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Highlights 

What are the main findings? 

• By using 3D modeling software and electromagnetic simulation software, it is possible to realize 
the segmentation of complex targets and the simulation of their electromagnetic scattering 
characteristics quickly, thereby obtaining the RCS data of the targets. 

• Given the known target RCS data, the physical working process of SAR can be simulated rapidly 
and completely through software algorithm, thereby enabling the simulation of SAR echo 
signals. 

What are the implications of the main findings? 

• This study demonstrates that SAR echo simulation for ship targets in the sea can be fully 
achieved through software simulation and numerical calculation. In environments with complex 
conditions and limited software and hardware resources, SAR echo simulation can be 
accomplished quickly and accurately at a low cost. 

Abstract 

The simulation of synthetic aperture radar (SAR) echo signals usually relies on complex hardware 
equipment and a large amount of scene data, which results in high costs and low efficiency. In order 
to simulate SAR echo signals of ship targets in the sea quickly and accurately in complex 
environments at a lower cost, this paper proposes a SAR echo simulation method based on model 
segmentation and electromagnetic scattering characteristic simulation. This method first implements 
the simulation of sea models under different sea conditions based on PM wave spectrum model and 
Monte Carlo method, and segments them according to the requirements of simulation resolution. 
Then, it uses Python API in Blender to segment the ship model automatically and optimize the visible 
surface elements and mesh for each sub-model. Next, it uses Lua API in Feko to simulate the 
electromagnetic scattering characteristics of each sub-model of the sea surface and the ship target 
automatically, and obtains the required radar cross section (RCS) data of ship target in the sea after 
processing. Finally, SAR echo simulation is realized through time-domain algorithm. To further 
verify the simulation result, the chirp scaling (CS) algorithm is used for imaging processing. The 
results show that this method can realize SAR echo simulation of various ship targets under different 
sea conditions in a quick, accurate and cost-effective manner without the need for any hardware 
equipment. 

Keywords: synthetic aperture radar (SAR); radar echo simulation; model segmentation; 
electromagnetic scattering simulation; radar cross section (RCS) 
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1. Introduction 

The ocean serves as a connecting link among countries around the world. With the increasing 
frequency of marine resource exploitation and global maritime activities, the monitoring of ship 
targets in the sea has become a key technical requirement for safeguarding maritime rights and 
maintaining maritime security [1]. Synthetic aperture radar (SAR) is a high-resolution active remote 
sensing technology. Due to its immunity to factors such as light and climate, it can operate all day 
long through the year, and can identify various ship targets in complex sea environments accurately 
[2,3]. Therefore, it plays a significant role in the monitoring of surface ship targets. 

Obtaining real SAR echo signals of ship targets in the marine environment is not only costly and 
inefficient, but also subject to various limitations such as weather, equipment, and activity patterns 
of the targets. Therefore, establishing a high-precision simulation system to simulate SAR echo data 
in actual scenarios is of great significance. By simulating SAR echo signals, various complex marine 
scenarios can be precisely simulated, including the characteristics of sea clutter under different sea 
conditions, the movement patterns of different ship targets, and different SAR imaging mechanisms 
[4–6]. This provides a virtual testing environment for the design and optimization of SAR systems, 
helping to analyze the system performance deeply and reducing the cost and risks of actual 
development. 

The simulation technology for SAR echo signals of ship targets in the sea can be traced back to 
1970s. With the rapid development of SAR technology, researchers began to focus on the spatial 
distribution characteristics of echo signals and attempted to generate original data of SAR system 
through numerical simulation. In 1978, V.H. Kaupp and J.C. Holtzman developed a Ku-band radar 
simulation system, which has the ability to simulate multi-terrain echo signals. However, due to the 
insufficient completeness of backscatter coefficient database, the application of this system was 
severely limited for a long time [7]. In 1995, Soumekh proposed a SAR echo simulation method based 
on ray tracing, using the geometric characteristics of target and the electromagnetic scattering model 
to establish an echo simulation framework for complex scenarios, laying the foundation for 
subsequent simulation research on ship targets [8]. In 2002, Brown developed a SAR echo simulation 
algorithm based on physical optics and electromagnetic scattering theory. This method, for the first 
time, combined sea surface roughness and geometric characteristics of ships, and was able to simulate 
scattering characteristics of ship targets under different sea conditions accurately, significantly 
enhancing the realism and accuracy of echo simulation [9]. In 2005, Wang proposed a two-
dimensional sea clutter modeling method based on Fourier transformation, which for the first time 
generated a realistic dynamic sea model by combining actual sea condition observation data, and 
simulated scattering characteristics of ship targets, providing a theoretical basis for SAR simulation 
technology in complex marine environments [10]. In 2007, Danisi, A. proposed a SAR echo simulation 
method for specific marine scenarios. This method focused on complex situation where the ocean 
surface is covered by randomly shaped oil pollution, aiming to simulate and obtain SAR echo data 
in this special environment [11]. In 2021, Jiang proposed a wideband radar echo simulation method 
for targets on dynamic sea surfaces. The method adopts a frequency-domain framework combined 
with a hybrid scattering model to calculate target electromagnetic responses, and uses IFFT to 
generate SAR echoes. The results demonstrate that dynamic sea motion and multiple scattering affect 
imaging quality significantly, improving the physical realism of wideband SAR ship echo simulation 
[12]. In 2024, Yao proposed a SAR echo simulation method for sea surface scenes combined with 
electromagnetic scattering characteristics. This method integrates dynamic sea surface modeling with 
electromagnetic scattering mechanisms and establishes a unified simulation framework that 
considers both time-varying ocean wave motion and target–sea composite scattering effects. By 
incorporating physical optics and related scattering models into SAR echo generation process, the 
approach improves the physical consistency and realism of simulated SAR images under complex 
marine environments, providing a more accurate basis for ship detection and scene interpretation in 
ocean scenarios [9]. 
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The acquisition of complex environmental and target electromagnetic scattering characteristics 
is a key issue in SAR echo simulation process. Therefore, scholars have conducted a large number of 
studies on this. Currently, the mainstream methods for calculating electromagnetic scattering 
characteristics are mainly divided into two categories: those based on physical models and those 
based on empirical models [12]. 

