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ABSTRACT: The electromagnetic characteristics analysis of the scattering signals from targets, which usually exist or are hidden in the
surrounding environment, is one of the necessary prerequisites for the reliable reception of echo signals. Utilizing the GNSS signals
as an opportunistic illumination source for detecting maritime targets has vast development prospect and scientific application value.
GNSS signals, including GPS signals, are the right-hand circular polarization waves at L-band. Therefore, in this study, a comprehensive
electromagnetic composite scattering model is established under circular polarization, which encompasses sea surface scattering, target
single scattering, target multiple scattering, and coupled scattering between the target and sea surface. Then, the research investigates
the variation characteristics of different scattering components (including the scattering of sea surface, the first, second, and third-order
scattering of target, the total scattering of target, the coupled scattering of target induced by the reflection waves from sea surface, and the
coupled scattering of sea surface induced by the reflection waves from target) in the composite scene under different polarizations, incident
angles, wind speeds, and headings. The results indicate that the scattering of sea surface under LR polarization (which means that the
polarization states of scattering and incident wave are left-hand circular polarization (LHCP) and right-hand circular polarization (RHCP),
respectively) is significantly greater than that under RR polarization, while the opposite trend is observed for the target. Therefore, in
the applications such as the detection and identification of ship targets on sea surface, it is better to choose the right-hand circular
polarization channel to receive the scattering echo signal from target, which could effectively suppress the scattering echo of sea surface.
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These findings are of crucial significance in enhancing the effectiveness and accuracy of maritime target detection.

1. INTRODUCTION

etecting the state of ocean, such as sensing sea ice, ocean

wind retrieval, salinity retrieval, wave height retrieval, or
detecting radar targets on ocean requires a comprehensive set
of data. In practical terms, the investigation and analysis of the
electromagnetic (EM) composite scattering between the radar
targets and sea surface hold significant practical importance
for both the sea surface and maritime targets. Increasingly,
more countries are emphasizing the development of marine re-
sources, the monitoring of marine environment, and the detec-
tion of marine targets. Numerous scholars have made outstand-
ing achievements in the field of computational electromagnet-
ics [1-4]. At present, the main ways to research on the compos-
ite EM scattering between the radar targets and sea surface are
three methodologies: numerical methods, approximate meth-
ods, and hybrid algorithms.

The principle of the numerical methods is to analyze the tar-
get and rough surface as an integrated system. Burkholder et al.
introduced a generalized forward-backward (GFB) method to
calculate the radar cross section (RCS) of two-dimensional (2-
D) ship-like targets on a rough sea surface [5]. The team led by
Zhang presented an effective method of fundamental solution
(MFS) for numerically simulating composite EM scattering of
2-D object on rough surface [6]. This approach, which is devoid
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of mesh schemes and singularity analysis, allows for the direct
derivation of the desired field based on the fundamental solu-
tion of the relevant wave equation. Cloak et al. [7] presented
the multiple sweep method of moments (MSMM), which is the
first attempt to numerically solve three dimensional (3-D) tar-
gets on the ocean-like rough surfaces. Zhang et al. [8] intro-
duced the mode-expansion method, which requires 6% fewer
unknowns than the traditional moment of method (MoM), to
calculate 2-D EM wave scattering from perfectly electric con-
ducting (PEC) objects on rough ocean surfaces. The accuracy
of this method was validated by the iterative MoM, and it suc-
cessfully addressed various challenges in the solutions. Kuang
and Jin [9] proposed a numerical finite-difference time-domain
method for EM scattering calculation from a target on rough
surface. Wei et al. [10] presented the extension of an effi-
cient multiregion model using the single integral equation (SIE)
method. This method enables the calculation of EM scatter-
ing from dielectric rough surfaces, regardless of the presence
of PEC targets on the rough surface.

