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Abstract

:

To address the challenges posed by composite targets composed of an anisotropic medium and metal in electromagnetic (EM) scattering calculations, this paper introduces an innovative hybrid algorithm tailored for simulating the EM scattering characteristics of such complex targets. Utilizing impedance boundary condition (IBC), the method employs surface impedance vectors to precisely depict the EM properties of the medium. By harnessing the distinct advantages of the Method of Moments (MoMs) at low frequency and Physical Optics (POs) at high frequency, the algorithm ensures both accuracy and efficiency in the EM simulation of composite targets. By transforming the EM scattering problem of targets coated with a thin-layered medium into an equivalent radiation problem of EM currents on impedance surfaces, this research has achieved rapid and high-precision calculations of the Radar Cross Section (RCS) for complex targets with anisotropic medium coatings. To assess the performance of the algorithm, three target models—square plates, simplified aircraft, and complex satellites—are selected as test cases. The dual metrics of RCS and surface current distribution are utilized as evaluation benchmarks, and comparisons are made against the Method of Moments–Finite Element Method (MoM-FEM) hybrid numerical method. The comparative results demonstrate that the proposed method meets the engineering standards in terms of both the root mean square error (RMSE) of RCS and the relative error in surface current distribution, while also achieving a significant improvement of over 50% in computational efficiency, thereby validating its superior accuracy and practical utility.
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1. Introduction


The high-precision and rapid estimation of Radar Cross Section (RCS) for metal targets coated with anisotropic thin layers is a crucial technology in the field of computational electromagnetics. It holds significant importance in radar target detection, identification, and stealth performance evaluation, and is presently a focal research area [1,2,3,4,5].



In the realm of electromagnetic (EM) stealth technology for complex targets, the application of anisotropic medium coatings on metal target surfaces presents a dual advantage: it attenuates the scattered EM waves while also offering the potential to selectively scatter EM waves in specific directions, thereby emerging as a highly scrutinized research avenue [6]. The analysis of EM properties for electrically large metallic targets coated with medium materials finds extensive applications in engineering fields such as EM stealth and protection. Presently, research on the EM properties of anisotropic medium coatings predominantly employs two models. One approach directly utilizes the medium constant or permeability tensor to construct an EM response model, yielding accurate computations but encountering challenges in high-frequency diffraction and similar issues [7,8,9]. The alternative method employs an equivalent impedance model, imposing an Impedance Boundary Condition (IBC) to constrain the EM field. This approach introduces surface impedance to describe the coupling of the EM field on the surface boundary of the target’s top layer, thus solving for the EM field on the target surface. This model obviates the need to calculate the specific distribution of the internal fields within the medium, bypassing challenges associated with deriving and computing Green’s functions in complex medium coating structures. Consequently, it enables the rapid resolution of scattering problems and has found extensive application in the EM scattering studies of targets with diverse medium coatings or coverings [10,11,12].



The medium coatings often exhibit intricate material properties and have thicknesses characterized by thin electrical dimensions. These factors lead to challenges in classic full-wave EM simulations, such as encountering a vast number of unknowns and issues related to the condition number of the impedance matrix. In the microwave frequency range where radar operates, common targets such as missiles and aircraft, featuring anisotropic material coatings and complex geometries, often exhibit electrically large-scale scattering characteristics. When dealing with such electrically large metallic targets, the efficiency of full-wave EM simulations often diminishes with increasing problem scales [13,14,15,16,17,18]. High-frequency approximation methods based on approximation theories, while not matching the computational accuracy of full-wave techniques, have garnered attention due to their rapid computation and minimal resource requirements in various engineering applications. However, these high-frequency methods fall short of accurately simulating discontinuities on targets, such as edges and corners, or finely detailed structures with small electrical dimensions, especially when aiming for precise EM calculations of low observable echoes from stealth targets [19,20]. The numerical high-frequency hybrid algorithm extends the solution range to low/high frequencies globally, ensuring both algorithmic accuracy and high computational efficiency. Widely applied in the EM scattering research of multiscale targets, the Method of Moments–Physical Optics (MoMs-POs) method based on the surface equivalent EM current is particularly representative [21,22,23,24,25,26,27,28,29,30,31,32,33].