The method based on physical models starts from actual physical characteristics of the target 
and describes the interaction between target and radar waves precisely, thereby simulating and 
calculating the target’s scattering ability to radar waves accurately [13]. In 2002, Mallorgui used a 
high-frequency approximation model and combined with the electromagnetic scattering 
characteristics of ship targets to generate airborne SAR fully polarized simulation echo data for ship 
targets [14]. In 2003, G. Franceschetti used Kirchhoff method and combined with multiple scattering 
effect of electromagnetic waves, simulated the electromagnetic scattering characteristics of urban 
structures effectively and obtained corresponding SAR echo data through simulation [15]. In 2022, 
Rao proposed a high-frequency electromagnetic scattering simulation method for anisotropic 
plasma-coated electrically large and complex targets, combining the Physical Optics Method (PO) 
with spectral domain expansion to compute the scattering characteristics and analyze the 
propagation mechanisms within plasma layers efficiently [16]. In 2024, Hu presented a two-
dimensional electromagnetic scattering analysis method based on the Boundary Element Method 
with NURBS surface representation, enabling high-precision simulations without dense volumetric 
meshing and providing shape sensitivity analysis for target optimization [17]. The method based on 
physical models involves complex mathematical operations and a large number of solving processes 
of parameters, resulting in low computational efficiency. Therefore, it is usually used for precise 
calculations of relatively small targets, such as buildings and aircraft [18]. 

The method based on empirical models takes a statistical approach. By analyzing a large amount 
of experimental data and measurement results, it discovers potential relationships between 
electromagnetic scattering characteristics and various parameters, and establishes corresponding 
empirical equations [19]. Therefore, it can achieve efficient simulation of large-scale natural scenes 
such as oceans, lands, and forests while maintaining a certain level of accuracy. In 1997, Robert L. 
developed a Monte Carlo simulation method for electromagnetic scattering from two-dimensional 
random rough surfaces, combining statistical surface realizations with the Fast Multipole Method 
(FMM) to efficiently compute ensemble-averaged bistatic scattering coefficients and analyze 
backscattering enhancement effects [20]. In 2001, M. El-Shenawee applied a Monte Carlo-based 
electromagnetic scattering simulation to random rough surfaces with buried objects, integrating fast 
multipole techniques to evaluate the statistical characteristics (mean and variance) of scattered fields 
and to study the influence of surface roughness on subsurface target detection [21]. In the same year, 
K. Tang proposed a statistical model for electromagnetic wave scattering from random rough 
surfaces, in which surface height distributions and correlation functions were used to characterize 
roughness, and the scattered fields were predicted based on statistical geometric parameters under 
geometric optics assumptions [22]. In 2010, Monsivais Huertero, based on the statistical method, 
considered the specific positions of grass leaf, stem, and stalk on scattering characteristics in the study 
of electromagnetic scattering characteristics of grassland scenes and established a coherent scattering 
model for the Saharan grassland [23]. In 2016, Huating Huang and Kim further improved the related 
scattering model of soybeans by introducing conditional probability density functions and combining 
the related scattering among particles [24]. 

In order to improve the simulation efficiency while ensuring accuracy and reduce costs, this 
paper has referred to and improved various methods, combined with multiple software such as 
Blender and Feko, and proposed a SAR echo simulation method for ship targets in the sea based on 
model segmentation and electromagnetic scattering characteristics simulation. The subsequent 
content arrangement of this paper is as follows: The second part consists of four sections, which 
respectively explain the research contents and methods such as sea model simulation and 
segmentation, ship target model segmentation, electromagnetic scattering characteristics simulation 
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of sea surface and ship targets, and SAR echo simulation; The third part corresponds to the second 
part, presenting results of each study and conducting analysis and verification; The fourth part 
conducts a comprehensive analysis and discussion on application value, shortcomings, and 
subsequent improvement directions of the research content of this paper. 

