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Abstract—Ship’s movement on the sea surface will produce wake extending for several kilometers. In
order to study the electromagnetic scattering characteristics of the composite scene of sea surface, ship,
and wake, this paper combines geometric optics with physical optics (GO-PO), Kirchhoff approximation
(KA) and facet scattering field model of sea surface to calculate the electromagnetic scattering
characteristics of this composite scene. Firstly, the geometric model of the composite scene of sea
surface and Kelvin wake is established by using Elfouhaily omnidirectional spectrum and classical ship
wave generation theory. Secondly, the generated geometric overlay model of the wake and sea surface
is combined with the ship to generate a composite scene model of the sea surface, ship, and wake.
Finally, the scattering echoes of sea surface and wake are calculated by KA and facet scattering field
model of sea surface, and the scattering echoes of ship is calculated by GO-PO. On this basis, the
electromagnetic characteristics of the composite scene of sea surface, ship, and wake under different
conditions are discussed. The research conclusion has certain reference value for the detection of ship
and wake in complex sea conditions.

1. INTRODUCTION

In recent years, with the development of surface traffic, the research on ship targets on the sea surface
has become an important research direction in the field of target detection and recognition.

In the study of ships, many researchers tend to study the synthetic aperture radar (SAR) imaging
algorithm of ships. In order to solve the problem of low computational efficiency in local sliding
window detection, Yao et al. [1] proposed a fast two-parameter coupled folded arm resonator (CFAR)
algorithm based on fast Fourier transform. Bai et al. [2] proposed an anchor-free feature balance
joint attention detector for multi-scale SAR ship detection based on key point prediction strategy.
Qian et al. [3] presented a technique that utilized a particle swarm optimization algorithm to estimate
Doppler parameters, with the aim of enhancing ship target imaging in a bistatic forward-looking
synthetic aperture radar system. Wang et al. [4] investigated sea surface scattering and ship dynamics
motion model by analyzing the geometric difference between the actual complex sea surface ship target
and Geosynchronous Earth Orbit unmanned aerial vehicle bistatic SAR geometric structure. They
established a composite scattering model to accurately depict sea surface motion with high confidence.
Based on this model, they proposed a precise focusing imaging algorithm for moving ship targets in
rough sea conditions. Zhang et al. [5] developed a robust algorithm for tracking multiple ship targets
using SAR images, with small prior samples, high false alarm rate, and defocusing interference. Li et
al. [6] proposed a multifeature based local saliency enhancement ship target detection method that can
effectively enhance targets and suppress clutter noise under side lobes and speckle noise conditions.
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Some scholars have also dedicated their efforts to research beyond ship SAR imaging algorithms.
Wu et al. [7] proposed a strengthened asymmetric receptive field block algorithm for the accurate
detection of infrared ships. Huang et al. [8] proposed a discrete component decomposition method to
solve the dynamic scene scattering problem of ships in motion on the ocean. Shi et al. [9] proposed an
electromagnetic scattering method based on six degrees of freedom for time-varying ship-sea composite
scenes.

In addition to studying the ships themselves, many scholars have also turned to the wake induced
by ship navigation. Luo et al. [10] used the two-scale method (TSM) to calculate the backscatter
coefficient distribution of ship wakes on a finite-depth sea surface. Sun et al. [11] simulated nonlinear
ship waves on an infinite fluid using a numerical scheme combining the boundary integral method with
the Jacobian-free Newton Craycroft method, and elucidated the influence of ship size on Kelvin ship
waves. To investigate the impact of ship parameters and speckle noise in numerically simulated SAR
images, Wang et al. [12] combined electromagnetic scattering models with deep learning techniques
to explore nonlinear ship wake detection methods. Song et al. [13] introduced wake effects into a
polarization reflection distribution model for rough seas and combined polarized skylight distribution
with rough sea wake reflection distribution to establish a polarization characteristic model for rough
sea wakes. They simulated the polarized reflection distribution characteristics of rough sea wakes under
skylight background. Li et al. [14] proposed an automatic ship speed estimation method based on the
two-dimensional Kelvin wake spectrum of SAR images. By partitioning the two-dimensional dynamic
sea surface, and conducting feature selection verification, Bi et al. [15] were able to determine the
location of Kelvin wake. To investigate the impact of underwater object motion on electromagnetic
scattering from the sea surface, Deng et al. [16] developed a method that combines computational fluid
dynamics with electromagnetic imaging. Wei et al. [17] developed a method for detecting Kelvin ship
wakes in SAR by utilizing periodic structure scattering calculations.