The underlying principle of the approximate methods is to
decompose the overall field of composite scattering into three
components, namely the target field, sea surface field, and cou-
pled field. Through judicious approximations made under ap-
propriate conditions, these three components can be vector su-
perimposed, yielding the accurate final results. Chiu and Sara-
bandi [11], as well as Lawrence and Sarabandi [12] proposed
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an EM scattering solution for the interaction between a dielec-
tric cylinder and a slightly rough surface using the reciprocity
theorem. The four-path model proposed by Johnson [13, 14]
is currently the most widely utilized method, which considers
the rough surface as a large plane, and the coupling effect be-
tween the target and rough surface is replaced by mirror reflec-
tions. The four-path model can reasonably predict the coher-
ent scattering. However, it could not calculate the incoherent
object/surface interaction effects that can make significant con-
tributions to received cross sections. Burkholder et al. [15, 16]
investigated radar scattering issues of targets on a rough sea
surface respectively using the methods of iterative physical op-
tics (IPO) and shooting and bouncing rays (SBR). Approxi-
mate methods constitute mature and effective computational
methods. In general, these methods include geometrical op-
tics (GO) [17], physical optics (PO) [18], iterative physical op-
tics (IPO) [19], geometrical optics and physical optics (GO-
PO) [20,21], bidirectional analytic ray tracing (BART) [22],
and others. For these ray methods, the shadowing effects for
multiple scattering in the optics field [23-25] should be con-
sidered to improve the calculation accuracy.

In the hybrid algorithms, different methods are used to cal-
culate the EM scattering of target and rough surface, then con-
sidering the coupling effect between the target and rough sur-
face. In comparison with the alternative methods, the hybrid
approaches are demonstrated to have superior calculation ef-
ficiency. He and Zhu [26] utilized an efficient hybrid MM-
PO method combined with UV technology to calculate the EM
scattering of a 2-D PEC target above a rough PEC rough sur-
face, which could effectively solve the scattering challenges as-
sociated with large-scale targets on rough surfaces. Guan et
al. [27] introduced the Kirchhoff approximation and moment
of method (KA-MoM) to analyze the EM scattering from tar-
gets above a 2-D PEC rough surface. This hybrid algorithm
only needs to discretize the grid of target, so the computational
time and memory diminish substantially. Yang et al. [28] ex-
plored an iterative hybrid method that integrates the KA with
the multilevel fast multipole algorithm (MLFMA), which could
provide a robust analysis of the scattering of 3-D objects above
a random dielectric rough surface. Bellez et al. [29] proposed
an efficient hybrid KA-EFIE formulation for analyzing the EM
scattering of a 3-D PEC object buried beneath a 2-D dielectric
rough surface. The above researches mainly focus on the linear
polarization EM composite scattering characteristics between
the target and rough surface with the plane EM wave incidence.

Therefore, the primary objective of this study is to estab-
lish a comprehensive EM scattering model that focuses on cir-
cular polarization composite scattering characteristics between
the sea surface and ship target in a complex scene at GPS fre-
quency of 1.57 GHz. The discussions are centered on the EM
scattering characteristics of different scattering components un-
der the conditions of different polarizations, incident angles,
wind speeds, and headings, which include the scattering of sea
surface, the first, second, and third-order scattering of target,
the total scattering of target, the coupled scattering of target in-
duced by the reflection waves from sea surface, and the coupled
scattering of sea surface induced by the reflection waves from
target. The rest of this paper is organized as follows. Section 2
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provides an overview of the modeling of the circular polariza-
tion composite EM scattering for the interaction between the
target and sea surface, which involves the EM scattering model
of sea surface under linear polarization configuration and circu-
lar polarization configuration, the EM scattering model of tar-
get (This subsection includes single scattering, secondary scat-
tering and multiple scattering), and the coupled EM scattering
model for the target and sea surface. Section 3 gives the veri-
fication of the proposed computational methods, simulation re-
sults, and discussions regarding the EM scattering characteris-
tics of the sea surface and ship target. Finally, the conclusion
is presented in Section 4.