2. Materials and Methods 
2.1. Simulation and Segmentation of Sea Model 

The simulation of sea model is based on the PM wave spectrum model and is implemented using 
the Monte Carlo method. 

Wave spectrum refers to the distribution of wave energy on sea surface in terms of frequency 
and direction. It is obtained through Fourier transform of the autocorrelation function of sea surface 
height variations and reveals the second-order statistical characteristics of waves and the distribution 
laws of wave energy in different wavelengths and directions. By establishing an actual sea model 
based on wave spectrum, the wave fluctuation characteristics under various sea conditions can be 
described, which helps to improve accuracy, prediction ability and practical application of the sea 
surface electromagnetic scattering model, and reveal the influence of different marine environments 
on electromagnetic wave scattering [25,26]. The common used wave spectrum includes the PM 
spectrum, the JONSWAP spectrum, the Elfouhaily spectrum, etc. 

The PM wave spectrum is one of the most classic and fundamental empirical wave spectrum 
models. It was derived by Pierson and Moskowitz based on the analysis of a large amount of 
measured data from the North Atlantic. Its core assumption is that the sea surface is in a fully 
developed state, that is, the wind speed is constant, the wind direction is constant, the wind blowing 
time is long enough, and the wind blowing distance is infinite. At this time, wave energy will only 
be determined by wind speed and reach statistical equilibrium [27,28]. The PM wave spectrum can 
be expressed as follows: 𝑆ሺ𝑘ሻ = 𝛼4|𝑘|ଷ expቆ− 𝛽𝑔௖ଶ𝑘ଶ𝑈ଵଽ.ହସ ቇ (1)

where 𝛼 = 8.10 × 10ିଷ  and 𝛽 = 0.74  are dimensionless empirical constants, 𝑔 = 9.81𝑚/𝑠ଶ  is the 
gravitational acceleration, 𝑘  is wave number and 𝑈ଵଽ.ହ  is wind speed at a height of 19.5 meters 
above sea level. Its relationship with 𝑈ଵ଴, wind speed at a height of 10 meters above sea level is: 𝑈ଵଽ.ହ ≈ 1.026 𝑈ଵ଴. 

Internationally, the sea states codes based on Douglas sea scale is commonly used to describe 
the level of ocean waves. It uses wind speed and wave height to describe specific changes on the sea 
surface. The corresponding relationship is shown in Table 1 [29]. 

Table 1. Sea states codes based on Douglas sea scale. 

Code 𝑯𝒔 Characteristics 
0 0 Calm(glassy) 
1 <0.1 Calm(rippled) 
2 0.1-0.5 Smooth(wavelets) 
3 0.5-1.25 Slight 
4 1.25-2.5 Moderate 
5 2.5-4 Rough 
6 4-6 Very rough 
7 6-9 High 
8 9-14 Very high 
9 >14 Phenomenal 

The Monte Carlo method conducts inversion simulation based on wave spectrum model, 
thereby obtaining actual wave fluctuations. It is the most commonly used two-dimensional linear sea 
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surface modeling method. This method regards waves as a superposition of a series of harmonics 
with different wavelengths, periods, and initial phases. Firstly, it converts the white noise to 
frequency domain through Fourier transformation. Then, it uses wave spectrum to filter the result. 
Finally, it obtains the expression of filtered rough sea surface height fluctuations through inverse 
Fourier transformation [30,31]: ℎሺ𝑟, 𝑡ሻ = ෍ 𝐴൫𝑘ሬ⃗ , 𝑡൯exp൫𝑖𝑘ሬ⃗ ∙ 𝑟൯௞  (2)

𝐴൫𝑘ሬ⃗ , 𝑡൯ = 𝛾൫𝑘ሬ⃗ ൯ට2𝑆൫𝑘ሬ⃗ ,𝜑൯𝛿𝑘௫𝛿𝑘௬𝑒ି௜ఠ௧ + 𝛾∗൫−𝑘ሬ⃗ ൯ට2𝑆൫𝑘ሬ⃗ ,𝜋 − 𝜑൯𝛿𝑘௫𝛿𝑘௬𝑒௜ఠ௧ (3)

where 𝑘ሬ⃗ = ൫𝑘௫,𝑘௬൯, 𝛿𝑘௫ = 2𝜋/𝐿௫, 𝛿𝑘௬ = 2𝜋/𝐿௬, 𝐿௫ and 𝐿௬ respectively represent the total length 
of the sea surface in 𝑥 and 𝑦 directions. 𝛾൫𝑘ሬ⃗ ൯ is a complex Gaussian random sequence, ∗ denotes 
taking complex conjugate, 𝑆൫𝑘ሬ⃗ ,𝜑൯ represents two-dimensional sea spectrum. To ensure that the sea 
surface height ℎሺ𝑟, 𝑡ሻ  is a real number, the Hermitian form of equation 𝐴൫𝑘ሬ⃗ , 𝑡൯  should satisfy 
following condition: 𝐴൫𝑘௫,𝑘௬൯ = 𝐴∗൫−𝑘௫ ,−𝑘௬൯, 𝐴൫𝑘௫ ,−𝑘௬൯ = 𝐴∗൫−𝑘௫,𝑘௬൯, (4)

