° 0° 0°
Polarization \'AY \'AY% HH \'A%
Table 9. GO-PO model input parameters for validation with measurements.
Figure 11a Figure 11b Figure 11c Figure 12
Frequency 9.65 GHz 9.65 GHz 9.65 GHz 8 GHz (a); 14 GHz (b)
Look angle 52.25° 52.25° 52.25° 0°
Diel. const. (target) 8.0+ 0.5 8.0 +j0.5 4.0 +50.05 Aluminum [30]
Diel. const. (ground) 8.0+ j0.5 8.0+ /0.5 14.0 + .01 Aluminum [30]
Rough surf. std. dev. (0) 1.4 mm 1.4 mm 10 mm 0
Rough surf. corr. length (I¢) 1.8 cm 1.5cm 55cm 10 pm
Rough surf. RMS slope 0.156 0.187 0.364 0
Target size (I; x I x h) L 0% 65m Ll 0x65m® — L 0x65m®  280.5 x 2406 x 1.8 mm®
cos(¢1) cos(¢1) cos(¢1)
Target orientation (¢) varying varying varying 0
Polarization HH HH HH -
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Figure 8. Comparison of our GO-PO model (black lines) with the MLFMM (red line) and the facet-
based GO-PO (blue line) described in [16]. GO-PO (facet-based) and MLFMM comparison results are
taken from (a) ([16] Figure 8a) and (b) ([16] Figure 8b). Concerning our GO-PO model, in addition to
the overall RCS (black solid line), we also show the single-bounce RCS (black dashed line), and the
multiple-bounce RCS (black dotted line) evaluated according to Section 3.

100
—Composite

-90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90
Receiver polar angle 6, (°)

Figure 9. Comparison of our GO-PO model (solid lines) with the results in([17] Figure 7a) (dashed
lines with circles) relevant to ship (orange), sea (cyan), and total (black) RCS. For the sake of concise-
ness, the legend explains only color association.
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Figure 10. Comparison of our GO-PO model (solid orange line) with the numerical simulation results

in ([18] Figure 16) (dashed black line with circles) relevant to ship RCS.
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Figure 11. Comparison of our GO-PO model (black line) with the monostatic measurements provided
in [21] (red crosses) and the companion GO-GO model (blue line) in different scenarios, namely
(a) residential buildings over asphalt, (b) industrial buildings over asphalt, and (c) residential build-
ings over grass-covered soil. Measurements have been extracted from ([21] Figure 2).
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Figure 12. Bistatic RCS of a thin metallic plate at (a) 8 GHz, and (b) 14 GHz. GO-PO (black solid line),
measurements (black circles), numerical PO (cyan dashed line).

Remarkably, we compare the proposed analytical GO-PO bistatic scattering model
with the numerical hybrid approaches discussed in [16-18] and with the measurements pre-
sented in [21,31] relevant to backscattering and bistatic scattering geometries, respectively.

Additionally, it is worth mentioning that the subsequent analyses are carried out by
assuming an isotropic ground surface, even though the proposed model can deal with
surface anisotropy via the nth-order power spectrum W (-,-) that can be set according to
the closed-form formulas in Table 1 or be numerically evaluated from any arbitrary surface
spectrum as discussed in Section 2.2.

Finally, a last remark about computational efficiency of the proposed GO-PO model.
Compared to full-wave or numerical/hybrid methods, fully analytical models, such as
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the proposed GO-PO, exhibit, possibly, much higher computational efficiency due to the
absence of computationally demanding numerical integration. Notwithstanding, compared
to other closed-form models, such as GO-GO or GO-SPM, the proposed GO-PO model
still requires the evaluation of the series appearing in the scattering integral variance (as
reported in Tables 2-6). This leads to a relatively increased computational complexity
compared to other analytical methods (e.g., GO-GO), even though it remains well below
that of numerical/hybrid approaches. Indeed, the GO-PO results relevant to the test cases
analyzed in the subsequent Sections 4.1 and 4.2, where a Gaussian ACF is assumed due to
the lack of adequate information in the relevant literature, are obtained in few seconds with
a common workstation (16 GB RAM, i7 9750H). In the case a closed-form expression of the
nth-order power spectrum is not available, the computational complexity may significantly
increase due to the numerical evaluation of the nth-order power spectrum from the surface
roughness ACF via (11). Finally, if the rough surface statistics are provided by means
of its surface power spectral density (as it is typically the case for sea surface), a further
numerical integration step is required in order to evaluate first the surface ACF via (12).
In the case that numerical evaluation of the nth-order power spectrum is required, the
evaluation of the scattered field for a large amount of observation/incidence directions can
be sped-up by construction of look-up tables of the W) (k,, ky) function. This preliminary
step is undertaken once for all and takes few minutes on a common workstation. Finally, it
is worth noting that the infinite series appearing in the variance of the scattering integral
exhibits fast convergence in most practical configurations within the validity range of the
PO approximation. In addition, convergence acceleration techniques, such as the Shanks
transformation, can be employed to further improve numerical efficiency when needed [32].

