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ABSTRACT: Analyzing the electromagnetic scattering of electrically large targets with complex coatings presents significant computa-
tional challenges. This study proposes a highly efficient hybrid acceleration method within the Electric Field Integral Equation (EFIE)
framework, combining the Thin Dielectric Sheet (TDS) approximation, Characteristic Mode Analysis (CMA), and Adaptive Cross Ap-
proximation (ACA). First, a generalized TDS formulation maps dual-layer equivalent currents onto a single-surface model, substantially
reducing the number of initial unknowns while preserving physical consistency. Next, domain decomposition and CMA are used to
construct a reduced-order matrix, enabling a direct, non-iterative solution that fundamentally bypasses the traditional convergence bot-
tlenecks. Finally, the ACA compresses well-separated far-field interactions to further minimize the computational and memory costs.
Comprehensive numerical experiments calculating the radar cross section (RCS) of electrically large coated targets demonstrate that the
proposed hybrid scheme offers superior accuracy and drastically reduces matrix storage and computation time compared to conventional
full-wave direct solvers and traditional TDS-EFIE (electric and magnetic) formulations.

1. INTRODUCTION

riven by the continuous advancement of modern detec-

tion technologies, the electromagnetic stealth requirements
for high-value targets have become increasingly strict. Tradi-
tionally, electromagnetic scattering analysis of standard targets
relies heavily on full-wave numerical techniques, such as the
Method of Moments (MoM) [1,2]. However, for electrically
large targets, the dense matrices of the MoM cause severe mem-
ory and computational bottlenecks. To alleviate it, various fast
algorithms have been developed to significantly accelerate ma-
trix compression and filling. Examples include the Multilevel
Fast Multipole Algorithm (MLFMA) [3], Characteristic Basis
Function Method (CBFM) [4], Domain Decomposition Method
(DDM) [5], and Adaptive Cross Approximation (ACA) [6].
While these methods are highly effective for perfect conduc-
tors, analyzing dielectric-coated targets remains challenging.
High-fidelity solutions necessitate the Volume-Surface Inte-
gral Equation (VSIE) [7] or PMCHWT [8-10] formulations,
which inherently require two-layer or three-dimensional volu-
metric discretization. The resulting massive unknowns gener-
ate highly ill-conditioned matrices, causing severe convergence
failures in iterative algorithms, even with ACA or MLFMA ac-
celeration. To fundamentally address this issue, Characteris-
tic Mode Analysis (CMA) [11-13] is introduced as a power-
ful dimension-reduction technique. CMA partitions the target
into subdomains to extract physically significant characteristic
modes. These excitation-independent orthogonal basis func-
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tions then transform a massive system into a low-dimensional
direct-solution problem. Consequently, this method effectively
circumvents iterative convergence issues.

To overcome the computational burden imposed by two-
layer discretization, traditional Impedance Boundary Condi-
tions (IBCs) [14—16] have been widely adopted, successfully
reducing the physical model to an equivalent single-layer prob-
lem. However, when dealing with highly curved surfaces or
oblique incidence at large grazing angles, the standard IBC in-
evitably introduces significant errors because it neglects the
normal polarization effects and phase delay along the thick-
ness direction within the dielectric layer [17,18]. To recon-
cile the computational efficiency of single-layer modeling with
physical rigor, the Thin Dielectric Sheet (TDS) [19, 20] approx-
imation, derived from the volume equivalence principle, has
emerged as a superior alternative. By incorporating a polar-
ization contrast coefficient and physical thickness offset, the
TDS method accurately compensates for the discontinuity of
the electric field, thereby perfectly restoring the true polariza-
tion and phase information within a single-layer mesh frame-
work. Unlike conventional standard TDS models, which are re-
stricted solely to electric field corrections, a more rigorous gen-
eralized TDS model addresses both the electric and magnetic
fields simultaneously. By introducing both electric and mag-
netic polarization contrast coefficients along with a physical
thickness offset, this model accurately compensates for the dual
discontinuities of electromagnetic fields as they traverse the di-
electric layer. Consequently, it perfectly restores the true polar-
ization, magnetization, and phase information within a single-
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layer mesh framework. The TDS formulation effectively cor-
rects these theoretical deficiencies. However, if the underly-
ing solver continues to rely on conventional MoM, the result-
ing dense impedance matrix remains ill-equipped for complex,
large-scale targets [21,22].