Finally, through IFFT, it obtains that: ℎ = IFFTሾ𝐴ሿ (5)

Throughout the entire process, FFT and IFFT are required. Therefore, the spatial geometric 
length of the sea surface needs to be discretized, and at the same time, the Nyquist theorem must be 
satisfied: 𝑓௦ = 1Δ𝑥 ≥ 2 ∙ 𝐾௖௨௧ − 𝐾௠௜௡2𝜋  (6)

where 𝑓௦ represents the sampling frequency in 𝑥 direction, Δ𝑥 represents the sampling interval of 𝑥. Similarly, the sampling in 𝑦 direction also needs to comply with the Nyquist theorem. 𝐾௖௨௧ and 𝐾௠௜௡  respectively represent cutoff wavenumber and minimum wavenumber, and their values 
determine bandwidth of the band to be extracted on the wave spectrum. Due to different energy 
intervals of wave spectrum corresponding to different wind speeds, it is necessary to ensure that the 
energy distribution range of the wave spectrum under current wind speed is as much as possible 
included within the wave number range 𝐾௖௨௧ − 𝐾௠௜௡ [32]. 

In order to facilitate the subsequent simulation of electromagnetic scattering characteristics, the 
complete sea model needs to be divided into multiple sub-blocks, and each sub-block should be 
triangulated. Then, it should be saved as a STL format file. STL format is the most common file format 
in 3D printing field, which is used to record triangular face element data of the model surface. The 
principle of converting ordinary matrix data into STL format is shown in Figure 1. 
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Figure 1. Principle of converting ordinary matrix data into STL format. 

The STL format file stores two matrices, P and T. Matrix P converts the data in original two-
dimensional matrix H into a one-dimensional matrix, while matrix T is composed of multiple three-
dimensional vectors. Each vector records the sequence of three vertex data of a certain triangular face 
element in matrix P. In this paper, a local data matrix H is extracted from the complete sea model and 
converted into matrix P each time. Then, an autonomous design combination algorithm is used to 
generate matrix T, so that every four (2*2) adjacent sampling points in matrix H form a square that is 
divided into two triangular face elements in “upper right - lower left” manner. Finally, it is exported 
in STL format to achieve the segmentation of entire sea model. 

2.2. Ship Target Model Segmentation 

The segmentation of ship target model is achieved through Blender. Blender is a powerful and 
lightweight 3D graphics and image software that offers a wide range of functions such as 3D 
modeling, materials and textures, animation system, rendering engine and visual effects. It also has 
a complete Python API that enables quick execution of various operations within the software, 
making it highly suitable for large-scale repetitive model segmentation tasks [33]. 

The main steps for model segmentation in Blender are shown in Figure 2. 

1. Import model file and create a copy to avoid operating on the initial model directly, as shown in 
Figure 2a; 

2. Set segmentation units and construct a rectangular prism cutter based on the requirements of 
simulation resolution, as shown in Figure 2b; 

3. Create a Boolean modifier, adjust the solver parameters, perform a Boolean intersection 
operation on the cutter and the model copy, as shown in Figure 2c; 

4. Utilize ray detection method to optimize the segmentation results. Emit rays from the location 
of SAR towards the model, remove completely invisible elements and clean up isolated edges 
and vertices, as shown in Figure 2d; 

5. Export the segmentation results in STL format and delete the temporary objects. 

 
Figure 2. Process of model segmentation in Blender. (a) Import model file and create a copy; (b) Set segmentation 
units and construct a rectangular prism cutter; (c) Create and apply a Boolean modifier; (d) Optimize the 
segmentation results. 

By using Python script programs, the above operations can be carried out automatically. Firstly, 
construct a temporary rectangular cutter. Then, determine the boundary values around entire model 
manually and build a segmentation grid according to the requirements of simulation resolution. Next, 
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realize the above model segmentation function by writing a script program and adjusting 
construction position of the cutter through grid coordinates continuously. Finally, the automatic 
segmentation function of entire model is achieved. 

2.3. Simulation of Electromagnetic Scattering Characteristics of Sea Surface and Ship Targets 

The electromagnetic scattering characteristics simulation of sea surface and ship targets is 
achieved through Feko. Feko is a powerful three-dimensional full-wave electromagnetic field 
simulation software, renowned for its hybrid solution technology and ability to handle problems 
involving large-scale and complex structures. It also includes a comprehensive Lua API, enabling the 
automation of electromagnetic scattering characteristic simulation tasks for a large number of models 
through script programming. 