2. COMPOSITEEM SCATTERING MODEL FOR THE IN-
TERACTION BETWEEN THE SEA SURFACE AND TAR-
GET

The scattering components between the sea surface and over-
lying target primarily include sea surface scattering, target sin-
gle scattering, target multiple scattering (caused by the dihe-
dral or trihedral structure of the target itself), and coupled scat-
tering between the target and sea surface, which could be de-
composed into the target-coupled scattering induced by the re-
flection waves from sea surface impacting the target and sea
surface-coupled scattering caused by the reflection waves from
target impacting the sea surface, as illustrated in Fig. 1. The EM
scattering models for each scattering component are separately
introduced below.

2.1. EM Scattering Model of Sea Surface

2.1.1. Linear Polarization Configuration

According to the two-scale composite surface and Bragg reso-
nance assumption, the sea surface can be regarded as a series
of small slightly rough facets with capillary waves as their mi-
croscopic random roughness [30]. The positions of these small
facets are determined by the large-scale sea surface profile n(r),
as shown in Fig. 2. For a small facet, considering a unit plane
wave that propagates along the 2'0’2’ plane of the local coor-
dinate system, the corresponding scattering amplitude can be
expressed as [31].

k21—
Spq (ks, ki) = %fm //C(r’) exp(—iqo - r')dr’ (1)

where ((r’) is the height variation of the micro-rough surface;
qo = k (ks — k;) is the scattering vector; k; and k; are the
wave propagation vectors of the incident and scattering waves,
respectively; & is the wavenumber; ¢ is the dielectric constant
of seawater; f,, is the polarization factor. Subscripts p, ¢ re-
spectively represent the polarization states of the scattering and
incident waves, which can be horizontal polarization (k) and
vertical polarization (v). The polarization factors can be ex-
pressed as [31]

fon = [1+ Ru(09)][1 + Ry (6;)] cos ¢,
for = [1 = R,(0)][1 + Ru(0.)] cos b, sin ¢/,
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FIGURE 1. Schematic diagram of the scattering components between the sea surface and overlying target.

! /! —~
Joo = %[1 + R, (02)][1 + R,(0)] sin; sin 0, [ V/i Vi V/i - h; ] )
hi-vi h; h;
—[1 = R, (0))][1 — R, (65)] cos 0, cos 0’ cos ¢, (4)
. where h and Vv represent unit horizontal polarization and ver-
fio = [1+ Rp(02)]11 — Ro(87)] cos ; sin 6 ®) tical polarization 5ect0rs. The subscriptf “¢” and “s” denote
where R, and R}, are the Fresnel reflection coefficients for ver- the parameters of the incident wave and scattering wave, re-
tical and horizontal polarizations, respectively, and 6}, 6., ¢’ spectively. The variables with a prime denote unit polarization
represent the local angles corresponding to the incident and vectors in the local coordinate system.
scattering waves in the local coordinate system. Considering Thus, the scattering field of an individual small facet on the
the position of the micro-rough facet in the global coordinate sea surface is given by
system, the position vector of any point on the rough surface
rela'ti've to the local coor’dinate s'ystem origin O is r’, yvhile the g lacet (ky, ki) = 2 efﬁ S (ki, ky) )
position vector of the point relative to the global coordinate sys- Pq iR P?
tem origin O is r. The position vector of the center point O’ of .
the micro-rough facet relative to the global coordinate system where R represents th? dlstar'lce': between the small facet cen-
origin O is ro. So we can get ' = r — rg and dr’ = dr. Thus, ter and observation point. I‘F is important to note thgt, accord-
in the global coordinate system, the scattering amplitude of an ing to the two-scale composite surface theory, the microrough-
arbitrarily inclined micro-rough facet can be expressed as: ness profile ((r) is generated based on the small-scale capil-
- lary wave spectrum S [32]
Spq (kS7 kl)
- Sk), |k=>k
_ K1 =) g, , o ST (k) = { 0,< ) \‘k|| . ©)
= B, [[ ) ew(-ia v ar o)
where ke is the cut-off wavenumber, and S (k) is the
The polarization factor F},, in the global coordinate system two-dimensional wave spectrum, which is combined by
can be expressed as: Elfouhaily’s omnidirectional spectrum with the Languet-
Higgins directional distribution function.
P A However, in the specular scattering region, Equation (8) has
[ Fov Fon } = Vs' Vs Vs-h /5 [ foo fon } a strong dependence on the choice of the cut-off wavenumber
Fho Fhn h, - V/S h,-h, fro - fun keut. The Kirchhoff approximation is an effective method to
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calculate the scattering field in the specular scattering region.
Therefore, if the sea surface is divided into specular scattering
region and diffuse scattering region, Equation (8) can be em-
ployed to calculate the scattering field of the facets located in
the diffuse scattering region, while the Kirchhoff approxima-
tion [33] can be utilized to calculate the scattering field of the
facets located in the specular scattering region.