However, many studies only pay attention to the ship itself or the wake induced by the ship, without
considering their combined presence in real-world scenarios. In this paper, the combination of ship and
wake induced by ship is considered, and the electromagnetic scattering characteristics of the composite
scene composed of sea, ship, and wake are studied.

The rest of this paper is structured as follows. Section 2 outlines the modeling of sea surface and
Kelvin wake. Section 3 describes the methods for calculating electromagnetic scattering from the sea
surface and ship. Section 4 presents simulation results and discussions. Finally, Section 5 forms the
conclusion.

2. ESTABLISHMENT OF THE COMPOSITE SCENE

In this paper, a two-dimensional sea spectrum is simulated by combining the Elfouhaily omnidirectional
spectrum with the Longuet-Higgins directional distribution function:

W (k, φ) = WElf (k)GLH (k, φ− φw) /k (1)

where WElf (k) is the Elfouhaily omnidirectional sea spectrum [18], GLH (k, φ) the Longuet-Higgins
directional distribution function, k the wavenumber, φ the wave number direction angle of the sea
waves, and φw the wind direction.

Lord Kelvin’s theory provides a way to calculate the wave elevation of a ship moving at a speed Us

in the −x direction. The equation is given as follows:

zk(x, y) = Re

∫ π/2

−π/2
A(θ) exp[−ikk sec

2 θ(x cos θ + y sin θ)]dθ (2)

where kk = g/U2
s , g is the acceleration due to gravity, and A(θ) is the free spectrum that depicts the

ship’s characteristics, which can be written as follows:

A(θ) =
2kk
π

sec3 θ

∫ ∫
∂y(x, z)

∂x
exp [kk sec

2 θ(ix cos θ + z)]dxdz (3)



Progress In Electromagnetics Research C, Vol. 137, 2023 157

where y(x, z) is the hull equation of the ship. If we consider a simple hull shape with parabolic waterlines
and if it is a wall-sided ship with draft depth d, then [19]:

y(x, z) =

 b

(
1− x2

l2

)
, −d ≤ z ≤ 0,−l < x < l

0, z < −d
(4)

where 2b is the beam, and 2l is the length of the ship.
The ship parameters simulating Kelvin wake are shown in Table 1. The geometric structure of

the ship is shown in Figure 1. Figure 2 simulates the geometry of the synthetic scene of sea surface
and wake in different ship directions under the ship speed of 10m/s and the wind speed of 3m/s after
considering the ship position.

Table 1. Parameters of the Kelvin wake simulation ship.

Parametric Name Parametric Value

Ship length 184.65m

Ship width 23.91m

Side wall draft depth 8.00m

Figure 1. The geometric structure of the ship.

3. COMPOSITE SCATTERING CALCULATION METHOD

3.1. Scattering Calculation of Sea Surface

The scattering area of a two-dimensional sea surface can be categorized into two regions: the specular
region and diffuse scattering area. The facet scattering field model of sea surface by capillary
waves [20, 21] is used to calculate the facets that contribute significantly to the diffuse scattering
region, while the Kirchhoff approximation (KA) method is used to calculate the facets that contribute
significantly to the specular region scattering. As a result, the scattering field of each individual facet
of the sea surface can be represented as:

Epq

(
k̂i, k̂s

)
=

{
EKA

pq (k̂i, k̂s), specular region

Efacet
pq (k̂i, k̂s), non-specular region

(5)

where,

EKA
pq (r) =

ik exp(ikR)