4.1. Comparison with Numerical Solvers

In this section, we provide some comparisons with different numerical solvers devel-
oped to deal with the scattering problem in the scenarios of interest in our work. First,
we consider the results reported in [16], where the composite scattering from complex
targets over a rough surface is evaluated by means of a facet-based GO-PO asymptotic
model. However, in [16], the nomenclature GO-PO is used to refer to a combination of
ray tracing and PO to determine scattering from the facets belonging to either the rough
surface or the target and, hence, our approach is rather different as GO is adopted for
scattering from the target walls and PO to scattering from the rough surface. Additionally,
our GO-PO model is fully analytical (at least for the surface types reported in Table 1),
i.e., the scattered-field statistics are expressed via algebraic functions of both system and
scene parameters. Accordingly, neither ray-tracing nor numerical solvers are required, even
though simplified target geometries can be analyzed.

Figure 8 compares the results obtained with our model (black lines) with those shown
in ([16] Figure 8a) and ([16] Figure 8b), respectively, (blue line) which are relevant to scatter-
ing from a perfect electric conductor (PEC) cube on a PEC square plane in backscattering
(Figure 8a) and bistatic scattering (Figure 8b). The results obtained in [16] through the multi-
level fast multi-pole method (MLFMM) are reported as well for further comparisons (red
line). In this simplified geometry, our model (solid black line) exhibits a good agreement
with both numerical models showing only slight discrepancies in the backscattering case
for 0 ranging from 30° to 40°. In backscattering (Figure 8a), the overall RCS is dominated by
the single-scattering contributions from the target roof and the background plane for low
look angles (see the black dashed line), whereas, for increasing look angles, the multiple-
bounce terms are the dominant contributions (see the dotted line), as also noted in [16].
Figure 8b shows results for in-plane bistatic scattering, i.e., for scattering directions lying in
the incidence plane, that, in the reference system adopted here, coincides with the yz plane.
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In accordance with [16], negative values of 0; correspond to ¢s = 71/2 (backward region),
while the positive ones to ¢s = 3/27 (forward region). In such a geometry, the peak of
the overall (i.e., target, surface, and coupling) RCS is measured in the forward-scattering
direction, i.e., for 65 = 45°, where specular scattering from single-bounce terms dominates
(see black dashed line). Conversely, the multiple-scattering contributions dominate in
backscattering, leading to RCS enhancement around 6s = —45° (see black dotted line). It is
worth emphasizing that the facet-based GO-PO approach in [16] is a hybrid high-frequency
method based on surface discretization and ray-tracing techniques, which are required
to model shadowing effects and multiple interactions. While this approach can provide
accurate predictions for complex geometries, it does not lead to closed-form expressions
and, therefore, is poorly suited to parametric analysis and offers limited physical insight
into the dependence of the scattered field on the scene parameters.

In contrast, the proposed analytical GO-PO model provides explicit algebraic expres-
sions for the different scattering contributions, enabling both a direct interpretation of the
underlying mechanisms and a significantly reduced computational cost. Accordingly, the
two approaches should be regarded as complementary rather than competitive, their use
depending on the specific application requirements.