EXA (ky, ki) = iktbop - Esx// [(ﬁxE)—nisx(ﬁxH)}
exp (—iqo - r') dr’/
= ikoEo - Spq - // exp (—iqo - r') dr’  (10)

where ¢g = exp (ikR) /47 R, 1 represents the impedance of
seawater, while E and H denote the total electromagnetic fields
on the boundary.

The polarization factor can be expressed as

S = b+ |- (n- Ei) (@) (1-R)

+<§Sxﬁ/i> (q- v’)(n k)(l Rv)} (11)

where n is the unit normal vector; p is the unit polarization

vector of the scattering wave, taking values of either ﬂs or Vg
and q is the unit polarization vector of the incident wave, taking

values of either ﬁz or v;. Therefore, the scattering field of an
individual small facet on sea surface can be expressed as

KA .
E,. (ks, ki), specular region

Epq (ki ky) = ,
e { E““ (k,,k;), non — specular region

12)

The total field from a whole sea surface could be obtained by
the summation of the fields from all the tilted rough facets,

-3

m=1

ESS (ky, ki, t) E,, (K, k;) (13)

ﬁMz

where M and N are the numbers of the facets along x and y
directions, respectively. If the illuminated area of the sea sur-
face is A, the normalized radar cross section (NRCS) of a single
frozen surface sample is readily obtained by

47TR2 sea sea *
Tpq (K, ki, £) = 11—I>noo A [Epé (ks, ki, ) EG* (ks Ki, £) ]

(14

2.1.2. Circular Polarization Configuration

The circular polarization scattering field . can be expressed
in terms of the linear polarization scattering field F; as [34]

_ ERR ERL _1 1 ) 1 1
Ec_[ELR ELL}_Q T N R B L)

The GPS satellites transmit right-hand circular polarization
(RHCP) waves. Through simple matrix calculation, the left-
hand and right-hand circular polarization scattering waves un-
der the RHCP incident wave can be respectively expressed as:

Err = (Eyy — Epp —iEyn, — iERy) /2 (16)
Err = (Eyy + Epp —iEyp +iERy) /2 (17)

In the above expressions, E,,, Enn, Eypn, Ep, represent the
scattering field of linear polarization wave. The first subscript
of scattering field E denotes the polarization state of the scatter-
ing wave, and the second subscript represents the polarization
state of the incident wave. For example, the subscript LR indi-
cates that the polarization states of the scattering field and inci-
dent field are left-hand circular polarization (LHCP) and right-
hand circular polarization (RHCP), respectively.

2.2. EM Scattering Model of Target

2.2.1. Single Scattering

Assuming that a certain patch m on target can be illuminated by
the plane electromagnetic wave, the induced electric and mag-
netic currents on this patch are given by:

!/

— !
Ml,m = ﬁXE:<ﬁXh¢> (ahz)(l—FRh)E

/

+hi(g- V) (ﬁ : Ei) (1- R,) Fo (18)
Jlm:an:Knxﬁ/i)(q ) (14 R,)
Wia ) (ak) (1= R Eo| /1 19
In the above formulas
LN o)

According to the Stratton-Chu integral equation [35], the far-
field scattering field of the patch m can be expressed as:

E! .. (ks,k;)

prg,m

= Z]wai3 ' Es X / (Ml,m - UEs X Jl,m)

exp (—iqo - r') dr’ (1)
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The phase integral term in the above expression is calculated
using the Gordon method [36]. Thus, the overall single scatter-
ing field can be represented as:

. (Ks, K;) (22)

. Im’s,m

Zqum (k;, k)

where NN represents the total number of patches on the target,
and I,;s» = 1 indicates that the patch m can be illuminated
by the incident wave.