Feko possesses a wide range of solution methods which are applicable to various different 
simulation scenarios, such as the Method of Moments (MOM), the Finite Element Method (FEM), the 
Multi-Layer Fast Multipole Method (MLFMM), as well as the PO Method, the Geometrical Optics 
Method (GO), and the Large Element Physical Optics Method (LEPO), which are adapted to high-
frequency conditions. 

The PO method is based on integral equations and is grounded on surface currents. It assumes 
that each point on the scattering body is largely independent of other points, and the resulting effects 
can be disregarded. By decomposing the target into many triangular sub-element surfaces and 
solving the scattering fields of each sub-element independently based on the integral of incident field, 
sum of all the element solutions is thus obtained. Since the summation of scattering fields of the 
triangular sub-element surfaces is achieved by converting area integral into an integral-free 
calculation, the computational load is reduced and the calculation speed is improved, making it very 
convenient to solve scattering fields of large-scale electrical objects [34,35]. Figure 3 shows the 
schematic diagram of electromagnetic scattering model of the PO method, where 𝐸పሬሬሬ⃗   and 𝐻పሬሬሬሬ⃗   are 
incident fields, 𝐸௦ሬሬሬሬ⃗  and 𝐻௦ሬሬሬሬሬ⃗  are scattering fields, 𝑛ො is unit normal vector of the target, and 𝐽௦ሬሬ⃗  and 𝐽௠௦ሬሬሬሬሬሬ⃗  are surface currents and surface magnetic flux densities of the target. 

 
Figure 3. Schematic of electromagnetic scattering model of the PO method. 

From Stratonovich-Zhilin Integral Equation of Electromagnetic Field, it can obtain that: 𝐸௦ሬሬሬሬ⃗ = න ൣ𝑗𝜔𝜇൫𝑛ො × 𝐻ሬሬ⃗ ൯𝐺଴ + ൫𝑛ො × 𝐸ሬ⃗ ൯ × ∇𝐺଴ + ൫𝑛ො × 𝐸ሬ⃗ ൯∇𝐺଴൧d𝑠௦  (7)

𝐻௦ሬሬሬሬሬ⃗ = න ൣ𝑗𝜔𝜀൫𝑛ො × 𝐸ሬ⃗ ൯𝐺଴ − ൫𝑛ො × 𝐻ሬሬ⃗ ൯ × ∇𝐺଴ + ൫𝑛ො × 𝐻ሬሬ⃗ ൯∇𝐺଴൧d𝑠௦  (8)

where ∇𝐺଴ represents the gradient of free-space Green’s function, 𝐺଴ = 𝑒ି௜௞௥4𝜋𝑟  (9)

where 𝑟 represents the distance from the source point to the field point. The calculations of target 
surface current 𝐽௦ሬሬ⃗  and surface magnetic flux density 𝐽௠௦ሬሬሬሬሬሬ⃗  are shown as follows: 𝐽௦ሬሬ⃗ = 𝑛ො × 𝐻ሬሬ⃗ , 𝐽௠௦ሬሬሬሬሬሬ⃗ = −𝑛ො × 𝐸ሬ⃗  (10)
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𝜌௦ = 𝜀𝑛ො ∙ 𝐸ሬ⃗ , 𝜌௠௦ = 𝜇𝑛ො ∙ 𝐻ሬሬ⃗  (11)

where 𝜌௦ and 𝜌௠௦ represent the density of target surface charges and surface magnetic charges. By 
rearranging the above equation, it can obtain that: 𝐸௦ሬሬሬሬ⃗ = න ቂ𝑗𝜔𝜇𝐽௦ሬሬ⃗ 𝐺଴ − 𝐽௠௦ሬሬሬሬሬሬ⃗ × ∇𝐺଴ + 𝜌௦𝜀 ∇𝐺଴ቃd𝑠௦  (12)

𝐻௦ሬሬሬሬሬ⃗ = න ൤𝑗𝜔𝜀𝐽௠௦ሬሬሬሬሬሬ⃗ 𝐺଴ + 𝐽௦ሬሬ⃗ × 𝛻𝐺଴ + 𝜌௠௦𝜇 𝛻𝐺଴൨ 𝑑𝑠௦  (13)

In the process of grid division using the PO method, grid edge length is limited by wavelength. 
When the incident frequency is high and the target is large, the number of grids to be divided is 
extremely large, and the requirements for memory and time in the solution process are still relatively 
high. The LEPO method improves it by correcting the phase of basis function and using multiple 
wavelengths to divide the target. This reduces the number of divided grids significantly, thereby 
reducing memory and time required for the calculation, which is conducive to the simulation of 
electromagnetic scattering characteristics of large-scale ship targets [36,37]. The corrected expression 
of the basis function is as follows: 

𝑓௡ሺ𝑟ሻ = ⎩⎨
⎧ 𝑙௡2𝐴ା௡ 𝑝௡ା𝑒ି௝௞൫௣೙శି௣೙೎శ൯, 𝑟 ∈ 𝑇௡ା𝑙௡2𝐴ି௡ 𝑝௡ି𝑒ି௝௞ሺ௣೙షି௣೙೎షሻ, 𝑟 ∈ 𝑇௡ି (14)

The main steps for conducting electromagnetic scattering characteristic simulations in Feko are 
as follows: 

1. Create the engineering file and configure the simulation environment, including dielectric 
constant, magnetic permeability, dielectric properties, etc.; 

2. Import model files and perform mesh subdivision. The models used in this paper are all in STL 
format. During model segmentation process, the mesh subdivision work has been completed 
simultaneously. 