Driven by these considerations, this study proposes a novel
hybrid acceleration scheme based on the TDS-EFIE (Electric
Field Integral Equation). This scheme deeply integrates CMA
and the ACA algorithm to efficiently and accurately analyze the
scattering of complex, electrically large coated targets. First,
a rigorous TDS integral model incorporating polarization cor-
rections was established on the coated surface, and character-
istic mode basis functions were utilized to drastically reduce
the dimensionality of the system. Second, a hybrid strategy
is introduced to construct the reduced-order matrix. Rigorous
full-precision numerical integration is employed for strongly
coupled near-field regions. Meanwhile, the ACA algorithm is
directly applied to weakly coupled far-field regions for rapid
matrix compression and filling. Numerical examples demon-
strate that, while maintaining rigorous physical accuracy, the
proposed scheme significantly reduces memory consumption
and enhances the overall computational efficiency.

2. THEORY

2.1. Establishment of the TDS-EFIE

First, physical and equivalent models were established (Fig. 1).
A perfect electric conductor (PEC) is coated with a lossy dielec-
tric layer of thickness d, permittivity ¢,, and permeability i,
St and S;; denote the top and bottom surfaces of the coating.
71 is the outward normal unit vector of S;". When this coat-
ing is much thinner than the wavelength, the TDS approxima-
tion reduces the three-dimensional layer to a two-dimensional
equivalent surface. By retaining only the normal electric and
tangential magnetic field components, this projection signifi-
cantly reduces the dimensionality of the subsequent modeling.

For a PEC target coated with a lossy dielectric material, un-
der illumination by an external electromagnetic wave, the total
tangential electric field on its surface must be zero, according
to the boundary conditions on the target surface:

[E"“(r) + E***(r)] =0 (1)

tan
In Eq. (1), r denotes the position vector of the observation
point on the target surface, E*"“(r) the incident electric field,
E®<%(r) the scattered electric field, and the subscript “tan” indi-

S, .

FIGURE 1. Schematic diagram of the equivalent TDS model.

cates the tangential component of the electric field. This scat-
tered electric field is generated jointly by the conductor surface
and dielectric coating layer and can be linearly superposed as

E*““(r) = E5¢%(r) + E5%(r) @

pec

According to the equivalence principle, the purely conduc-
tive part of the scattered electric field, E5Z?(r), generated by
the equivalent induced surface current Jg on the conductor sur-

face can be expressed as

1
Ejce(r) = —jwuo/ (Js(r’) + EVV’ ~ Js(r’))G(r, r')ds’
S 0

A3)
where j is the imaginary unit; w is the angular frequency of
the incident wave; r and r’ denote the position vectors of the
observation point and the source point, respectively; V and V’
represent the del operators with respect to the unprimed and

e—Jkolr—r'|

primed coordinates, respectively; G(r,r’") = is the

47ir—r’|

scalar Green’s function in free space; kg = w./[o€y is the free-
space wavenumber, with £ and €y being the permeability and
permittivity of the free space, respectively.

When the physical thickness of the coating layer is much
smaller than the operating wavelength, the TDS approximation
can be introduced to reduce the dimensionality of the model.
This approximation neglects the tangential electric field and
normal magnetic field components inside the coating, retain-
ing only the normal electric field and tangential magnetic field
components inside the coating. Further incorporating the cur-
rent continuity condition at the interface, the scattered electric
field generated by the dielectric layer E5°%(r) can be rigorously
expressed as

Bi2(0) = —jira | [ NGV 038
Y / / / /
+ﬁ/x(G(r»r>—Gd(r,r>)V « JydS
0JS

L= ) /S AVG(rr') x (i) x 3)dS"| (4)

In Equations (2)—(4), the electric polarization contrast pa-
rameter Y = 1/e,. — 1 is introduced. Here, €, and p, are the
relative permittivity and relative permeability of the coating di-
electric, respectively, and 7’ is the outward unit normal vector
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on the conductor surface. Furthermore, to accurately compen-
sate for the normal phase delay caused by the electromagnetic
wave penetrating the coating, a modified Green’s function G4
with a physical thickness offset is introduced as:

o—ikolr—(r'+di)|

" dxfr— (' + di))|

Gd (l', l'/) (5)

By combining the scattered field contributions from the con-
ductor and the dielectric and substituting them into the total
field boundary condition, the Thin Dielectric Sheet Approxi-
mation Electric Field Integral Equation (TDS-EFIE) containing
only a single unknown surface current is obtained as follows:

1— pr
2

Ene(r) = jwuo [ Jd+G(r,r") (Js+n'dx V' x J5) dS’