2.2.2. Secondary Scattering and Multiple Scattering

If the patch n can be illuminated by the reflected wave from
the patch m, the first reflected field E! of patch m is regarded
as the incident field of patch n for the secondary scattering of
patch n. And the reflected field E”! can be specifically repre-
sented as:

!

- PV o
£l = [h (@B )R+ (h ika) @-v nRv}Eo 23)

It is evident that the wave vector and polarization vector of
the reflected wave from the patch m are given by:

kr,m

K, —2n,, (ﬁr,m . ﬁm) (24)

/ ;

h )Ry +vi(q-V )Ry

q,, = hi(q (25)

Substitute q with q7,, k; with K, ,, m with n,,, then re-
calculate the equations (18)-(20) to obtain the electric current
J2.nm and magnetic current My ,,,,, on patch n induced by the
reflected wave of patch m. Therefore, the total induced elec-
tromagnetic currents on patch n are represented by My ,,, J2 .

M;, =

s

(26)

. Ivismm

J2,n = Ivis,m : J2,nm ' Im's,nm (27)

In the above equations, I,;s nm = 1 represents that the patch
n can be illuminated by the reflected wave from the patch m.

In this way, the overall secondary scattering field can be ex-
pressed as:

N
Uﬂ/}op

n=1

2
E2, (ks ki) =

/ Ms.,, — 1k, ><J2n)

exp (—iqo - r') dr’ (28)

For the third-order scattering, the computational process is
analogous to the step of the secondary scattering, while for the
case of circular polarization waves, the scattering field of target
can also be calculated according to Equation (15).
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2.3. Coupled EM Scattering Model for the Sea Surface and Tar-
get

The GO-PO method can calculate not only the multiple scat-
tering from target but also the coupled scattering between the
target and sea surface. Its computational principles are analo-
gous to those employed in the calculation of the secondary scat-
tering from target. Hence, the coupled scattering contribution
between the target and sea surface can be expressed as:

Etarget%sea (k k )

_1]{/(/)0 Z p k X // Z vis ,n C mn ISZtS ,mn
n=1
—’I]k X Z vis,n c mn [;fs mn | "€XP (_qu'r/) drl(29)
Nt _
Esea—>tm“get (ks; ki) _ Zk¢0 Z ﬁ . ks
=1
// ( nk X Z VIS, Mm clm Imslm)
-exp (—iqo - r') dr (30)
where I}, ., I3, ,, = 1 indicates that the patch n on target

and the facet m on sea surface can be illuminated by the inci-
dentwave; I3}, ., = 1indicates that the facet m on sea surface
can be illuminated by the reflected wave from the patch n on
target. I'% ;= 1 indicates that the patch [ on target can be
illuminated by the reflected wave from the facet m on sea sur-
face. N represents the number of patches on target, and N*®

represents the number of facets on sea surface.

3. NUMERICAL RESULTS

The GPS satellites transmit right-hand circular polarization
waves and operate at the L-band with two carrier frequencies,
namely, L1 = 1575.42MHz and L2 = 1227.6 MHz. There-
fore, the simulation frequency in this study is 1.57 GHz, and
only the cases of left-hand and right-hand circular polarization
scattering fields are discussed when the incident wave is right-
hand circular polarization. The geometric structure and dimen-
sional parameters of the ship, as well as the composite scatter-
ing between the ship and sea surface, are illustrated in Fig. 3.

