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Abstract: Unlike a generally rough ground surface, the sea surface varies over time. To analyze
the impact of the motion of sea waves on the synthetic aperture radar (SAR) image of a target, the
wideband echo simulation method based on a frequency domain is used. For the wideband echo,
the electromagnetic (EM) scattering properties of the main frequency components are analyzed by
the simulation method. Based on the EM scattering properties, the echo can be accurately simulated
by using the inverse fast Fourier transformation (IFFT). Combined with the flight path of the radar,
the echo of each pulse can be simulated to obtain the SAR image. The correct evaluation of the EM
scattering properties is indispensable to the acquisition of an accurate SAR image. For complex
targets, such as ships, the multiple scattering effects have a significant influence on the EM scattering
properties. Thus, a rectangular wave beam-based geometrical optics and physical optics (GO/PO)
method is introduced to calculate the EM scattering properties, which is more efficient than the
traditional GO/PO. The GO/PO method is suitable to simulate SAR images in which the EM
scattering properties of each pulse need to be calculated. With these methods, the SAR images of
the target on the sea surface are simulated. Based on the comparison of the SAR images between a
static and dynamic sea surface, it is found that the region corresponding to the target is blurred and
the texture of the dynamic sea is blurrier. The impact of multiple scattering and sea wave motion
on target recognition are also analyzed with the SAR images that were generated under different
conditions. Some strong scattering points appear when multiple scattering effects are considered. It
is also found that the texture of the SAR images, corresponding to the sea surface, changes with the
synthetic aperture time.

Keywords: synthetic aperture radar (SAR); target; sea surface; multiple scattering

1. Introduction

Target recognition based on synthetic aperture radar (SAR) images is a hot topic in
the remote sensing field [1,2]. With the development of technology, the bandwidth is
increased to improve the range resolution and more details can be obtained from the SAR
image [3,4]. The strong scattering points in SAR images are usually used to detect the target.
However, the background may affect the accuracy of the target detection. The objective
of the paper is to efficiently provide reliable simulation data for ship target recognition
in the dynamic sea. In general, the sea surface is stirred up when the wind grows fierce,
and the strong scattering points of the ship may be submerged in the background noise
caused by scattering from the sea surface. Thus, many researchers have worked against
a complex and noisy background [5,6]. The traditional methods are usually based on a
prior detection window, such as the constant false alarm rate methods [7,8]. Because the
prior detection window needs to be initialized, the application of the traditional method is
limited for a complex background. To detect a target against a complex background, the
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self-adaptive method based on the local variance weighted information entropy (VWIE)
has been developed [9,10]. In recent years, a ship detection method based on convolutional
neural networks (CNN) has been proposed [11,12]. The method is conventional and
performs well. Thus, it is widely used in the field of target recognition. However, its
precision relies on a large-scale, high-quality training dataset. As we all know, accurately
measured data are difficult to obtain. However, it is much easier to acquire simulation
data. To ensure the accuracy of the simulation data, the SAR imaging process follows the
practical situation. Thus, the simulated sea surface has changed over time during the flight
of the radar, and the multiple scattering effects have been taken into account for a complex
target, such as a ship, to enhance the electromagnetic (EM) scattering echo. Moreover, it
takes lots of time to calculate the EM scattering properties of all the pulses during the SAR
imaging process. Thus, the geometrical optics and physical optics (GO/PO) method, which
is efficient and accurate enough, is employed to simulate the SAR image of a target on a
dynamic sea surface for a wideband signal.

In terms of the general time-domain simulation method of the SAR echo, the SAR
scene is divided into many scattering units, and the total echo is the sum of the echo from
each unit. In addition, the echo from each unit is approximated by the scattering properties
of the center-frequency EM wave [13,14]. However, for the wideband signal, the differences
in scattering properties between the main frequency components increase and the error
of the traditional approximation becomes large. To accurately simulate the SAR echo, the
method in the frequency domain is employed, which considers the scattering properties
of all the frequency components. After the scattering properties of each frequency are
obtained, the time domain scattering echo can be calculated by using the inverse fast
Fourier transformation (IFFT). Then, the SAR image of the whole scene can be generated
by using the simulated echo.