JF%/(G(T, ")+ xG(r, ") —xGalr,r"))V'x IsdS’
0Js

+(1— pr) /dVG(T, ') x (A x J5)dS’ (6)

tan

Applying RWG vector basis functions and Galerkin testing
to discretize this integral equation transforms it into a dense
complex-coefficient linear system, ZJ = V. The impedance
matrix Z here rigorously accounts for the normal thickness off-
set of the coating material, the dielectric polarization disconti-
nuity, and magnetization weighting effect based on the underly-
ing physical mechanism. After constructing this high-precision
impedance matrix, its real and imaginary parts can be extracted
to formulate a generalized eigenvalue equation. The CMA
method is then introduced to extract the target’s eigen-physical
modes, ultimately enabling the reduction and fast solution of a
large impedance matrix.

2.2. Method of Characteristic Mode Basis Functions

For electrically large dielectric-coated targets, the traditional
MoM generates an extremely large dense impedance matrix.
The direct inversion or iterative solution of such a matrix faces
severe bottlenecks in terms of memory consumption and com-
putational complexity. To overcome this computational limita-
tion, this study adopts the Characteristic Mode basis function
method based on the domain decomposition strategy for ma-
trix order reduction. The core idea of domain decomposition is
“divide and conquer”. First, low-order, effective characteristic
modes reflecting the target’s intrinsic resonance are extracted
within each subdomain. Then, a linear combination of these
local modes is used to approximate the global induced current.
This approach significantly reduces the degrees of freedom of
the global system unknowns while maintaining full-wave accu-
racy.

First, according to the geometric topology and electrical size
of the target, the continuous surface mesh is divided into M
mutually independent subdomains. To reduce the edge current
singularity error caused by artificial physical truncation, the
boundaries of each subdomain are usually moderately extended
(an overlapping region extended by 0.15\ outward along the
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boundary). Assuming that the i, (¢ = 1,2,..., M) subdo-
main contains /N; RWG vector basis functions, the originally
large and disordered global impedance matrix equation can be
reorganized into the following block form:

7,1 Ziy Zg3 VAR J1 E;

2y, Zyy Zos Zon J2 E,

Zy1 Zye Zys 2y v I E
@)

where Z;; is the IV; X N; dimensional sub-impedance matrix
representing the electromagnetic coupling between the i;;, and
Jin subdomains, with ¢, € {1,2,..., M} being the subdo-
main indices. IN; and N; denote the numbers of RWG basis
functions in the 7;;, and j;; subdomains, respectively.

After obtaining the block matrix structure, characteristic
mode basis functions are independently constructed for each
subdomain: first, extract the self-impedance matrix of a sin-
gle subdomain. The real and imaginary parts of this impedance
matrix are R and X, respectively. Then, Z = R + 5X. M is
chosen as R and let v,, = 1 + j\,, obtaining the generalized
eigenvalue problem:

XJ,, = \.RJ, (8

where R physically represents the radiated power of the modes;
X relates to the stored reactive power; n denotes the index of the
characteristic modes within the subdomain; and )\, is the eigen-
value characterizing the resonant behavior and modal phase of
the ny, mode.

All eigenvalues and eigenvectors of the subdomains were ob-
tained. Then, physically effective characteristic modes were
selected according to the modal significance (MS), and non-
physical spurious modes were discarded. The selected eigen-
vectors were used as CMs for that subdomain to represent the
current distribution within the subdomain.

1

MS = |——
g ‘HJ’AW ©

where A, represents the eigenvalue of the ny;, mode. To ensure
strict numerical stability, a mathematically bounded selection
strategy is implemented by exploiting the intrinsic orthogonal-
ity of characteristic modes. This orthogonality effectively di-
agonalizes the reduced sub-matrix, analytically governing its
condition number « by the reciprocal of the minimum Modal
Significance (x = 1/MS). Therefore, imposing a rigid thresh-
old 7 (discarding modes with M/ S < 7) mathematically bounds
the condition number to a stable regime (v < 1/7), system-
atically eliminating degenerate or spurious modes that exhibit
MS — oo and drive Kk — oo. A detailed quantitative analysis
regarding the optimal selection of 7 and its numerical valida-
tion on matrix stability is presented in Section 4.1. By con-
tinuously monitoring x during the decomposition process, this
theoretically grounded criterion retains only a small number of
physically effective, low-order modes to form the characteris-
tic basis function matrix J Z-CM for the 745, subdomain. This basis
function is then used to achieve a sparse transformation of the
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subdomain current:

J; = IFMq, (10)
where «; is the expansion coefficient corresponding to the char-
acteristic mode basis functions, and its number is much smaller
than the number of unknowns N; in the original subdomain.
Substituting the expansion relations of all subdomains into the
original matrix equation yields a reduced system with signif-
icantly smaller dimensions. This reduced system can be effi-
ciently solved using direct methods (LU decomposition). Con-
sequently, this approach requires no iterations, fundamentally
avoiding the convergence problems associated with iterative
solvers.