3.1. Scattering Characteristics Analysis of Sea Surface

To validate the effectiveness of the scattering model of sea sur-
face proposed in this study, Fig. 4 provides the comparisons of
the bistatic scattering coefficient of sea surface simulated by the
proposed model, the two-scale model (TSM), and the second-
order small slope approximation (SSA-II) [34] under linear and
circular polarizations. The incident angle is 6; = 45°; the in-
cident azimuth angle is ¢; = 0°; the scattering azimuth angle

WWwWw.jpier.org
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Parameters of ship

Length 46.75 m

Width 1223 m

Height 12.88 m
Draft 1.5m

FIGURE 3. The geometric structure of the ship and schematic diagram of the composite scattering.
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FIGURE 4. Bistatic scattering coefficient verification of sea surface for linear and circular polarization. (a) RCS verification of different methods
for VV polarization. (b) RCS verification of different methods for HH polarization. (c) RCS verification of different methods for RR and LR

polarization.

is ¢s = 0°; the sea surface grid size is 1.0 m x1.0 m; the num-
ber of sampling points is 128 x128; the wind speed is 10 m/s;
the wind direction is 0°; the seawater temperature is T = 20°C;
and the salinity is S = 35 ppt. It can be observed that the results
of the three methods agree exceptionally well for the VV and
HH polarizations in Figs. 4(a) and (b). In Fig. 4(c), the result of
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our model agrees well with the SSA-II for the LR polarization,
but for the RR polarization, the difference is relatively large in
the forward direction.

Figure 5 presents a comparison of scattering coefficient of
sea surface between linear polarization and circular polariza-
tion. It can be observed that near the specular direction, the
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FIGURE 5. RCS comparison of sea surface between linear and circular
polarizations.
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FIGURE 7. Bistatic RCS of ship target under linear and circular polarizations. (a) Linear polarization. (b) Circular polarization.

scattering coefficient for HH polarization is greater than that
for VV polarization. However, beyond the specular direction,
the scattering coefficient for VV polarization surpasses that for
HH polarization. For circular polarization incident waves, the
scattering coefficient curve for LR polarization falls between
the curves of HH and V'V polarizations. In addition, the scat-
tering coefficient of LR polarization significantly exceeds that
of RR polarization, which is because of the Brewster effect [37].
When the incident angle is much smaller than the Brewster an-
gle of the rough sea surface, the scattering wave is mainly left-
hand circular polarization wave component.

3.2. Scattering Characteristics Analysis of Ship Target

To validate the effectiveness of the GO-PO method in calculat-
ing the scattering field of target, Fig. 6 gives a comparison for
the RCS of ship target calculated using the method of equivalent
currents (MEC) and the GO-PO method under VV polarization.
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The incident angle is §; = 40°; the incident azimuth angle is
¢; = 0°; and the scattering azimuth angle is ¢, = 0°. From
Fig. 6, it can be observed that the result obtained by the GO-PO
method closely matches that of MEC on the whole. However,
at some scattering angles, the results of the GO-PO method are
slightly higher than that of MEC, which is because the multiple
scatterings are considered in the GO-PO method.

Figure 7 illustrates the bistatic RCS of ship target under linear
and circular polarizations. From Fig. 7(a), it can be observed
that the RCS of ship for HH polarization is basically consis-
tent with that for VV polarization, and the conclusion is also
applicable to the cross-polarizations. However, the RCS under
the co-polarizations is significantly greater than the RCS un-
der the cross-polarizations. From Fig. 7(b), it can be observed
that the RCS for RR polarization is approximately the same as
that for HH polarization, but it is greater than the results for LR
polarization, which is in contrast to the results of sea surface.
This may be because the ship target used in the simulation is
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FIGURE 9. Bistatic RCS comparisons of sea surface and ship target at different incident angles. (a) RCS comparison of target and sea surface
under LR polarization. (b) RCS comparison of target and sea surface under RR polarization. (¢) RCS Comparison of target between LR and RR

polarization.

perfectly electric conducting, and the ship target has a complex
structure, including many angular structures, so this will cause
the situation that the scattering direction deviation is serious.
Therefore, for the detection and identification applications of
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ship target on the sea surface, in order to enhance the reception
of the scattering echo of target and suppress the scattering echo
of sea surface (i.e., sea clutter), the selection of the right-hand
circular polarization channel is more advantageous.
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FIGURE 10. Bistatic RCS comparisons between the two coupled scattering components at different incident angles. (a) LR polarization. (b) RR
polarization. (c) Comparison of the coupled scattering of target induced by the reflection waves from sea surface between LR and RR polarizations.