3. Set the excitation source to be far-field excitation of a plane wave. Set the excitation parameters 
referring to the parameters of SAR system, including wavelength, polarization form, azimuth 
angle, elevation angle, etc.; 

4. Choose solution method as the LEPO method. Set the solution range to excitation direction and 
adjust parameters such as solution accuracy. Then, begin simulation. 

By using Lua script programs, the above operations can be executed repeatedly quickly, 
enabling the automation of a large number of electromagnetic scattering characteristic simulation 
tasks for models. At the same time, working status can be monitored in real time through process 
logs, error logs, etc. Simulation process and results are completely recorded in the “.out” files, 
including CPU/GPU thread scheduling, electric/magnetic field intensity, phase, radar cross section 
(RCS), etc., as shown in Figure 4. By extracting and integrating the RCS data in each file, complete 
RCS simulation results of the model can be obtained. 

 

Figure 4. Simulation results (partial) in the “.out” file. 

2.4. SAR Echo Simulation 

The simulation of SAR echo signals mainly includes two methods: time-domain algorithm and 
frequency-domain algorithm. The frequency-domain algorithm first performs a Fourier transform on 
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RCS data of the imaging scene and multiplies it by the SAR system response function. Then, through 
inverse Fourier transform, it returns to the time domain to generate echo signal. This method has a 
relatively small computational load, but it cannot introduce the velocity beamforming effect during 
echo generation process, and the generated echo signal has limited accuracy. The time-domain 
algorithm obtains echo signal by simulating actual working process of SAR. Although it has a large 
computational load, the generated echo signal is more accurate [38]. 

When using the time-domain algorithm, it is assumed that the SAR operates in forward-looking 
mode. According to the SAR working principle and the SAR working parameters set during 
simulation process, the echo signal model of a single-point target is: 

𝑠௥ሺ𝑡ሻ = ෍ 𝜎𝜔 ∙ rectቆ𝑡 − 𝑛 ∙ 𝑃𝑅𝑇 − 2𝑅ሺ𝑠; 𝑟ሻ/𝐶𝑇௥ ቇஶ
௡ୀିஶ ∙ expሾ𝑗𝜋𝐾௥ሺ𝑡 − 𝑛 ∙ 𝑃𝑅𝑇 − 2𝑅ሺ𝑠; 𝑟ሻ/𝐶ሻଶሿ

∙ exp ൤−𝑗 4𝜋𝜆 𝑅ሺ𝑠; 𝑟ሻ൨ ∙ expሾ𝑗2𝜋𝑓௖ሺ𝑡 − 𝑛 ∙ 𝑃𝑅𝑇 − 𝜏௡ሻሿ (15)

where 𝜎  represents the backscatter cross section of point target, 𝜔  indicates the bidirectional 
amplitude weighting of antenna, 𝜏௡  represents the time of the 𝑛 th pulse emitted by SAR. By 
expressing one-dimensional echo signal in a two-dimensional form regarding azimuth and range 
directions and removing the carrier through orthogonal demodulation, the echo of a single point 
target can be written as follows: 𝑠௥ሺ𝑠, 𝑡; 𝑟ሻ = 𝜎 ∙ rectቆ𝑡 − 2𝑅ሺ𝑠; 𝑟ሻ/𝐶𝑇௥ ቇ ∙ expሾ𝑗𝜋𝐾௥ሺ𝑡 − 2𝑅ሺ𝑠; 𝑟ሻ/𝐶ሻଶሿ ∙ rect ൬ 𝑠𝑇௦௔௥൰∙ exp ൤−𝑗 4𝜋𝜆 𝑅ሺ𝑠; 𝑟ሻ൨ (16)

The echoes of all the imaging points can be obtained by superimposition, as shown in the following 
equation: 

𝑆௥ሺ𝑛,𝑚ሻ = ෍𝜎 ∙ expሼ𝑗𝜋ሾ𝑡ሺ𝑚ሻ − 2𝑅ሺ𝑛; 𝑘ሻ/𝐶ሿሽ௄
௞ୀଵ ∙ exp ൤−𝑗 4𝜋𝜆 𝑅ሺ𝑛;𝑘ሻ൨ (17)

where 𝐾  represents the number of imaging points. 0 < ሾ𝑡ሺ𝑚ሻ − 2𝑅ሺ𝑛; 𝑘ሻ/𝐶ሿ < 𝑇௥ , |𝑅ሺ𝑛; 𝑘ሻ −𝑥ሺ𝑘ሻ| < 𝑇௦௔௥. 
The main steps for simulating SAR echo signals using time-domain algorithms are as follows: 