4πR
k̂s ×

∫
[(n̂×E)− ηk̂s × (n̂×H)] exp [−ik(k̂s − k̂i) · r′]dS′ (6)

Efacet
pq

(
k̂i, k̂s

)
=

ik2(ε− 1)∆S

8πnz
Fpq

eikR

R
e−iq·r0 [B(k+

c )I0(k
+
c ) +B(k−

c )I0(k
−
c )
]

(7)

In this equation, the following terms are used: k̂i represents the propagation direction vector
of the incident electromagnetic wave; k̂s represents the propagation direction vector of the scattered
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(a) (b)

(c) (d)

Figure 2. Geometric model of sea surface and ship Kelvin wake composite scene under different
headings. (a) φship = 0◦, (b) φship = 45◦, (c) φship = 90◦, (d) φship = 135◦.

electromagnetic wave; k is the number of electromagnetic waves; n̂ represents the normal vector; η is
the intrinsic impedance; R is the distance between the center of the plane element and the observation
point; E and H represent the total electric field and total magnetic field on the boundary surface,
respectively; ∆S is the area of the small facet on the sea surface; r0 represents the position of the center
point of the small plane element; kc is the wavenumber vector of the capillary component; B(kc) is the
amplitude of the capillary wave; Fpq is the polarization factor. The specific expressions for B(kc), I0(kc)
and Fpq can be found in reference [22].

The total scattered field on the sea surface can be obtained by adding up the scattered fields of all
facets present on the sea surface:

Esea
pq (k̂i, k̂s) =

M∑
m=1

N∑
n=1

Epq(k̂i, k̂s) (8)

where M and N are discrete points of two-dimensional sea surface. The refined facet scattering field
model (RFSFM) of the sea surface is the model defined in Equation (8).

By calculating the scattering field of all elements according to RFSFM, the scattering coefficient
of a single sample of a static sea surface at any time can be obtained

σpq(k̂i, k̂s, t) = lim
R→∞

4πR2

A

[
Esea

pq (k̂i, k̂s, t)E
sea
pq (k̂i, k̂s, t)

∗
]

(9)

where A is the two-dimensional sea surface area irradiated by the incident wave.
For the ship wake and sea surface composite scene geometric model shown in Figure 2, the RFSFM

method was used to calculate the spatially distributed backscattered field amplitude, as shown in
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(a) (b)
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Figure 3. Spatial distribution of the scattered field amplitude of the Kelvin wake composite scene
of sea surface and ship under different heading. (a) φship = 0◦, (b) φship = 45◦, (c) φship = 90◦,
(d) φship = 135◦.

Figure 3, where the radar polarization mode is HH polarization; the incident wave frequency is 5GHz;
the incident angle is 50◦; and the radar bearing angle is 0◦. From the simulation results, it can be seen
that the spatial distribution of the scattered field exhibits consistent wave texture characteristics with
the original geometric model.

From the simulation results, it can be seen that when the ship motion direction is 0◦, both the
transverse and divergent waves in the Kelvin wake can be clearly reflected in the spatial distribution
of the scattered field. When the ship’s motion angle is 90◦, only the scattered field distribution of
divergent waves is more obvious, and when the angle is 45◦ or 135◦, although the scattered field of
divergent waves and transverse waves can be observed, only one Kelvin arm is clearer.

3.2. Scattering Calculation of Target

The GO-PO approach is a validated and effective technique for computing the electromagnetic scattering
of target with multiple scattering effects [23, 24]. In accordance with this method, the target’s scattering
field can be represented as

Etarget
pq

(
k̂i, k̂s

)
=

Nt∑
n=1

exp (jkR)

4πR

[
q̂ · k̂s ×

(
Mn − ηk̂s × Jn

)]
· In (10)
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where η is the impedance of the free space, N t the number of elements on the target surface,
q̂ the unit polarization vector of scattered wave, and Mn,Jn are electromagnetic flows on plane
n. The Gordon method [25] enables the conversion of polygon integration over the nth patch

In = jk
∫
exp

[
jk
(
k̂i − k̂s

)
· r′n

]
ds′ into contour integration. Figure 4 gives a comparison between

the bistatic scattering of the ship model evaluated by GO-PO and the results evaluated by the method
of equivalent currents (MEC). The frequency of incident wave is 5GHz. The incident angle is θi = 80◦.
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Figure 4. Validations for the scattering from ship target evaluated by GO-PO.