3.3. Composite Scattering Characteristics Analysis Between scattering. Because the scattering level of sea surface for the
Ship Target and Sea Surface RR polarization is relatively small on the whole, the first, sec-

ond, and third-order scattering results from the target are greater
The researches for the composite scattering characteristics be- than those from the sea surface. In the backscattering region,
tween the ship target and sea surface are given in this section. the coupled scattering of target induced by the reflection wave
Fig. 8 illustrates the variation of each scattering component with from sea surface is also greater than the scattering results from
the scattering angle in the composite scene. The incident angle sea surface. Additionally, comparing Figs. 8(a) with (b), it can
is #; = 50°; the incident azimuth angle is ¢; = 0°; the scatter- also be observed that it is better to choose the right-hand circu-
ing azimuth angle is ¢ = 0°; wind speed is 5 m/s; and wind lar polarization channel to receive the scattering echo signal of
direction and heading are 0°. the target.

From Fig. 8(a), it can be observed that the first-order scatter- Figure 9 provides the comparisons of the bistatic RCS for the
ing of target for the LR polarization has a very small magnitude, sea surface and ship target at different incident angles with in-
which is smaller than the magnitudes of the second and third- cident azimuth angle of ¢; = 0°, scattering azimuth angle of
order scattering components. In the backscattering region, the ¢s = 0°, wind speed of 5m/s, and wind direction and head-
contributions both for the second-order scattering of target and ing of 0°. From Figs. 9(a) and (b), it can be seen that in the
for the coupled scattering of target caused by the reflection backscattering region, as the incident angle decreases, the scat-
wave from the sea surface are greater than the scattering contri- tering of sea surface increases under LR polarization, while it
bution from sea clutter. Moreover, the coupled scattering of sea remains essentially the same under RR polarization. In the for-
surface caused by the reflection wave from the target is signifi- ward direction, both for the LR polarization and RR polariza-
cantly smaller than the scattering of sea surface. From Fig. 8(b), tion, the scattering of sea surface increases with the increase of
one can observe that the first-order scattering of target for the incident angle. Comparing the scattering of sea surface with
RR-polarization is greater than the second and third-order scat- target, the scattering of target is significantly greater than that
tering components. At certain scattering angles, the results of of sea surface under RR polarization. However, for the LR po-
third-order scattering of target exceed those of second-order larization, the echo signal of target is basically drowned out by
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FIGURE 11. Bistatic RCS comparisons of sea surface and coupled scattering components at different wind speeds. (a) Sea surface. (b) Coupled
scattering under LR polarization. (c) Coupled scattering under RR polarization.

sea clutter. From Fig. 9(c), with the incident angle increasing,
the number of scattering peaks increases for both the LR polar-
ization and RR polarization. From the location viewpoint, the
scattering peak positions of target for RR polarization coincide
with those for LR polarization. However, from the magnitude
perspective, the scattering peak values for RR polarization are
greater than those for LR polarization. In short, at the same in-
cident angle, the scattering of target under RR polarization is
larger than that under LR polarization on the whole.