1. Set simulation parameters, including orbital parameters, load parameters, geometric 
relationship of radar and target parameters, simulation scene parameters, etc.; 

2. Determine the timing of radar’s emission pulses and calculate the position vectors of radar at 
each pulse emission time, the position vectors of simulation scene, as well as the relative position 
vectors between radar and scene; 

3. Determine the reception time of echo signal and calculate the position vector of radar at each 
reception time, the position vector of simulation scene, as well as the relative position vector 
between radar and scene; 

4. Calculate the round-trip delay distance between radar and scene at each moment, as well as the 
off-axis angles of azimuth and range directions relative to the antenna beam direction; 

5. Calculate the Doppler phase of echo signal and the gain of receiving/transmitting antenna 
directions of the target; 

6. Input RCS data of the simulation scenario and generate echo signals corresponding to each 
transmission pulse; 

7. Perform superimposition processing on echo signals within the scene and generate a complete 
echo signal [39]. 

To verify the accuracy of simulation results, the chirp scaling (CS) imaging algorithm was 
employed for an initial imaging processing of the data. The CS imaging algorithm is one of the classic 
frequency-domain algorithms in SAR imaging processing, as shown in Figure 5. Its core idea is to 
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achieve range cell migration correction (RCMC) through phase multiplicative compensation. Since 
no interpolation operation is required, it has high computational efficiency [40]. 

 
Figure 5. Flowchart of CS imaging algorithm. 

3. Results 

3.1. Simulation and Segmentation of Sea Model 

The sea model for sea conditions ranging from 0 to 5 was simulated using the PM wave spectrum 
and the Monte Carlo method. The results are shown in Figure 6: 
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Figure 6. Sea model of sea conditions ranging from 0 to 5 levels. (a) 0-level sea condition; (b) 1-level sea condition; 
(c) 2-level sea condition; (d) 3-level sea condition; (e) 4-level sea condition; (e) 5-level sea condition. 

In order to verify the authenticity of simulated sea model, a time-varying phase was added when 
calculating sea surface elevation data, thereby generating a dynamic sea model. Figure 7 shows the 
change process of a certain area in the sea model of 3-level sea condition within 0 to 3 seconds. By 
comparing it with actual sea surface, it can be seen that the sea model simulated by the method in 
this paper is basically consistent with actual situation. 

 

Figure 7. Change process of the sea model of 3-level sea condition within 0 to 3 seconds. (a) 𝑡 = 0, (b) 𝑡 = 1, (c) 𝑡 = 2, (d) 𝑡 = 3. 

3.2. Ship Target Model Segmentation 

During the process of target model segmentation, there may sometimes be a problem where 
some elements cannot be completely removed due to the complexity of local model structure, as 
shown in Figure 8a. In this case, correct segmentation result should be as shown in Figure 8b. 
Therefore, the solver parameters need to be adjusted and the segmentation processing needs to be 
redone, or the redundant elements and vertices can be removed in editing mode manually. 
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Figure 8. Complex structure segmentation result. (a) Error segmentation result; (b) Correct segmentation 
result. 

After the ship target model segmentation is completed, all the segmentation results are imported 
into Blender and combined to form a complete model, as shown in Figure 9b. Assuming that the SAR 
is located directly behind the target, the downward viewing angle is 30° , and the simulation 
resolution is 1𝑚. By comparing the ship model before and after segmentation, it can be seen that the 
model has been segmented along radar viewing angle at a resolution of 1m, and all the unvisible 
elements have been removed, which indicates that the segmentation effect is good. 

 
Figure 9. Comparison of ship target models before and after segmentation. (a) Ship model before division; (b) 
Ship model after division (assembled). 

3.3. Simulation of Electromagnetic Scattering Characteristics of Sea Surface and Ship Targets 

Figure 10a shows complete RCS simulation result of sea surface of 3-level sea condition. 
Assuming that the viewing angle of SAR is 30° and the resolution is 1𝑚. Magnify local area (Figure 
10b) and compare it with sea model of this area. It can be seen that the smaller the angle between the 
direction of incoming wave of SAR and the normal direction of sea surface element, the greater the 
received scattered echo intensity. When the angle is 0°, the echo changes from diffuse reflection to 
specular reflection, and at this time, the scattering intensity reaches the maximum, which is consistent 
with actual situation. 

 
Figure 10. RCS simulation result of sea model of 3-level sea condition. (a) Complete RCS simulation results; (b) 
Local enlargement of RCS simulation results; (c) Local enlarged sea model of 3-level sea condition. 