One can see that the results evaluated by GO-PO agree well with the result given by MEC on the
whole.

3.3. Scattering Calculation of Coupled Field between Ship and Sea Surface

As shown in Figure 5, the scattering contributions of a ship in a composite scene with the sea surface
mainly include the direct scattering contribution from the sea surface, the direct scattering contribution
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Figure 5. Diagram of the scattering contributions from composite marine scene.
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from the ship, and the coupling scattering contribution between the ship and sea surface. This coupling
effect includes the secondary scattering contribution of the sea surface reflected wave on the ship and
the secondary scattering contribution of the ship reflected wave on the sea surface. Thus, the total field
of the composite scene can be expressed as the coherent superposition of each component field:

Etotal
(
k̂i, k̂s

)
= Esea

(
k̂i, k̂s

)
+Eship

(
k̂i, k̂s

)
+Ecou

(
k̂i, k̂s

)
(11)

where,

Ecou
(
k̂i, k̂s

)
=Esea−>ship

(
k̂i, k̂s

)
+Eship−>sea

(
k̂i, k̂s

)
exp (jkR)

4πR

Ns∑
m=1

̂q · k̂s×

Nt∑
n=1

Itvis,n ·Ms
c,mn ·Istvis,mn−ηk̂s×

Nt∑
n=1

Itvis,n ·Js
c,mn ·Istvis,mn

·In
+
exp (jkR)

4πR

Nt∑
l=1

q̂ · k̂s ×

(
−ηk̂s ×

Ns∑
m=1

Isvis,m · Jt
c,lm · Itsvis,lm

)
· In (12)

here, Istvis,mn is the visibility factor of sea surface element m to ship element n, and Itsvis,lm is the visibility
factor of ship element l to sea surface element m. N s is the number of elements on the sea surface.

Finally, the total field radar cross-section (RCS) of the ship and sea surface composite model can
be expressed as

σ = lim
R→∞

4πR2

∣∣Etotal
∣∣2

|Ei|2
(13)

Figure 6 compares the coupling scattering results between a rough sea surface and a ship target,
evaluated using GO-PO, with the coupling scattering results obtained using the weighted four path
model (WFPM). The sea surface area is 256m× 256m, and the grid has the size of 1.0m× 1.0m. The
frequency of incident wave is 5GHz. The incident angle is θi = 80◦, and wind speed is u = 5m/s.
One can see that the RCS from the coupling field evaluated by GO-PO is slightly lower than the result
given by WFPM, but they follow the same trends. The reason for such a situation may be that in the
four-path model, the rough surface below the target is regarded as a simple plane, while in the GO-PO
method, the rough surface is regarded as many inclined surfaces with different normal directions. The
reflection from plane is stronger than that from inclined plane. The non-negligible roughness of sea
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Figure 6. Verification of the GO-PO method for coupling scattering between rough sea surface and
ship target.
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surface is considered in GO-PO method, and the GO-PO method is more suitable to deal with the
coupling scattering from target on a rough surface from the scattering mechanism point of view.

4. NUMERICAL RESULTS

This section analyzes the bistatic RCS of a composite scenario consisting of a ship on the sea surface
and its wake induced, under various conditions. The incident frequency is 5GHz; the sea surface area
is 512m× 512m; the grid has the size of 1.0m× 1.0m.

The geometric model of the ship target is obtained with the help of geometric modeling software
and placed in the sea surface wake scene to obtain a scene containing the sea surface, ship target, and
ship wake. The composite scene composed of the destroyer and its wake generated by its movement is
shown in Figure 7.
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Figure 7. The schematic diagram of the composite scene of the ship target and the wake induced by
the ship on the sea surface and on it.