The origin of the MoM and PO hybrid technique can be traced back to the 1970s. However, the MoM-PO hybrid method tailored for the EM radiation and scattering problems of three-dimensional structures is generally believed to have been established and developed by Jakobus [21,22,23] in a series of papers around 1995. A study analyzed the scattering phenomenon of a plane wave embedded near the interface of two mediums with an embedded ideal conductor cylinder and derived a coupled set of integral equations based on the surface equivalence principle [24]. Another work combined MoM, PO, and the Geometrical Theory of Diffraction (GTD) to evaluate the surface current distribution of patch antennas in rectangular waveguides [25]. Currently, researchers primarily aim to enhance the computational efficiency of the hybrid algorithm from two perspectives: matrix dimension reduction/iterative computation and accelerating the determination process of the PO region illumination [26,27,28,29,30,31]. Attempts have also been made to apply the MoM-PO algorithm to the EM scattering calculations of impedance surfaces [32,33]. However, these studies primarily focus on simple-shaped, smaller-scale standard bodies, leaving a gap in addressing medium coating issues for complex targets with significant electrical dimensions. As the electrical dimensions and structural complexity of targets increase, the hybrid algorithm faces increasingly severe challenges in handling two-region coupling, standard delineation, illumination factor evaluation, and target surface equivalent EM current calculations. Particularly for the EM scattering problems of complex targets under anisotropic medium coatings, two core challenges emerge: the accurate representation of the hybrid algorithm for anisotropic material properties and the influence of the occlusion effects of different parts of the target surface on the PO region illumination assessment.



In light of these challenges, this research, in establishing the EM field relationship on the boundary between the coating layer and the air layer, chooses to use IBC to constrain the EM field. The composite structure of a thin-layer material coating on a conductive target is equivalent to an impedance surface without thickness, and surface impedance is introduced to describe the coupling of the EM field on the surface boundary of the target’s top layer. Solving the EM scattering of the composite structure is simplified by directly using the surface EM field integral formula. For cases involving occlusion between different structures on the surface of complex targets, real-time occlusion results are obtained using graphics hardware acceleration. Leveraging the rendering capabilities of Graphics Processing Units (GPUs) and utilizing the depth buffer, the PO illumination determination process is accelerated to improve computational accuracy.



In summary, this study proposes an IBC-MoM-PO hybrid algorithm for EM scattering problems of complex targets with anisotropic material coatings. Based on IBC and the equivalence principle, the EM scattering problem of a thin-layer medium-coated conductive target is equivalent to a radiation problem of equivalent EM current on an impedance surface. Starting from the boundary integral equation and considering the coupling between the MoM and PO regions, the interaction matrix equation is established using Rao-Wilton–Glisson (RWG) basis functions and point-matching methods, thereby solving for the unknown current coefficients of the entire target region. Finally, through far-field integration, the high-precision rapid estimation of EM scattering for material-coated targets is achieved. Numerical comparisons of three cases validate the accuracy and effectiveness of the proposed method.




2. Algorithmic Scheme


The most widely employed high/low-frequency hybrid algorithms can be categorized into ray-optical methods based on the Method of Moments–Geometrical Theory of Diffraction/Uniform Theory of Diffraction (MoM-GTD/UTD), represented by ray optics, and current-based methods represented by MoM-PO. The former exhibits high computational efficiency but relies on typical geometric models such as plates, cylinders, and cones, making it challenging to derive a universal computational framework. In comparison, the PO method, as opposed to GTD/UTD methods, can leverage advanced modeling techniques for the representation of arbitrarily shaped targets, offering better generality. Moreover, PO is a high-frequency method based on surface current, while MoM is a low-frequency method also based on surface current. Given the similarity in the geometric discretization of models, selection of basis functions, and far-field calculations, the hybridization of MoM and PO theories has experienced rapid development in recent years.



When utilizing the MoM and PO hybrid approach to solve complex EM models, it is necessary to segment the entire model into regions [34,35,36], as illustrated in Figure 1. The fundamental principle of segmentation is to achieve an accurate simulation of induced EM currents on the target surface. MoM is widely recognized for its ability to precisely compute the distribution of EM currents. Therefore, during segmentation, areas with discontinuities such as edges and corners, where the EM current changes rapidly, are assigned to the MoM region. Smooth and continuous regions are allocated to the PO region. For targets with minimal curvature changes, a small number of regions with significant scattering contributions can be designated to the MoM region, effectively enhancing the precision of this hybrid algorithm.



In order to describe the anisotropic characteristics of the target surface, a local reference coordinate system    (   x ^  ,  y ^  ,  z ^   )    is established on the discretized triangular surface elements [37,38,39]. Here,   x ^   and   y ^   represent two-unit tangent vectors on the surface element, and   z ^   is the outward normal vector. The directional vectors of the optical axis for anisotropic materials are denoted as   u ^   and   v ^  , as depicted in Figure 2. Specifically, the angle between   u ^   and   x ^   is the optical axis tilt angle, denoted by α. Additionally, χ represents the angle between the incident wave’s vertical electric field and the x-axis direction, while   τ ^   signifies the projection vector of the incident wave on the surface element.