To calculate the scattering properties, frequency domain EM scattering algorithms can
be used, such as method of moment (MoM), equivalent edge currents (EEC), finite element
method (FEM), and physical optics (PO) [15]. However, as the scattering properties of all
the frequency components need to be analyzed, the calculation load is quite heavy. To
reduce the simulation time, a high-efficiency method would be a better choice. Here, the
GO/PO hybrid method, which has high efficiency and considers the multiple scattering
effects, is employed to simulate the scattering fields. Although the efficiency of the GO/PO
method is high, it still takes a lot of time to search for the reflected rays. Moreover, the
calculation is mainly focused on the ray tracing process. To accelerate the ray tracing
process, the kd-tree method is usually used [16]. The method of hardware acceleration is
frequently used too. For instance, the graphical electromagnetic computing method uses a
graphics processing unit (GPU) to estimate the illuminated area [17]. In recent years, the
parallel acceleration method has been very popular because of the significant improvement
in the parallel computing capability of the GPU [18]. However, most of these methods trace
the ray according to the facets, e.g., the traditional GO/PO method, which calculates the
EM scattering properties by analyzing the EM scattering fields of the illuminated facets [17].
Thus, these methods require the density of rays to be higher than the density of the facets.
Their efficiency depends on the number of facets and their accuracy is affected by the
size of the facet; thus, the size of the facet should be small enough to ensure accuracy. Of
course, this will increase the number of facets and calculation load. To further improve
the efficiency, the rectangular wave beam-based GO /PO method can be used. It calculates
the EM scattering properties by analyzing the EM scattering fields of the area illuminated
by a small rectangular wave beam. Furthermore, it does not have a requirement for the
facet size as the traditional GO/PO method does. Thus, the same level of efficiency and
accuracy can be achieved with a lower number of pixels [19].

During the process of the SAR platform movement, the fluctuation of the dynamic
sea surface changes. The longer the time, the more obvious the change. Unlike the static
rough surface, the dynamic sea surface at a different time, corresponding to each pulse will
change. Thus, the impact of the sea surface movement on SAR imaging will be discussed.
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After the analysis, it was found that it is more difficult to recognize the shape of the ship on
a dynamic sea surface than a static one. The longer the synthetic aperture time, the more
blurred the shape of the ship. It means that the SAR images of a target ship on a dynamic
sea are affected by the synthetic aperture time.

2. Materials and Methods
2.1. Scattering Echo Simulation

For many emission signals of radar, the energy concentrates on the frequency compo-
nents near the center frequency fp, with a range between fy — f’ and fy + f’, as shown in
Figure 1a. In addition, the frequency components out of this range are so weak that the
components can be ignored. Its spectrum, F(f), can be written as follows [20]:

F(f)=YXo(f—fi)Aei fo—f <f<fot+f

[ f=0 : g

where A,; is the complex amplitude corresponding to frequency f;.

Normalized amplitude of spectrum 404 )
: ’ Spectrum of scattering echo
e ﬁ! ﬁ"\ 3 351 7~ Center frequency f,
! i | : 1 7o
L o8l | Hﬂ\'\MﬂMﬂM\M.“J‘ | 30 l’ ‘n
= I I e o 251 Bandwidth B \ ‘ f\
R H 1 = I
E‘ 06 | \ % ‘ £ 204 ‘
3 S | 1 g 15
< 044 : Center) frequency f; | < ‘
iBandw1dth B | ‘/‘~ 1.0
0.2+ ! 0.5
- 3 _; | N 3 0.0
8.0x10° 90)'(109 1 OXI1O10 1 1)(‘1010 ) 2)(‘1010 7.0x10°  8.0x10°  9.0x10°  1.0x10°  1.1x10"  1.2x10°  1.3x10"
’ ' ' ' ’ Frequency (Hz)
Frequency (Hz)
(a) (b)

Figure 1. Normalized spectrum of a signal: (a) emission signal; (b) scattering echo.