Figure 8 presents a comparison of the total scattering coefficient, sea surface and ship wake
scattering coefficient, and coupling scattering coefficient of composite scene at different incident angles
under bistatic scattering conditions when the polarization mode is HH polarization, ship heading
φsihp = 0◦, wind speed u = 5m/s, and ship speed Us = 10m/s.
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Figure 8. Bistatic scattering coefficient under different incident angles.

It can be observed that when the incidence angle is 30 degrees, both in the mirror scattering region
and backscattering region, the scattering contribution from the sea surface and ship wake dominates.
When the incidence angle reaches 60 degrees, in the mirror scattering region, the scattering contributions
from the sea surface and ship wake dominate, while in the backscattering region, the contributions from
ship and coupling scattering increase. When the incidence angle reaches 80 degrees, the contributions
from ship and coupling scattering dominate in the backscattering region, but in the mirror scattering
region, the scattering contribution from the sea surface and ship wakes still dominates.
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Figure 9. Bistatic scattering coefficient under different polarization modes.

Figure 9 presents a comparison of the total scattering coefficient, sea surface and ship wake
scattering coefficient, and coupling scattering coefficient of composite scene at different polarization
modes under bistatic scattering conditions when the incidence angle θi = 60◦, ship heading φsihp = 0◦,
wind speed u = 5m/s, and ship speed Us = 10m/s.

It can be observed from the figure that the RCS of ship target under HH polarization is larger than
that under V V polarization in the whole scattering interval. When the scattering angle is less than −60
degrees and the scattering angle greater than 70 degrees, the coupling scattering under HH polarization
is greater than that under V V polarization. On the contrary, the coupling scattering contribution under
V V polarization is much greater than that under HH polarization in the range from −60 degrees to
70 degrees. When the scattering angle is less than 30 degrees, the composite scattering RCS of sea
surface and wake under V V polarization is greater than that under HH polarization, whereas when
the scattering angle is greater than 30 degrees, the composite scattering RCS of sea surface and wake
under HH polarization will be greater than that under V V polarization. This is also the reason that
the variation law of total radar scattering coefficient of the whole composite scene is similar to that of
coupling scattering.

Figure 10 shows the total bistatic scattering coefficient of the composite scene at different incidence
angles, with HH polarization, ship heading φsihp = 0◦, wind speed u = 3m/s, and ship speed
Us = 10m/s.
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Figure 10. The total bistatic scattering coefficient of the composite scene at different incidence angles.

From the figure, it can be seen that more ship scattering information can be obtained when the
incidence angle increases to 80 degrees. When the incidence angle is 80 degrees, two peaks appear in the
scattering angle range of −90 to −50 degrees, which are caused by the scattering from the two turrets
on the ship. When the incidence angle is small, only one peak is observed in this range because the
radar can only receive the scattering signal from one of the turrets at a small incidence angle.

Figure 11 shows the comparison of the bistatic scattering coefficients of a ship on a sea surface with
and without wake, with HH polarization heading of 0 degrees, incidence angle θi = 80◦, wind speed
u = 3m/s, and ship speed Us = 10m/s.

From Figure 11(a) it can be seen that the presence of wake leads to a lower bistatic scattering
coefficient of the sea surface in the backscattering region than in the pure sea surface, while in the
mirror scattering region, the presence of wake leads to a higher bistatic scattering coefficient of the sea
surface than in the pure sea surface. This reflects that the presence of the wake changes the roughness
of the sea surface. This is also the reason that in Figure 11(b) the bistatic scattering coefficient of a
ship on pure sea surface is greater than that of a ship on a sea surface with wake.
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Figure 11. The comparison of the bistatic scattering coefficients of a ship on a sea surface with and
without wake.
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Figure 12. The comparison of the ship’s own scattering contribution and the scattering contribution
from the sea surface to the ship and from the ship to the sea surface.
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Figure 13. Bistatic scattering RCS under different wind speeds.
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Figure 12 shows the comparison of the ship’s own scattering contribution and the scattering
contribution from the sea surface to the ship and from the ship to the sea surface, with HH polarization,
incidence angle θi = 80◦, wind speed u = 3m/s, ship speed Us = 10m/s, and ship heading φsihp = 0◦. It
can be observed that the scattering contributions of the ship itself and the sea surface to the ship under
HH polarization dominate, and after entering the mirror scattering area, their scattering contributions
will be overwhelmed by the scattering contributions of the sea surface. Throughout the scattering area,
the ship’s scattering contribution to the sea surface is relatively weak.