For a 3-D arbitrary impedance surface, the impedance dyadic within the local reference frame (xoy) can be expressed as      Z ¯  ¯  S  =  Z  x x   ⋅  x ^   x ^  +  Z  x y   ⋅  x ^   y ^  +  Z  y x   ⋅  y ^   x ^  +  Z  y y   ⋅  y ^   y ^    with the free-space wave impedance Z0, where    Z  x x   =  Z u  ⋅   cos  2  α +  Z v  ⋅   sin  2  α  ,    Z  x y   =  Z  y x   =  (   Z u  −  Z v   )  ⋅ cos α sin α  , and    Z  y y   =  Z v  ⋅   cos  2  α +  Z u  ⋅   sin  2  α   [33].



The Impedance Boundary Condition (IBC) represents a relationship that the electric and/or magnetic fields satisfy on the surface of an impedance target. This condition was originally proposed by Leontovich in 1948 while investigating the propagation of radio waves around the Earth, hence also referred to as the Leontovich Impedance Boundary Condition [40]. Its mathematical expression is as follows:


   n ^  × (  n ^  ×  E ⇀  ) = −    Z ¯  ¯  S  ⋅ (  n ^  ×  H ⇀  )  



(1)







  E ⇀   and   H ⇀   denote the electric and magnetic fields on the target surface, respectively, assumed to be harmonic and given by    e  − j ω t    .   n ^   represents the outward normal direction of this surface, as illustrated in Figure 2.



In conjunction with the equivalence principle [41], the EM scattering of a thin-layer medium-coated conductive target can be equivalently represented as a radiation problem of equivalent EM current sources on the impedance surface. The relationship satisfied by the equivalent EM current on the target surface can be expressed as


   M ⇀  = (    Z ¯  ¯  S  ⋅  J ⇀  ) ×  n ^   



(2)






   n ^  × (   E ⇀  i  +   E ⇀  s  −    Z ¯  ¯  S  ⋅  J ⇀  ) =  0 ⇀   



(3)







The preprocessing procedure of the MoM-PO method is analogous to the MoM. Initially, the region under investigation is partitioned, followed by the expansion of all unknown currents using basis functions. During this research, scattering body surface currents are uniformly expanded using vector triangular basis functions defined on planar triangular patches. These basis functions were initially introduced and applied to the EM scattering computations of three-dimensional targets by S.M. Rao, D.R. Wilton, and A.W. Glisson, hence commonly referred to as the RWG basis functions [42,43]. Mathematically, they can be represented as


      J ⇀   M M    (  r ⇀  )  =   ∑  n = 1    N  M M       J  M M , n   ⋅   f ⇀  n   (  r ⇀  )          J ⇀   P O    (  r ⇀  )  =   ∑  k = 1    K  P O       J  P O , k   ⋅   f ⇀  k   (  r ⇀  )       



(4)






      M ⇀   M M   =   ∑  n = 1    N  M M       J  M M , n   [   (    Z ¯  ¯  S  ⋅   f ⇀  n   (  r ⇀  )  ) ×   n ^  n  ]       M ⇀   P O   =   ∑  k = 1    K  P O       J  P O , k     [ (    Z ¯  ¯  S  ⋅   f ⇀  k   (  r ⇀  )  ) ×   n ^  k  ]    



(5)







Here,    f ⇀   (  r ⇀  )    represents the RWG basis function, and NMM and KPO correspond to the number of basis functions in the MoM and PO regions, respectively.     J ⇀   M M    (  r ⇀  )   ,     J ⇀   P O    (  r ⇀  )   ,     M ⇀   M M    , and     M ⇀   P O     denote the unknown current coefficients and unknown magnetic flow coefficients in the MoM and PO regions, respectively.