Figure 1a shows the normalized spectrum of the emission signal for a linear frequency-
modulated (LFM) signal. As shown in Figure 1a, the energy mainly distributes near the
center frequency, fo, with bandwidth B. Figure 1b shows the normalized spectrum of
the corresponding scattering echo. Its energy is also mainly distributed near the center
frequency, fo. Then, the frequency-domain form of the scattering echo signal can be written
as follows [20]:

E(f) = Lo(f ~ f)Aavai- 9(f), @

where 0; is the radar cross section (RCS) and ¢( f;, t) is the phase delay corresponding to
the frequency of f;. Before the scattering echo processing, it should be demodulated to the
baseband. Its corresponding spectrum can be written as follows [20]:

F(f) = Z‘S(f — fi+ fo)Aei/Ti - @( f;) - e HTIR/C) 3)

where C is the light speed and R is the distance between the target and the radar sensor.
With F;(f), the demodulated scattering echo in the time domain is obtained by

using IFFT:
sp(t) = IFFT[Fp(f)], )
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During irradiation, the radar emits a pulse periodically. The demodulated scattering
echo of the ith pulse is marked as sp(f, #;). Then, the SAR echo can be written as follows:

sp(t,n) = 25(77 —1i)sB(t, 1), 5)

where 7 represents the time when the radar emits the pulse, and #; is the time when the
radar emits the ith pulse.

With the SAR echo, the SAR image can be calculated using imaging algorithms, such
as the Range-Doppler (RD) algorithm [21] or the Back Projection (BP) algorithm [22,23].
Here, the RD algorithm is applied to calculate the SAR image with the simulated echoes.

In order to verify the reliability of the simulation method, the radar moves along
the same designed trajectory as the actual illuminating process. A scene of five cubes is
presented to demonstrate that the simulated echo with different parameters is in accordance
with the actual situation. For example, the simulated echo with a wider bandwidth can
generate a SAR image with a higher range resolution. Figure 2 shows a schematic diagram
of the scene. The airborne radar moves along the flight path with the height of H; see the
red line in Figure 2. R is the distance between the target and radar. 0 is the incident angle.
The five cubes in Figure 2 have a volume of 1 m>. The five cubes are placed on the XOY
plane, as shown in Figure 2.

Radar position

Figure 2. Schematic diagram of the scene.

While the radar moves along the flight path, it emits pulses periodically. The echo from
the cubes corresponding to each pulse is simulated by the proposed method. With these
echoes, the SAR images of the five cubes can be generated. Figure 3 gives the SAR images
of the five cubes with different bandwidths B and azimuth resolution p,. The antenna
lengths of Figure 3a-d are 4 m, 2 m, 1 m, and 0.5 m, respectively. The corresponding
bandwidths are 0.0375 GHz, 0.075 GHz, 0.15 GHz, and 0.3 GHz, respectively. The incident
angle 6 is 57°. The carrier frequency fy is 9.375 GHz. The range resolution is C/(2B). As
shown in Figure 3, when the azimuth resolution and the range resolution are both low, it is
difficult to detect the cubes, shown in Figure 3a, where the resolution is 4.0 m. When the
resolution is improved, the cubes can be gradually identified in the SAR image, as shown
in Figure 3b—d, with increasing bandwidth B.
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Figure 3. SAR images of the cubes: (a) p, =4 m, B = 0.0375 GHz; (b) p; =2 m, B=0.075 GHz; (c) ps =
1m, B=0.15GHz; (d) p, =0.5m, B=0.3 GHz.

2.2. Rectangular Wave Beam-Based GO/PO Method

According to Equation (3), the scattering echo can be calculated when obtaining the
RCS 0; of all the frequency components. Because the multiple scattering effect of the
complex target is obvious, the GO/PO method is used to calculate the RCS from the target
on the sea surface.

The GO/PO method is based on the PO method, and also considers the scattering
fields of the facets illuminated by the reflected rays that are traced according to the GO
method. For the traditional GO/PO method, the scattering property is the sum of the con-
tribution of each illuminated facet. The total RCS ¢ can be obtained by the formula below.