Figure 13 depicts the ship RCS, sea surface RCS, and coupling scattering RCS and total RCS under
different wind speeds when the polarization mode is HH polarization, heading φsihp = 0◦, incidence
angle θi = 80◦, and ship speed Us = 10m/s.

It can be observed from the figure that the radar scattering coefficient of the sea surface with ship
wake increases with the increase of wind speed before the specular scattering area, but it does decrease
with the increase of wind speed in the specular scattering area. This is due to the increase of wind
speed, which increases the roughness of the sea surface and enhances the diffuse reflection of the sea
surface. The increase of wind speed will not affect the radar scattering coefficient of ship targets. In the
backscattering area, the diffuse reflection of the sea surface increases due to the increase of wind speed,
which makes the coupling radar scattering coefficient between the ship and the sea surface decrease
with the increase of wind speed. This also leads to the decrease of the total radar scattering coefficient

(a) (b)

(c) (d)

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

-70

-60

-50

-40

-30

-20

-10

0

10

20

30

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

-70

-60

-50

-40

-30

-20

-10

0

10

20

30

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

-70

-60

-50

-40

-30

-20

-10

0

10

20

30
 φ ship=0°  φ ship=45°

Scattering angle(deg.)  

R
C

S
(d

B
)

ship φ ship=60°

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

-60

-50

-40

-30

-20

-10

0

10

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

-60

-50

-40

-30

-20

-10

0

10

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

-60

-50

-40

-30

-20

-10

0

10
couple φ ship=0°

Scattering angle(deg.)  

R
C

S
(d

B
)
 φ ship=45°  φ ship=60°

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

-60

-50

-40

-30

-20

-10

0

10

20

30

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

-60

-50

-40

-30

-20

-10

0

10

20

30

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

-60

-50

-40

-30

-20

-10

0

10

20

30
 φ ship=0° total φ ship=45°

Scattering angle(deg.)  

R
C

S
(d

B
)

 φ ship=60°

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

-70

-60

-50

-40

-30

-20

-10

0

10

20

30

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

-70

-60

-50

-40

-30

-20

-10

0

10

20

30

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

-70

-60

-50

-40

-30

-20

-10

0

10

20

30

Scattering angle(deg.)  Scattering angle(deg.)  

 φ ship=60°sea+wake φ ship=45° φ ship=0°

Figure 14. The bistatic scattering coefficient at different ship headings.
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of the whole composite scene in the backscattering area with the increase of wind speed.
Figure 14 shows the bistatic scattering coefficient at different ship headings with HH polarization,

ship speed Us = 10m/s, wind speed u = 3m/s, and incidence angle θi = 80◦.
It can be observed from the figure that due to the change of course, the RCS of the ship, the RCS

of the sea surface, the RCS of coupling scattering, and the total RCS of the whole composite scene have
changed to varying degrees. With the change of course, the change of RCS of the sea surface is relatively
small compared with that of the ship. At the same time, it can be observed that the RCS of bistatic
scattering is the largest in backscattering, because radar can receive more scattering information in
backscattering.

5. CONCLUSIONS

In this paper, the electromagnetic scattering characteristics of the composite scenes of sea surface, ship
target, and wake induced by ship are studied. After establishing the composite scenes of surface, ship
target, and wake trails, the composite electromagnetic scattering coefficients under different conditions
are calculated by combining RFSFM and GO-PO methods. The results show that the radar can receive
more ship scattering echoes at a large incidence angle and an angle of 0◦ between the radar’s apparent
direction and the ship’s motion direction. The next study will focus on the electromagnetic scattering
from a moving ship with time-varying ship wake over a time-varying sea surface.
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