The current in the PO region can be expressed as


      J ⇀   P O     =   ∑  k = 1    K  P O       J  P O , k   ⋅   f ⇀  k    =  n ^  ×  [   δ  i n c   ⋅  (    H ⇀   P O   i n c   +   H ⇀   P O  r   )  +  δ  S n   ⋅   H ⇀    S  M M      ]       =  n ^  ×  [     δ  i n c   ⋅  (    i ^   i n c   ×   E ⇀   P O   i n c   +   s ^  r  ×   E ⇀   P O  r   )      +  δ  S n   ⋅  (    i ^    S  M M     ×   E ⇀    S  M M      )     ]  /  Z 0     



(6)







In Equation (6),     i ^   i n c     represents the direction vector of the incident wave,     i ^    S  M M       is the direction vector of the excitation source in the MoM region,     s ^  r    is the scattering direction vector, and Z0 is the impedance of free space.     H ⇀    S  M M       denotes the magnetic field generated by sources in the MoM region,     E ⇀    S  M M       represents the electric field generated by sources in the MoM region, and    δ  i n c     and    δ  S n     respectively represent the illumination factors of the nth surface current basis at the observation point and the incident field. Figure 3 illustrates the process of MoM-PO matching.



Define     t ^  k +    and     t ^  k −    as unit vectors perpendicular to the common edge at the midpoint of the k-th common edge in the PO region. At each midpoint of the common edge in the PO region, taking the dot product of    (    t ^  k +  +   t ^  k −   )  / 2   with both sides of Equation (6) yields


   J  P O , k   =  (   (    t ^  k +  +   t ^  k −   )  / 2  )  ⋅  n ^  ×  [     δ  i n c   ⋅  (    i ^   i n c   ×   E ⇀   P O   i n c   +   s ^  r  ×   E ⇀   P O  r   )      +  δ  S n   ⋅  (    i ^    S  M M     ×   E ⇀    S  M M      )     ]  /  Z 0   



(7)







Here, k = 1, 2, …, KPO. This provides the relationship between the current coefficients in the PO region and the incident field and the current coefficients in the MoM region. Equation (7) can be expressed in matrix form:


    J ⇀   P O   =   J ⇀   P O   i n c   +    T ¯  ¯   P O ,  S  M M     ⋅   J ⇀   M M    



(8)







In which,


      J ⇀   P O   =   [   J  P O , 1   ,  J  P O , 2   , ⋯ ,  J  P O ,  K  P O      ]  T        J ⇀   P O   i n c   =   [   J  P O , 1   i n c   ,  J  P O , 2   i n c   , ⋯ ,  J  P O ,  K  P O     i n c    ]  T        J ⇀   M M   =   [   J  M M , 1   ,  J  M M , 2   , ⋯ ,  J  M M ,  N  M M      ]  T     



(9)







The matrix      T ¯  ¯   P O ,  S  M M       establishes the connection between the current in the PO region and the current in the MoM region, reflecting the excitation effect of the MoM region current on the PO region.



In the MoM region, Equation (3) can be expressed as


   n ^  × (   E ⇀   M M   i n c   +   E ⇀    S  M M     −    Z ¯  ¯  S  ⋅   J ⇀   M M   ) =  0 ⇀   



(10)







Utilizing the Galerkin matching technique with the trial function    f m  ( m = 1 , 2 , …    N  M M   )   identical in form to the basis function [44], we obtain


   〈    E ⇀   M M   i n c   ,  f m   〉  +  〈    E ⇀    S  M M     ,  f m   〉  =  〈     Z ¯  ¯  S  ⋅   J ⇀   M M   ,  f m   〉   



(11)




where   〈 f , g 〉 =    ∫ s   f ⋅ g d s      denotes the integral of the inner product between two vector functions. By combining Equations (4), (5), (8), and (11), we derive the following matrix equation:


     Z ¯  ¯   M M   ⋅   J ⇀   M M   +    Z ¯  ¯    S  M M   , P O   ⋅   J ⇀   P O   =   V ¯   M M    



(12)







Here,      Z ¯  ¯   M M     is the self-impedance matrix of the MoM region surface current basis,      Z ¯  ¯    S  M M   , P O     is the mutual impedance matrix between the MoM region surface current basis and the PO region surface current basis, and     V ¯   M M     is the voltage matrix of the MoM region surface current basis, taking into account the coupling effects from the PO region.



Substituting Equation (8) into Equation (12), we obtain


  (    Z ¯  ¯   M M   +    Z ¯  ¯    S  M M   , P O   ⋅    T ¯  ¯   P O ,  S  M M     ) ⋅   J ⇀   M M   =   V ¯   M M   −    Z ¯  ¯    S  M M   , P O   ⋅   J ⇀   P O   i n c    



(13)







Equation (11) represents the matrix equation derived from the MoM-PO hybrid method.      T ¯  ¯   P O ,  S  M M     = [  T  k n   P O ,  S  M M     ]   reflects the excitation effect of the MoM region current on the PO region and can be referred to as the excitation matrix.