Figure 11 shows the RCS simulation results of ship target. Assuming that the SAR is located 
directly behind the ship target, with an angle of view of 30° and a resolution of 1𝑚. Compared with 
original ship model in Figure 9a, it can be seen that the positions with higher scattering intensity are 
mainly concentrated in dihedral angles, multiple reflection cavities, edges and sharp corners of the 
ship model, as well as planar structures perpendicular to the incoming wave direction, which is 
consistent with theoretical situation. 
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Figure 11. RCS simulation results of the ship target. 

3.4. SAR Echo Simulation 

In order to verify the accuracy of SAR echo simulation system, an echo simulation for a single-
point target was conducted first, and the CS algorithm was used for preliminary imaging processing. 
The results are shown in Figure 12, where Figure 12a is the simulated echo signal of single-point 
target, and Figure 12b is its imaging result. 

 

Figure 12. Point target simulation and imaging results. (a) SAR echo signal of point target; (b) Imaging result of 
point target. 

Extract and evaluate the quality of azimuth and range slice data of the point target. The results 
are shown in Figure 13. After calculation, the peak sidelobe ratio of azimuth direction was −24.4dB, 
and the integral sidelobe ratio was −20.5dB. The peak sidelobe ratio of range direction was −25.8dB, 
and the integral sidelobe ratio was −20.7dB. All of these meet the design standards of SAR echo 
simulation system. 
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Figure 13. Assessment results of target quality. (a) Azimuth assessment result; (b) Range assessment result. 

Next, SAR echo simulation and preliminary imaging of ship targets under the background of 3-
level sea conditions were conducted. The results are shown in Figure 14. Specifically, Figure 14a 
represents the simulated echo signal of ship target under the background of 3-level sea conditions, 
and Figure 14b shows its imaging result. From the figure, overall outline of the ship target and 
distribution of each strong scattering point in the complex sea condition can be observed, which is 
consistent with model structure of the ship target (Figure 9) and the simulation results of 
electromagnetic scattering characteristics (Figure 11) mentioned earlier. 

 

Figure 14. Simulation and imaging results of ship targets under 3-level sea conditions. (a) SAR echo signals of 
ship targets under 3-level sea conditions; (b) Imaging result of ship targets under 3-level sea conditions. 

4. Discussion 

SAR echo simulation is of great significance for marine monitoring and protection. However, 
the simulation system is often complex in terms of hardware equipment and the acquisition cost of 
RCS data is high, which leads to certain difficulties in practical applications. This paper proposes a 
SAR echo simulation method that solely relies on software simulation and numerical calculation. It 
uses wave spectrum model to simulate actual marine environment, utilizes modeling and 
electromagnetic simulation software to achieve efficient acquisition of RCS data, and simulates and 
generates SAR echo signals through time-domain algorithms accurately. Experimental results prove 
the feasibility of this method, but there are still many shortcomings in the process. 

The PM wave spectrum is one of the earliest spectral models. It has a simple principle and high 
implementation efficiency. However, it is only applicable to fully developed sea and has many 
limitations, so it cannot simulate most realistic sea conditions precisely. Therefore, it is mainly used 
for scenario analysis under ideal conditions. Currently, based on the PM spectrum, various advanced 
wave spectrum models such as JONSWAP and Elfouhaily have been derived. These models have 
supplemented and improved the spectral models for various boundary conditions and special 
situations. Although the principles and implementations are more complex, they can simulate 
complex and variable marine conditions more accurately [41]. Therefore, further in-depth research 
will be conducted on different wave spectrum models in the future. 

During the process of “ Ship Target Model Segmentation”, it encountered several times the 
problem that some unwanted elements could not be removed completely, and had to check 
constantly and handle the issues manually. When the target model was large and the resolution 
requirement was high, it became difficult to solve model problem through manual processing. 
Therefore, the model optimization algorithm in the Python script should be improved to achieve a 
fully automated model optimization function. 
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The efficiency of this paper’s electromagnetic scattering characteristic simulation work using 
Feko is relatively low. In fact, the method proposed in this paper spent a considerable amount of time 
on tasks such as model reading, optimization, and cleaning. The time actually spent on 
electromagnetic calculations was not much, which resulted in the overall simulation efficiency being 
not high even when CPU parallel computing was utilized. Therefore, there is still a lot of room for 
optimization in this part. 

Nevertheless, the experimental results also indicate that the method proposed in this paper has 
certain feasibility. It can simulate SAR echo signals of ship targets in the sea quickly under complex 
environmental conditions and limited software and hardware resources, and has certain application 
value. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

API Application Programming Interface 
CS Chirp Scaling 
FFT Fast Fourier Transform 
FMM Fast Multipole Method 
IFFT Inverse Fast Fourier Transform 
LEPO Large Element Physical Optics 
PO Physical Optics 
RCMC Range Cell Migration Correction 
RCS Radar Cross Section 
SAR Synthetic Aperture Radar 
STL STereoLithography 
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