Figure 10 presents the comparisons of bistatic RCS between
the two coupled scattering components at different incident an-
gles. The simulation parameters are the same as those in Fig. 9.
From Figs. 10(a) and (b), it can be observed that in the backscat-
tering region, for both LR and RR polarizations, the coupled
scattering of sea surface induced by the reflection waves from
target decreases with the increasing of incident angle. Com-
paring the two coupled components, as the incident angle in-
creases, the coupled scattering of target induced by the reflec-
tion waves from sea surface (i.e., sea —> target) will become
greater than the coupled scattering of sea surface induced by
the reflection waves from target (i.e., target —> sea). More-
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over, the larger the incident angle is, the more pronounced this
phenomenon becomes. From Fig. 10(c), it can be observed that
in the vicinity of the mirror direction, the coupled scattering of
target induced by the reflection waves from sea surface under
RR polarization is greater than that under LR polarization. In
the backscattering region, the results for LR polarization are
greater than those for RR polarization, and the larger the inci-
dent angle is, the greater the amplitude increases between the
LR polarization and RR polarization.

Figure 11 gives the comparisons of bistatic RCS of sea
surface and coupled scattering components at different wind
speeds. The incident angle is §; = 50°; the incident azimuth
angle is ¢; = 0°; the scattering azimuth angle is ¢s = 0°; and
both the wind direction and heading are 0°. From Fig. 11(a),
it can be observed that for both RR and LR polarizations, the
scattering of sea surface increases with the increasing of wind
speed, except in the mirror direction, where it decreases with the
increase of wind speed. From Figs. 11(b) and (c), one can see
that the coupled scattering of sea surface induced by the reflec-
tion waves from target also decreases with the increase of wind
speed in the vicinity of the mirror direction, which is similar to
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FIGURE 12. Bistatic RCS comparisons between the two coupled scattering components at different ship headings. (a) Coupled scattering under LR
polarization. (b) Coupled scattering under RR polarization. (c) Comparisons of the coupled scattering of target induced by the reflection waves from

sea surface between LR and RR polarizations.

the case of sea surface. For the LR polarization, the coupled
scattering of target induced by the reflection waves from sea
surface increases with the increase of wind speed in the vicin-
ity of the mirror direction, while for the RR polarization, the
results are less sensitive to wind speed. In summary, on the
whole, the effect of wind speed on both the scattering of sea
surface and the coupled scattering appears relatively modest.
Comparing the coupled scattering of target induced by the re-
flection waves from sea surface for the two polarizations, the
result under RR polarization is greater than that under LR po-
larization in the forward direction, while the backscattering re-
sult has opposite situation, as seen in Fig. 10(c) (i.e., the middle
figure, 6; = 50°, the wind speed is 5 m/s). And this conclusion
holds for different wind speeds.

Figure 12 displays the comparisons of the bistatic RCS be-
tween the two coupled scattering components at different ship
headings. The incident angle is #; = 50°; the incident azimuth
angle is ¢; = 0°; the scattering azimuth angle is ¢, = 0°;
the wind speed is 5m/s; and the wind direction is 0°. From
Figs. 12(a) and (b), it can be observed that in the vicinity of the
mirror direction, the coupled scattering of target induced by the
reflection waves from sea surface increases with the increase
of heading angle for the two polarizations. Except the mirror
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direction, the results are noticeably small when the heading is
45°. When the heading is 0°, there is a peak in the backscat-
tering direction, and under LR polarization this peak value is
greater than the peak value at mirror direction. With the change
of heading, the coupled scattering of sea surface induced by
the reflection waves from target does not exhibit a consistent
pattern. For LR polarization, the results at the heading of 90°
are slightly larger than the results at the other two headings.
For RR polarization, the results at the heading of 0° are gen-
erally smaller than the results at the other two headings. From
Fig. 12(c), it can be found that 6, = 0° serves as a turning
point, and for 85 > 0°, the coupled scattering of target induced
by the reflection waves from sea surface under RR polarization
is greater than that under LR polarization, while for 8, < 0°, it
has just the opposite conclusion.

Figure 13 shows the comparisons of the bistatic RCS of ship
target at different headings. The simulation parameters are the
same as those in Fig. 12. From Figs. 13(a) and (b), it can be
observed that, for both the polarizations, the results at the head-
ing of 45° are significantly smaller than those for the other two
heading directions. Except for some certain scattering angles,
the results at the heading of 90° are greater than those at the
heading of 0°.
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