Solving the matrix equation iteratively using Equation (13) gives the current coefficients for the MoM region. Then, using Equation (8), one can determine the current coefficients for the PO region. As a result, the magnetic current coefficients for both the MoM and PO regions can be obtained, leading to the EM scattering characteristics of the given impedance target. When the surface impedance parameters are equal to    Z u  =  Z v   , the algorithm simplifies to the isotropic case. If      Z ¯  ¯  S  = 0  , the algorithm becomes the Perfect Electric Conductor (PEC) scenario.




3. Graphics Hardware Acceleration Technology


In the MoM-PO hybrid method, the determination of illuminated regions in the PO region involves two scenarios. One is the assessment of illuminated regions under plane wave incidence when calculating the scattering field in the PO region excited by the incident wave. The second scenario involves evaluating illuminated regions under point source incidence when computing the coupling effects between the MoM and PO regions. In previously published works, particularly focusing on simple structures such as plates and spheres, the determination of illuminated regions was accomplished solely based on the vector relationship between the outward normal of the surface element and the direction of the incident wave. However, for complex targets, where mutual occlusion between different structures may occur, relying solely on the vector relationship between the outward normal of the surface element and the direction of the incident wave might not be sufficient to fully determine the illumination status of discrete surface elements.



This study employs real-time occlusion results obtained through graphics hardware acceleration. Leveraging the rendering capabilities of GPUs and utilizing the depth buffer, the graphics rendering technique is employed to accelerate the determination of illuminated regions in the PO region.



The specific occlusion process in this paper is as follows:




	
Background Elimination








First, eliminate the backward invisible surface elements based on the angle between the outward normal of the target surface element and the direction of the incident wave. As shown in Figure 4, the angle (θ) between the incident wave direction (  k →  ) and the outward normal vector (  n ^  ) of the surface element is related as follows:


   k →  ⋅  n ^  =  |  k →  |  ⋅  |  n ^  |  cos θ  



(14)







Based on the sign of this result, determine the range of θ. If the dot product is greater than 0, then θ < 90°, indicating the surface is visible, and if θ > 90°, it indicates the surface is invisible. For a single convex polyhedron, background elimination can completely eliminate invisible faces. However, for a complex structure composed of multiple objects, background elimination alone is insufficient, and further depth occlusion testing is required.



	2.

	
Projection Matrix







In the process of depth occlusion, the model space coordinate system is generally defined with the computer screen center as the origin. The viewer is facing the screen, with the right direction as the positive x-axis, upward as the positive y-axis, and the direction pointing outward from the screen as the positive z-axis. In the model space, three-dimensional objects can undergo a series of translations, rotations, and scaling using the computer’s built-in model functions to determine their size, position, and shape. The final positioning of the three-dimensional object can be achieved by multiplying the basic physical model with the model transformation matrix.



Before completing perspective projection, parameters such as the viewpoint, near plane, and far plane need to be defined. With these parameters, the projection matrix can be constructed to achieve perspective projection imaging. For convenience of explanation, let the viewpoint be at the origin of the coordinate system. Define the coordinates of the bottom-left and top-right corners of the near plane as (xl, yb) and (xr, yt), respectively. Define the near and far planes as Zn and Zf. The expression for the perspective projection matrix (P) is as follows:


  P =  [        2  Z n     x r  −  x l       0       x r  +  x l     x r  −  x l       0     0      2  Z n     y t  −  y b           y t  +  y b     y t  −  y b       0     0   0    −    Z f  +  Z n     Z f  −  Z n        −   2  Z f  ⋅  Z n     Z f  −  Z n         0   0    − 1    0     ]   



(15)







The geometric interpretation of the projection matrix (P) is to map the viewing frustum onto a cube.



	3.

	
Depth Buffer







The basic concept of the depth buffer is to test a series of planes for each pixel on the display screen, recording the depth of the plane closest to the observer along the projection line for that pixel. In addition to depth, it is also necessary to record the brightness value used to display the object. The depth buffer algorithm uses two arrays: one records the depth value for each pixel, and the other records the brightness value for the corresponding object of this pixel. The process is as follows:




	(1)

	
For each pixel on the screen, set the depth buffer Depth[x][y] to a large value and set the brightness buffer to the background value;




	(2)

	
For each triangle face in the scene, identify all pixels within its boundary when projected onto the screen. For these pixels, calculate the depth z of this face at (x, y). If z < Depth[x][y], this face is closer to the observer at (x, y) compared to other polygons, so set Depth[x][y] = z and set the brightness array to the brightness value of this face. If z > Depth[x][y], it indicates that this polygon is obscured by other polygons at this pixel, so no action is taken.