Vo= Tojkl, e [s x (ﬁm x fz,-)} exp(jk7 - (1 — §))dsm+
Laide e (8 (i x in ) | exp (KT - (i = $)) s+ ©6)

Lok ), b [s X (nm X fzi,z)] exp(jk7 - (3 — 8))dsy + -+ -

where k is the wave number and j is the imaginary unit;  is the direction of the incident
wave; 7,1 and 7,» are the directions of the first-order and second-order reflected waves,
respectively; h; is the polarization direction of the incident wave; hiyy and hjy, are the
polarization direction of the first-order and second-order reflected waves, respectively; §
is the scattering direction; &, is the polarization direction of the receiver; i, is the normal
vector of the mth facet; and ds,, is the area of the mth facet.

To accurately determine which facets are illuminated requires a larger density of rays
than that of facets. If the density of rays is low, some facets will be missed. The accuracy
of the traditional GO/PO method depends on the size of the facets. To ensure accuracy
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requires that the size of facet be small enough. However, this will increase the number of
facets and the density of the rays. Thus, the calculation load is large.

To improve the efficiency, it is an effective way to reduce the density of the rays, but the
problem of the facets missing must be solved when the density of the rays is low. Here, the
rectangular wave beam-based GO/PO method is used [19]. The improved method treats
the ray as a rectangular wave beam, and analyzes the EM scattering properties of the area
illuminated by the rectangular wave beam. Each rectangular wave beam corresponds to
an illuminated area, and these areas just fill the whole illuminated area. For the improved
GO/PO method, there is no illuminated area missed, with the same density of rays. Thus,
it is more accurate than the traditional GO/PO method with the same density of rays. Since
the density of the rays is lower, its computational load is lower, and the improved method
is more efficient than the traditional method.

To calculate the EM scattering properties, the contribution of each rectangular wave
beam should be considered. According to the ray direction, the illuminated area is mapped
to a picture with pixel matrix (see Figure 4). Then the beam is divided into many small
rectangular wave beams according to the pixel matrix. Each small rectangular wave beam
corresponds to one pixel. For example, the nth rectangular wave beam corresponds to
the nth pixel. Furthermore, the boundary of the cross-section corresponding to the nth

— —
rectangular wave beam is rectangular with two edge vectors of Ly, and Lyrn, as shown in
Figure 4.

Pixel matrix

Bl ] 2

Center position 7
crn

Figure 4. Schematic diagram of a small rectangular ray.

The nth rectangular wave beam illuminates an area. The RCS of this illuminated area
is marked as 0, which satisfies the equation below:

— —

. 4k N R n N . 2 R » A
\/ Oprn = ]ﬁer . [5 X (nrm X hirn)} exp(]k7crn : (1rn - 5)) 'F(lrn, firm, Lxrn, Lyrn)/ (7)

where 71, is the normal vector of the facet illuminated by the nth ray, and its number is
marked as m; and 7cm is the center position of the area illuminated by the nth ray, with a

ray direction of iyn. The expression of F (fm, Arm, fxm, Eym) is shown in [19].

The total RCS is the sum of the contribution of all rays. In addition, multiple scattering
effects are considered. Thus, the nth ray, which illuminates the facet, may be part of the
incident wave or the reflected wave. To determine the distribution of the different kinds
of waves, the RCS caused by the nth ray of the incident wave is marked as 0,40, and the
corresponding number is marked as n0. Similarly, the RCS, which is caused by the nth
ray of the first-order reflected wave, is marked as 03,1, and the corresponding number is
marked as n1. The RCS, which is caused by the nth ray of the second-order reflected wave,
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is marked as 07,2, and the corresponding number is marked as n2. Thus, the total RCS ¢
of the scene satisfies the equation below:

\/5':Z\/‘TprnO'f'Z\/Upml+Z\/Uprn2+"'/ (8)
n0 nl n2

where ), ¥, and }_ are operated on the small rectangular wave beams of the incident
n0 nl n2
wave as well as the first time and the second time reflected ray, respectively.