Second, we compare our results with those reported in [17], where scattering from
the target and the rough surface is evaluated numerically through a facet-based approach
and by using a combination of GO and Bass—Fuks two-scale model, while the method of
equivalent current is adopted along with a combination of the four-path model [33] and
the quasi-image method to calculate the target-surface coupling, i.e., the multiple bounces.
Figure 9 compares the ship (orange), sea (cyan), and overall (black) RCSs evaluated accord-
ing to our model (solid lines) with the results shown in ([17] Figure 7a) (dashed lines with
circles), which are relevant to a realistic ship with slightly tilted walls and superstructures,
see ([17] Figure 7a). The results shown in Figure 9 refer to in-plane scattering with the
same convention as in Figure 8b about the sign of ;. As emerges from Figure 9, our
model predicts a secondary peak in the backscattering direction (i.e., 65 = —40° in this
case) due to the multiple-bounce scattering, i.e., the EM coupling between the sea surface
and the vertical ship walls. Conversely, as mentioned above, the target model considered
in [17] includes geometrical details such as superstructures and walls slightly tilted both
downwards and upwards, which are not accounted for in our simplified model. These
features can generate additional multiple-reflection contributions, leading to the secondary
peaks observed in Figure 9, especially in the backward region. More specifically, in the
backward region, two separate peaks emerge in directions slightly lower (downwards
walls) and higher (upwards walls) than the backscattering one. In the forward region, our
model predicts larger RCS due to the much larger ship deck (target plane roof), that, in the
model considered in [17], is instead mostly occupied by superstructures. Notwithstanding,
despite the much larger complexity of the target model considered in [17], the GO-PO
model exhibits a reasonable overall agreement with the more computationally demanding
numerical solver.

Then, we consider the EM solver described in [18], which is a facet-based numeri-
cal method using KA combined with the graphical EM computing method to evaluate
illuminated and shadowed facets; EM coupling between the target and the rough surface
is evaluated by means of the four-path model [33]. As in [17], also the target considered
in [18] is a complex ship model with a curved hull and fine superstructures above the ship
deck, see ([18] Figure 15). Unfortunately, this scenario does not fit well with the validity
limits of PO. Indeed, as discussed in Section 2.1, the zeroth-order PO requires, among
other hypotheses, that ko|i;| be sufficiently small (theoretically ko|r,| < 1, practically
ko|n.| < 1). This condition is clearly not satisfied in the problem considered in [18], where
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ko|n,| varies in the range 10-25 over the whole range of 6;, see simulation parameters
in Table 8. Indeed, this case study refers to a simulation setup characterized by a large
roughness and high ko. Under this scenario, the power series in the scattering integral
variance converges very slowly and becomes numerically unstable, since a large number
of terms would be required for an accurate evaluation. This effect is particularly evident
for scattering directions close to backscattering and forward-scattering (i.e., for |6s| ~ 6),
where the numerical evaluation of the power series becomes unreliable. As a consequence,
the series representation reported in Tables 2—6 is no longer practically convergent in those
regions. Notwithstanding, we recall here that in the case of large ko, the companion GO-GO
model can be used. For the above considerations, in Figure 10 we show only finite values
of the ship RCS evaluated according to our GO-PO model (solid orange line) and compare
them with the corresponding simulation results reported in ([18] Figure 16). Notwith-
standing, it should be noted that, even considering this challenging scenario, the GO-PO
model fits reasonably well the numerical solver in predicting the EM behavior of the target
coupled with the rough background surface. It is also worth mentioning that the large sea
surface roughness of the composite scene considered in [18] fits better the validity limits of
the complementary GO-GO model described in [22], that, indeed, allows for computing
the field scattered in any direction and, in fact, is in good agreement with the simulation
results in [18] for ship, sea, and composite scattering, see ([22] Figure 5).

4.2. Comparison with Measurements

In this section, we provide some comparisons with RCS measurements of parallelepiped-
like targets acquired both in monostatic and bistatic geometries.