After scanning all pixels, the depth buffer and brightness buffer contain the depth values and visible brightness values, respectively, for all visible points. Since calculations are performed using screen coordinates, the depth value at each pixel point (x, y) can be directly calculated using the following equation.


  z =   − a x − b y − d  c   



(16)







In this equation, a, b, c, and d are undetermined coefficients for the pixel point, which can be determined using the target’s geometric three-dimensional data and observation angles. In this case, when the scan line increases by one unit along the x-axis, the depth value at pixel point (x + 1, y) is


  z ′ =   − a  (  x + 1  )  − b y − d  c   



(17)







Similarly, when y = y − 1, the depth value at pixel point (x, y − 1) is


  z ′ =   − a x − b  (  y − 1  )  − d  c   



(18)







In three-dimensional rendering, the aforementioned perspective projection matrix is employed to establish the projection relationship, enabling the projection of objects from three-dimensional space onto a two-dimensional computer screen. Additionally, leveraging hardware depth testing mechanisms, precise determination of pixel visibility is achieved through the implementation of depth buffer testing in graphics hardware, facilitating an efficient occlusion process.



Figure 5a shows the wireframe model of a tank model before occlusion processing, while Figure 5b displays the wireframe model after occlusion. At this moment, the zenith angle (θ) of the incident radar wave is 0°, and the azimuth angle (φ) is 90°. It is evident from the figures that the occlusion process effectively removes the obscured portions of the model, resulting in a well-defined occlusion effect.




4. Numerical Results and Discussion


The analysis of the scattering characteristics of medium-coated conducting targets is closely tied to the boundary conditions on the coated surface. IBC is commonly employed to solve boundary problems at the interface between conductive materials and coating materials. When the thickness of the coated medium layer is very thin, IBC can be used to simplify the calculations. The expression for the surface impedance (     Z ¯  ¯  S   ) of the external electric and magnetic fields of the thin-coated medium layer is given by


     Z u  = j  Z 0  ×      μ v     ε u      × tan  (   k 0  ×    ε u  ×  μ v    × d  )       Z v  = j  Z 0  ×      μ u     ε v      × tan  (   k 0  ×    ε v  ×  μ u    × d  )     



(19)







In which, Z0 denotes the wave impedance in free space, k0 is the propagation constant in free space, d signifies the thickness of the coated medium, and εr and μr represent the relative permittivity and relative magnetic permeability of the medium layer, respectively.



To validate the performance of the proposed hybrid method, the study selected the Method of Moments–Finite Element Method (MoM-FEM) hybrid full-wave numerical approach as a reference. The Root Mean Square Error (RMSE) is employed as the evaluation criterion to quantify the discrepancies between the research method and the reference data. The definition of RMSE is as follows:


  R M S E =    1 N    ∑  i = 1  N      (  R C  S  p r o p o s e d    ( θ )  − R C  S  r e f e r e n c e    ( θ )   )   2       



(20)







In the equation, θ represents the scattering angle,   R C  S  p r o p o s e d     and   R C  S  r e f e r e n c e     denote the calculated results for the proposed method and the full-wave numerical solution, respectively.



The chip set used for the computational platform is an Intel Core i7—12,700 with a clock speed of 2.10 GHz, and the total memory is 64 GB.



4.1. Square Plate


The schematic of the square plate model is shown in Figure 6. Figure 7 (VV polarization) and Figure 8 (HH polarization) respectively present the simulation results of the bistatic RCS and their comparison with the full-wave numerical solution. In this simulation, the relative permittivity for the isotropic coating is set as εr = 12–12j, while for the anisotropic coating, the relative permittivity values are εu = 5–7j and εv = 3–9j. The thickness for both coatings is d = 0.1 λ. The corresponding isotropic impedance parameters are Zu = Zv = 0.24 + j 0.03, α = 0°; and the anisotropic impedance parameters are Zu = 0.45 + j 0.20, Zv = 0.32 + j 0.23, α = 0°. For the incident conditions, the incident angle is set to θi = 10° and φi = 27°, with the scattering angle ranging from θs = –50° to 30° and φs = 27°. Furthermore, the frequency of the incident wave is 9 GHz. In the figures, “Iso” represents the scenario with isotropic medium coating, while “Aniso” denotes the scenario with anisotropic medium coating.