2.3. Scene of Ship and Sea

Generally, a rough surface is simulated by a superposition of harmonic waves. Thus,
the surface can be generated by the given spectrum. For a dynamic sea surface, the height
h(r,t) of the sea surface at time t can be expressed as follows:

h(r,t) = Re{ZA(k, vw) - exp(iwt) - exp(ik - r)}, ©)
K

where A(k) is the Elfouhaily sea spectrum used to simulate the dynamic sea surface with
a wind speed of v;, [24]. In addition, there is an obvious orientation for the dynamic sea
surface along the direction of the wind. Then, the angular spreading function ®(k, ¢’) [25]
is added to modify Equation (8):

h(r,t) = Re{ZA(k, vw) - exp(iwt) - (k, ¢') exp ik - r)}, (10)
k

where ¢’ is the angle between the wave vector k and the direction of the wind.

Figure 5 shows the sea surface simulated with a wind speed of 5 m/s and a wind
direction of 45°. As shown in Figure 5, the direction of the sea surface is obvious along
the wind direction. The size of the sea surface is 150 x 150 m?, which is large enough to
put a general ship on it. As shown in Figure 6, the ship model is 120 m long, 20 m wide,
and 25 m high. Generally, the scattering properties of a ship change obviously with the
azimuth. Here, two typical orientations are considered. One orientation is that the ship’s
bow is perpendicular to the moving direction of the airborne radar (see Figure 6a). The
other is that the ship’s bow is parallel to the moving direction of the airborne radar (see
Figure 6b).

75
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Figure 5. Sea surface with a wind speed of 5m/s.
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120 m

Moving direction of airborne radar

150 m ]

[
f

150 m
(b)

Figure 6. Model of a ship on a dynamic sea surface with different orientations: (a) perpendicular to
the moving direction of the airborne radar; (b) parallel to the moving direction of the airborne radar.

The incident angle 0 is 45°. The carrier frequency is 9 GHz. The bandwidth is 0.15 GHz
and its corresponding range resolution is 1 m. The azimuth is along the direction of motion
of the airborne radar. The range direction is perpendicular to the azimuth. The antenna
length is 2 m and its corresponding azimuth resolution, p,, is 1 m.

3. Results
3.1. Results of the SAR Simulation

Figure 7a shows the SAR image of the scene corresponding to Figure 6a, when the
sea surface is static. The velocity of the airborne radar, V,,4,,, is 300 m/s and the synthetic
aperture time, Tg, is about 0.62 s. Figure 7b shows the SAR image where the multiple
scattering effects are considered. Comparing to Figure 7a, some regions in Figure 7b become
brighter where multiple scattering is considered. These brighter regions correspond to the
place marked with the red elliptical frame in Figure 6a and make the ship more obvious in
the SAR image. Thus, it is necessary to analyze multiple scattering effects, which have an
important impact on target recognition. Because the deck of the ship is flat and the EM
wave is reflected to the mirror direction, its back scattering is weaker and its corresponding
regions in the SAR image are obviously darker than the other regions. The shape of the
darker regions is also close to the shape of the ship, which can serve as another feature for
detecting the ship from the sea background.
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Figure 7. SAR images of the ship on a static sea surface: (a) single scattering; (b) multiple scattering.

Figure 8 shows the SAR images with the same conditions as in Figure 7, but with the
sea surface being dynamic. The synthetic aperture time, Ty, is 0.62 s. Compared to the
static one shown in Figure 7, the boundary of the region for the deck is not as clear as the
static one. Thus, it is not as easy to detect the shape of the ship as with the static one.
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Figure 8. SAR images of a ship on a dynamic sea surface (0.62 s): (a) single scattering;
(b) multiple scattering.