Figure 11 shows comparisons with the backscattering measurements provided in [21],
where the RCS of a large number of buildings with varying orientations is extracted from a
pair of spotlight TerraSAR-X images acquired in HH polarization on the city of Dorsten, Ger-
many. The spatial resolutions are 1.1 m and 1.2 m in azimuth and slant range, respectively,
while the incidence angles are 50.7° and 53.8° for the two acquisitions. The considered
building dataset comprises different types of scenarios, including residential buildings
over asphalt terrain (Figure 11a), industrial buildings over asphalt terrain (Figure 11b),
and residential buildings over grass-covered soil (Figure 11c) [21]. The geometric and
dielectric properties of the buildings and ground have been derived in [21] by means of an
optimization procedure aimed at best fitting an analytical GO-SPM backscattering model
with the measurements extracted from the SAR images. All the model input parameters
are listed in Table 9 and are taken from [21]. As the measurements have been derived by
combining the returns from both images, here we consider an average look angle of 52.25°.
Additionally, the authors in [21] focused on the analysis of the SAR double-bounce line,
which is contributed by an horizontally limited portion of a single building wall whose
length must account for both the azimuth resolution and the building orientation. This
leads to the building dimensions setup as reported in Table 9. Accordingly, RCS evaluations
have been performed by considering only the WG and GW double-bounce terms. In this
test case, we compare the GO-PO model proposed here with the measurements extracted
from [21] and with the companion GO-GO model presented in [22] to better highlight
the complementary applicability of the two analytical models. Figure 11 reveals that the
GO-PO model exhibits a good agreement with the measurements in the first two test cases
where the buildings are placed over asphalt terrain, see Figure 11a,b, whereas a slight
overestimation can be observed in the residential / grass case, see Figure 11c. On the other
hand, the GO-GO model provides worse accuracy in the asphalt terrain cases, especially
for intermediate orientation angles, whereas it overcomes GO-PO in the grass-covered soil.
Such results are in accordance with the expected applicability of the two models. Indeed,
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in the asphalt terrain cases, the ground rms slope is very low (see Table 9), whereas the
surface roughness standard deviation is not much larger than wavelength. Conversely, in
the grass-covered soil case, rms slope is larger than 0.25, whereas the surface roughness
standard deviation is significantly larger than wavelength. Consequently, PO is expected
to provide better accuracy than GO in the first two test cases, and GO is expected to be
more accurate than PO in the third one. The results in Figure 11 also highlight that both
the GO-PO and GO-GO models exhibit lower accuracy for large orientation angles. This is
likely due to the fact that in such observation configurations, the multiple reflection terms
contributing to backscattering are related to out-of-plane scattering from the rough ground,
where both models are less accurate. It is also worth noting that the grass-covered soil
test case in Figure 11c could be characterized by non-negligible volume scattering from
grass at the considered operating frequency of 9.65 GHz. However, volume scattering is
not expected to be the dominant contribution compared to multiple bounces, especially in
the monostatic geometry (analyzed in this case study) and for buildings facing the radar,
i.e., for low building orientation angles. Indeed, the companion GO-GO model provides
good agreement with measurements, at least for orientation angles up to 25°.

To further assess the accuracy of the proposed GO-PO model in a real bistatic con-
figuration, we examined the experimental data presented in [31]. There, the bistatic RCS
of a thin metallic plate positioned above a smooth metallic ground plane was measured
at 8 GHz and 14 GHz under normal incidence condition (f = 0), with both transmitter
and receiver aligned along the plate’s long edge. The corresponding geometric and opera-
tional parameters are provided in Table 9. It is worth noting that our method requires a
statistical description of a rough ground surface, whereas the measurements in [31] were
carried out over a smooth metallic plate. To reproduce this scenario, both the surface height
standard deviation and correlation length were therefore set according to typical metallic
surface roughness [34], see Table 9. The results are reported in Figure 12 for (a) 8 GHz
and (b) 14 GHz and show the bistatic RCS evaluated according to our model (black solid
line), field measurements (black circles), and a numerical PO solver (cyan dashed line)
described in [31]. The imaging and geometric conditions of this test case cause the single-
scattering contribution from the plate to dominate over the multiple-reflection terms. This
is consistent with the characteristic sinc-like pattern visible in Figure 12. Overall, our
closed-form model exhibits a good agreement with the measurements up to 65 values as
large as 60°, from which it deviates significantly from measured data, likely due to the
near grazing incidence. Additionally, the estimations obtained with the proposed approach
are nearly indistinguishable from those produced by the numerical PO solver employed
in [31], further demonstrating the correctness of the proposed methodology.