The experimental results reveal that the coating medium significantly affects the RCS of the target, with the attenuation effect being particularly pronounced for the anisotropic medium. Importantly, the hybrid algorithm proposed in this research is consistent with the full-wave numerical solution in terms of the computational results. The RSME data of RCS in Table 1 indicate that the maximum error is only 2 dB, demonstrating that the precision meets the requirements for practical engineering applications and further confirming the reliability of the proposed methodology. Additionally, Figure 9, Figure 10 and Figure 11 provide a more detailed depiction of the surface current distribution of the square plate under various coating conditions, contrasted with the full-wave numerical solution. The comparative results indicate that the relative error between the two remains within 10−5, further underscoring the applicability of the approach in handling open structures such as flat plates.




4.2. Aircraft Target


The three-dimensional model of a specific aircraft is illustrated in Figure 12, with an electrical dimension of 10.47λ. Figure 13 and Figure 14 display the bistatic RCS simulation results of the target under two conditions: ideal conductivity and isotropic medium coating, as well as for two polarizations. Table 2 provides a detailed listing of the RMSE calculations for the RCS. Surface current distributions corresponding to these simulations are depicted in Figure 15 and Figure 16. For this simulation, the incident angles are set as θi = 27° and φi = 35°, with a scattering angle range of θs = 0°–360° and φs = 35°. The frequency of the incident wave is set at 600 MHz. The relative permittivity for the isotropic medium coating is εr = 20.7–20.7j, with a coating thickness of d = 0.1λ. The corresponding isotropic impedance parameters are Zu = Zv = 0.15 + j 0.06, α = 0°.



The simulation results reveal that within the observation angle range of 0–180° and 275–360°, the medium layer on the metal target surface significantly attenuates the incident EM waves. Furthermore, the scattering characteristics of the target vary under different polarization conditions, a feature widely exploited in radar systems for detection and identification purposes. Comparative analysis demonstrates that the algorithm proposed in this research exhibits excellent consistency with the full-wave numerical solutions over a broad angular range, with an RMSE not exceeding 0.5 dB. The surface current distribution agrees with the numerical computations, underscoring the efficacy and accuracy of the method presented in this paper for EM scattering simulations of complex structures such as aircraft.




4.3. Complex Satellite Target


The three-dimensional schematic of the Misty stealth satellite is illustrated in Figure 17. The simulated bistatic RCS outcomes are presented in Figure 18 and Figure 19. The incident angles are defined as θi = 120° and φi = 30°, with a scattering angle range of θs = 0°–360° and φs = 30°. The frequency of the incident wave is set at 800 MHz, and the target’s electrical dimension stands at 10λ. The relative permittivity values for the anisotropic medium layer are εu = 2–5j and εv = 3–7j, with a coating thickness denoted as d = 0.04λ. The corresponding anisotropic impedance parameters are Zu = 0.03 + j 0.26, Zv = 0.04 + j 0.26, α = 0°. In this study, we juxtapose our approach with the full-wave numerical method, and the RMSEs for RCS are tabulated in Table 3. The distributions of surface currents on the target are depicted in Figure 20 and Figure 21. Additionally, Table 4 furnishes data on the memory footprint and CPU computation durations for both our devised method and the full-wave numerical technique.



Misty’s geometric structure exhibits significant complexity, necessitating effective occlusion and determination of the PO region illumination within the observation angle. The research reveals that the adopted anisotropic medium layer in this study contributes to a pronounced attenuation in the target’s EM scattering, particularly within the observation angle range of 225–300°. Under varying polarization conditions, the target manifests distinct EM scattering characteristics. A comparison with the full-wave numerical method confirms the high consistency of the algorithm proposed in this study. Whether in scenarios of PEC or those with anisotropic coating, the computational outcomes align closely with the numerical method, with the maximum root mean square error of RCS being only 2.64 dB. This further underscores the feasibility and accuracy of the proposed methodology for intricate targets. Notably, the computational resource comparison in Table 4 reveals that, in contrast to the conventional approach, our method efficiently reduces the number of unknowns in the MoM region matrix operation to one-tenth of the original. Concurrently, there are substantial improvements in both memory requirements and computational time, with an average enhancement exceeding 50%, highlighting the efficiency of the hybrid algorithm employed in this research. In summary, adopting the approach proposed in this paper facilitates precise and rapid estimation of the RCS for complex coated targets.