Figure 9 shows the SAR image of the ship on a dynamic sea surface with a longer
synthetic aperture time Tr = 1.86 s. Because the synthetic aperture time gets longer, the
sea surface changes much more and the SAR image of the dynamic sea is blurrier than the
one shown in Figure 7. As shown in Figure 7, the dark region corresponding to the ship
looks close to the ship’s shape. In this case, it is a feasible method to recognize the ship by
analyzing the shape of the dark region. However, this method fails when the dark region is
disturbed by the dynamic sea surface. As shown in Figure 9, the area corresponding to
the dark region in Figure 7 has a similar texture to the sea surface. In this situation, the
strong scattering points are reliable features to recognize the ship. The strong scattering
points are caused by the multiple scattering effects, which are considered in the GO/PO
method. Comparing Figure 9a,b, there are some scattering points much stronger than the
background. These strong scattering points are caused by the multiple scattering effects
of the structure marked with the red elliptical frame in Figure 6a. Thus, it is necessary
to use the GO/PO method to calculate the multiple scattering effects. Furthermore, the
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bright region caused by the multiple scattering plays an import role in target recognition,
especially for a long synthetic aperture time.
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Figure 9. SAR images of a ship on a dynamic sea surface (1.86 s): (a) single scattering;
(b) multiple scattering.

3.2. Efficiency of the Rectangular Wave Beam-Based GO/PO Method

Figure 10a,b shows the SAR images of the scene corresponding to Figure 6b, with
the sea surface being dynamic. The SAR imaging conditions are the same as in Figure 8.
Comparing these two SAR images, the region below the ship gets brighter when multiple
scattering is considered. This is because that the side of the ship and the sea surface form
an angular structure marked with the red elliptical frame in Figure 6b. It means that
the multiple scattering effects between the target and the background may enhance the
scattering echo under special conditions when forming some special structures.

Relative position in rang direction (m)

Relative position in rang direction (m)

-80 -60 -40 -20 O 20 40 60 80 -80 -60 -40 -20 O 20 40 60 80
Azimuth (m) Azimuth (m)
(a) (b)

Figure 10. Cont.
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(c) (d)

Figure 10. SAR images with different sizes of the pixel matrices: (a) single scattering (128 x128);
(b) multiple scattering (128 x 128); (c) multiple scattering (256 x 256); (d) multiple scattering (512 x512).

Figure 10 shows the SAR images with different sizes of the pixel matrix. It takes more
time to calculate the scattering echoes from the ship when the size of the pixel matrix is
larger. Table 1 gives the time to calculate the scattering echo with different matrix sizes.
There are 256 frequency components calculated. The time required drastically increases
when the size of the matrix is larger. Fortunately, the proposed method is accurate enough
with a small size pixel matrix. As shown in Figure 10b,d, the SAR image obtained with the
pixel matrix size of 128 x 128 is almost the same as the SAR image with a size of 512 x 512.
The proposed rectangular wave beam-based GO/PO method has the ability to improve
the efficiency with low errors when the pixel matrix size is small.

Table 1. Simulation time of the EM scattering field for one pulse (256 frequency components) *.

Pixel Matrix Size Time Needed with Proposed Method (s)
128128 16.364
256 x 256 65.224
512x512 260.925

* Calculated by computer with Intel Core™ i7-6700K CPU and NVIDIA GeForce GTX 1080 display card.

4. Conclusions

The scattering echo simulation method in the frequency domain was used to calculate
the echo from a ship on a dynamic sea surface. The method introduced considers the
EM scattering properties of all the frequencies. Thus, the method is able to simulate
the scattering echo for a wideband signal. For a complex ship with many corners, the
rectangular wave beam-based GO/PO method can accurately calculate the EM scattering
properties when considering multiple scattering effects. The improved GO/PO method
is efficient and accurate when the size of the pixel matrix is small. Combined with the
SAR imaging process, the rectangular wave beam-based GO/PO method was used to
calculate the EM scattering properties of all the frequency components when the radar
emits a wideband pulse. With these EM scattering properties, the scattering echo of each
pulse can be calculated by using the introduced echo simulation method. The sea surface
is dynamic when the radar emits a pulse periodically. The SAR image results show that
the static sea surface is quite different from the dynamic sea surface, which gets blurrier as
the synthetic aperture time increases. In addition, multiple scattering, which increases the
back scattering, has an important impact on the SAR image of a complex target. Therefore,
the proposed method can simulate the SAR image of a target on a sea surface. Lastly, the
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method can improve the simulation efficiency with good accuracy by using a small pixel
matrix size.
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