4.3. Validity Limits

The applicability of the proposed GO-PO model is inherently tied to the validity
conditions of the KA and of its GO and zeroth-order PO solutions, that are studied in
classical textbooks on microwave scattering from random rough surfaces, e.g., [8,35,36].

First, KA requires that the mean radius of curvature of the scattering surface be much
larger than the wavelength and that shadowing and multiple reflections over the same
surface are negligible. These conditions typically impose low-to-moderate incidence and
scattering angles (e.g., 0,65 < 60°).

The GO approximation is adopted only for the target walls, which are assumed to be
smooth and electrically large. Under these conditions, the scattered field can be accurately
described as a single plane wave propagating in the specular direction. Accordingly, no
roughness-related constraints (e.g., on ko) apply to the target contribution.
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Conversely, the rough background surface is modeled through the zeroth-order PO
approximation, which introduces additional constraints. In particular, PO requires the
surface being gently to moderately rough, i.e., characterized by small local slopes (typ-
ically rms slope lower than 0.25), and that the parameter ko7, | be sufficiently small to
ensure practical convergence and reliability of the power series appearing in the scattering
integral variance.

From a practical standpoint, the zeroth-order PO approximation is reliable when
ko|n;| <1, and may lead to slow convergence and numerical instability for larger values
(approximately ko|n;| 2 3). In such cases, higher-order approximations or the companion
GO-GO model are more appropriate.

A schematic representation of the validity limits of the proposed GO-PO model are
summarized in Table 10.

In summary, the proposed GO-PO formulation is best suited for scenarios involving
electrically large, smooth, and parallelepiped-like targets over mildly rough surfaces (e.g.,
calm to moderate sea or smooth terrain). Its accuracy degrades in the presence of highly
rough surfaces, large values of ko|1j;|, high incidence and/or scattering angles, moderate-
to-dense vegetation.

To further clarify the applicability of the proposed formulation and its relationship
with the companion GO-GO model, we report a qualitative map of the validity domains of
GO and PO for ground scattering modeling in Figure 13.

10 I T I T I T I i T I T T T T T T T T T T T T T
— KA average radius: l? = 2.7604
Q H— — PO small-slope: rms slope = 0.25 -
—-=- KA horizontal smoothness: k. = 2z
g H— GO/PO threshold: koln,| = 3. 6 = 30°, 6, = 10° |
—— GO/PO threshold: koln,| = 3, 6 = 30°, 6, = 30°
7 GO/PO threshold: koln,| = 3, 6 = 30°, 6 = 50° a
6 - .
L 5t GO applicability region |
4+ .
3+ e-m
2L S -
-~ 7 pOsm¥ zeroth-order PO applicability region
0 1 1 1 1 1 1 | 1 | 1 | 1 | 1 | 1 | 1

1 | 1 1 1 |
N I N S N N R IR BN SR S SR AN AP S AP
ki
Figure 13. Applicability domains of the GO and PO formulations for ground scattering as a function

of the normalized roughness parameters kl. and ko. The curves represent the validity conditions for
KA, GO, and zeroth-order PO.

The diagram is expressed in terms of the normalized roughness parameters ko and ki,
and includes the main constraints associated with the KA, the zeroth-order PO, and the
GO solutions, that are also mentioned in Table 10. In particular, the condition ko|#| is used
to highlight the transition between zeroth-order PO and GO regimes, while the constraints
on kl; and surface curvature identify the domain where the general KA-based framework
is applicable.

The figure shows that the GO-PO and GO-GO models operate in largely complemen-
tary regions of the roughness parameter space. The GO-PO formulation is suited for mildly
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rough surfaces with small slopes and moderate values of ko, whereas the GO-GO model
becomes more appropriate for very rough surfaces characterized by large ko. Accordingly,
the proposed GO-PO model should be regarded as a complementary extension, rather than
as a direct alternative, of the GO-GO formulation.

Table 10. Validity conditions of the proposed GO-PO model.