5. Conclusions


This paper proposes an IBC-MoM-PO hybrid algorithm tailored for efficiently addressing the EM scattering of complex targets with anisotropic medium coatings. Initially, leveraging graphical hardware acceleration expedites the determination process of the PO illumination region. Subsequently, by integrating IBC and the principle of equivalence, the EM scattering problem of a medium-coated conductive target is transformed into an equivalent EM current radiation issue on the impedance surface. This ensures a high-precision and rapid estimation of the EM scattering characteristics of coated targets. The validation examples in this study encompass square plates, a specific model of aircraft, and the Misty satellite. Using bistatic RCS and surface current distribution as evaluation criteria, the proposed algorithm consistently demonstrates superior performance and effectiveness.



Future research endeavors will focus on augmenting the feasible electrical dimensions of targets, optimizing computational speed, and enhancing the memory utilization efficiency of the algorithm. Concurrently, there are plans to integrate the approach presented in this paper with existing rapid multipole algorithms or other efficient techniques such as multilayer UV methods, aiming for broader applications in practical engineering challenges.
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Figure 1. Schematic of target impedance surface. 
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Figure 2. Schematic of local coordinate system and anisotropic optical axis. 
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Figure 3. The process of MoM-PO matching. 
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Figure 4. Determination of visible regions on the target. 
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Figure 5. Comparison of tank model for a complex aircraft target before and after occlusion. (a) Before and (b) after. 
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Figure 6. Schematic of the square plate. 
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Figure 7. Bistatic RCSs of the square plate. The RMSE for the scenarios of PEC, isotropic medium coating, and anisotropic medium coating are 0.51 dB, 0.63 dB, and 1.96 dB, respectively, for VV polarization. 
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Figure 8. Bistatic RCSs of the square plate. The RMSE for the scenarios of PEC, isotropic medium coating, and anisotropic medium coating are 0.46 dB, 0.57 dB, and 1.57 dB, respectively, for HH polarization. 
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Figure 9. Current distribution of the square plate, PEC. (Left, full wave numerical method; right, the proposed algorithm). (a) VV polarization, (b) HH polarization. 
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Figure 10. Current distribution of the square plate, coated with a single-layer isotropic medium on the outer surface. (Left, full wave numerical method; right, the proposed algorithm). (a) VV polarization, (b) HH polarization. 
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Figure 11. Current distribution of the square plate, coated with a single-layer anisotropic medium on the outer surface. (Left, full wave numerical method; right, the proposed algorithm). (a) VV polarization, (b) HH polarization. 
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Figure 12. Schematic of the aircraft model. 
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Figure 13. Bistatic RCSs of the aircraft. The RMSEs for the cases with PEC and surface coated with isotropic medium are 0.25 dB and 0.46 dB, respectively, under VV polarization. 
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Figure 14. Bistatic RCSs of the aircraft. The RMSEs for the cases with PEC and surface coated with isotropic medium are 0.08 dB and 0.24 dB, respectively, under HH polarization. 
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Figure 15. Current distribution of the aircraft, PEC. (Left, full wave numerical method; right, the proposed algorithm). (a) VV polarization, (b) HH polarization. 
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Figure 16. Current distribution of the aircraft, coated with a single-layer isotropic medium on the outer surface. (Left, full wave numerical method; right, the proposed algorithm). (a) VV polarization, (b) HH polarization. 
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Figure 17. Schematic of the Misty satellite model. 
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Figure 18. Bistatic RCSs of Misty, PEC. The RMSEs are 0.41 dB (VV polarization) and 0.22 dB (HH polarization). 
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Figure 19. Bistatic RCSs of Misty, coated with a single-layer anisotropic medium on the outer surface. The RMSEs are 2.64 dB (VV polarization) and 2.52 dB (HH polarization). 
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Figure 20. Current distribution of the Misty, PEC. (Left, full wave numerical method; right, the proposed algorithm). (a) VV polarization, (b) HH polarization. 
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Figure 21. Current distribution of the Misty, coated with a single-layer anisotropic medium on the outer surface. (Left, full wave numerical method; right, the proposed algorithm). (a) VV polarization, (b) HH polarization. 
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Table 1. RMSE calculation results for bistatic RCS of the square plate.
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Table 2. RMSE calculation results for bistatic RCS of the aircraft.
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Table 3. RMSE calculation results for bistatic RCS of the Misty.
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Table 4. Comparison of computation time and memory requirements for the Misty satellite.
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Methods
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Memory
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MoM
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8.2 (GB)

	
0.5 (h)




	
Proposed
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/

	
5.1 (GB)
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Methods

	
Coated with anisotropic medium
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/

	
9.8 (GB)

	
11.8 (h)
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