Component Model Requirement Condition
Tangent plane approximation 12 > 2760\
General framework KA Negligible shadowing/reflections 0,05 S 60°
Target walls GO Smooth and electrically large surfaces  h,1;; > A
Ground PO Small local slopes rms slope < 0.25
PO series - Convergence of power series kolnz| S1

5. Conclusions

In this paper, we have presented an analytical model for the EM scattering from a
composite scene comprising a parallelepiped target lying over a random rough background
surface. Closed-form expressions for the coherent and incoherent components of the single-
and multiple-bounce scattering contributions arising from the EM interaction between
the target walls and the rough surface have been derived within the framework of KA.
Remarkably, the GO and PO solutions are adopted for describing the EM behavior of
the smooth, and possibly lossy, target walls and the rough ground, respectively. More
generic expressions have been derived assuming a rough surface with an arbitrary power
spectrum, hence including anisotropic surfaces, and have been specialized for surfaces,
possibly anisotropic, with Gaussian or exponential correlation. The derived algebraic
formulas allow to express the overall scattered-field strength as a function of the main
system and scene parameters, e.g., frequency, polarization, incidence and scattering angles,
target size, composition, and orientation. The proposed model is fully analytic and, as
such, it does not require any facet decomposition, numerical integrations, Monte Carlo
simulations, or measurements calibration to determine the target RCS.

Comparisons with other numerical EM solvers and measurements available in the
literature have shown reasonable accuracy of the proposed model in predicting the bistatic
RCS of complex targets, including ships and buildings. Remarkably, in accordance with
the literature, our model predicts an RCS enhancement in the backward region due to the
multiple reflections between the rough ground and the target walls, which act like a mirror.

The proposed model provides an EM tool which is complementary to numerical
solvers: the former assumes a simplified target geometry and can provide fast and reason-
able estimations of the overall field scattered from the composite scene, whereas the latter
can simulate arbitrary target models at the cost of a possibly much larger computational
complexity. As a further relevant distinction, our analytical approach can provide physical
insights into the role of the main scene parameters involved into the scattering problem
and is more suited to the design of efficient inversion methods, such as the estimation of
geophysical or target parameters. Notwithstanding, the proposed approach relies on a
simplified target geometry and, hence, cannot describe the EM response of fine structural
details, such as windows and superstructures. However, as it has been demonstrated, the
model can describe with reasonable accuracy the main scattering mechanisms, including
the multiple reflections arising from the EM interaction between the target and the sur-
rounding rough surface. Additionally, the modeling of the ground surface scattering via
the PO solution makes the proposed formulations unreliable in presence of moderate-to-
very rough backgrounds. However, in such ground roughness conditions, the companion
GO-GO model could be adopted. Indeed, it is worth emphasizing that the proposed
GO-PO formulation is not intended as a direct alternative to the companion GO-GO model.
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Rather, the two approaches are complementary and address different roughness regimes,
as demonstrated in this work. The GO-PO model is particularly suited for mildly rough
surfaces, where the PO approximation provides a more accurate description of the ground
scattering. Conversely, the GO-GO formulation remains more appropriate for moderate-
to-very rough surfaces. In this sense, the proposed model extends the bistatic analytical
framework by filling a gap not covered by the GO-GO approach.

The formulations provided here may be exploited in urban (e.g., buildings) and
maritime (e.g., ships) domains, where potential applications might include bistatic remote
sensing systems design and analysis, target detection and discrimination, scene parameters
retrieval from bistatic microwave remote sensing data.

The analyses provided here might also support a correct human interpretation and
automatic processing of urban bistatic SAR images, possibly leveraging machine learning
paradigms. An example is reported in [37], where the proposed model was exploited to
investigate the so-called cardinal effect in bistatic SAR imagery revealing the role of the
building orientation and the imaging geometry on the building appearance in bistatic
SAR imagery.

Future research activities might be addressed to a more comprehensive validation
of the model, once bistatic measurements of the target RCS in presence of non-negligible
coupling effects will be available. This might be feasible in a near future, once planned
bistatic SAR (e.g., Capella bistatic SAR, PLT-1) or polarimetric GNSS-R systems (e.g.,
HydroGNSS) will be fully operational. Additionally, a more accurate scattering evaluation
might be achieved by adopting more refined geometrical models for both the target, e.g.,
including tilted walls, and the rough surface, e.g., using fractal geometry or including
non-linear effects in sea surface, as well as by using more advanced bistatic scattering
models, such as two-scale models, SSA.
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