2.3. ACA-accelerated Computation

When the CMA is used to construct the reduced matrix, the
overall impedance matrix is partitioned into several sub-block
matrices. The diagonal and near-neighbor blocks correspond to
strong coupling between subdomains and must be computed ex-
actly. Conversely, the far-field sub-block matrices exhibit low-
rank properties. They can be rapidly compressed and filled us-
ing the ACA algorithm, which significantly reduces both mem-
ory consumption and computational cost.

z; Zy Zy
Algonthni r XN
N =71

FIGURE 2. Schematic diagram of the far-field impedance matrix de-
composition using the ACA algorithm.

As visually illustrated in Fig. 2, the ACA algorithm decom-
poses the far-field sub-impedance matrix Z;; (with dimension
N; x N; and indices 4, j as defined in Section 2.2) into the
product of two low-rank factor matrices, Z¢; and Zy :

NiXNj

Z,;

5 N; XN ; N; rXN;
YA AV (11)
where Zy; € CViX" and Zy € C"*Ni represent the generated
low-rank compressed matrices, and r is the effective rank of

the matrix ij *Ni For far-field interactions, the rank satisfies
r < min (IN;, N;). Since only two smaller matrices Zy; and Zy
need to be stored, the storage requirement is reduced from the
original N; x Nj to r (N; + N;).

During the construction of characteristic mode basis func-
tions and the calculation of subdomain mutual coupling, the
original full-size submatrices are replaced by the ACA com-
pressed format, and the order of matrix-vector multiplication is
optimized:

M

> Zy(zyIM)
j=1j#i

cM _
;" =-—

(12)
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where Z;; and J]CM represent the IV; x N; matrix and the V; x
1 vector, respectively. Executing this multiplication operation
yields a significantly reduced computational complexity, which
decreases from V; x N; to r(N; + N;).

By using matrix-vector multiplication operations in the com-
pressed format, the filling time of the reduced matrix can be
effectively saved. Expressing the impedance matrix Z;; in the
reduced matrix construction using the compressed format, we
obtain

I 235 = [ Zu] [Zv 3] (13)

This optimization further decreases the computational cost,

thereby improving the overall solution efficiency for electri-

cally large dielectric-coated targets while strictly maintaining
accuracy.

3. COMPLEXITY ANALYSIS

To quantify the performance advantages of the hybrid method
proposed in this section when dealing with electrically large
coated targets, a comparative analysis of the computational
complexity is conducted between the traditional TDS-EFIE
direct-solution method and the CM-ACA hybrid method pro-
posed in this study. Assume that the total number of global
unknowns of the target is NV, and the target is divided into M
subdomains, with the average number of unknowns per subdo-
main given by N; ~ N /M.

3.1. Complexity of Impedance Matrix Filling

The matrix filling complexity of the traditional method is
O(N?). In the proposed method, although the self-impedance
matrices of the diagonal near-field blocks are fully filled, the
ACA algorithm is employed for the low-rank compression of
the far-field mutual impedance sub-blocks, which account for
a large proportion. For a far-field block pair of dimensions
N; x Nj, ACA does not need to compute all matrix elements;
instead, by extracting the effective rank, the filling complex-
ity is drastically reduced from the original O(V; x ;) to
O(r(N; + N;)). Because far-field coupling typically exhibits a
very strong low-rank property (r < N;, N;), this step reduces
the computational cost of the overall matrix filling by orders of
magnitude.

3.2. Construction Complexity of Characteristic Mode Basis
Functions

The most time-consuming operation in Characteristic Mode
Analysis is the generalized eigenvalue decomposition of the
self-impedance matrix. For a full matrix, this requires a com-
plexity of O(N?). By introducing the domain decomposition
strategy, the proposed method only requires performing eigen-
value decomposition on M independent sub-impedance ma-
trices, respectively. The complexity for each subdomain is
O((N/M)3), which reduces the overall extraction complexity
to O(N3/M?). This divide-and-conquer strategy significantly
minimizes the computational overhead with rigorous mathe-
matical constraints.
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FIGURE 3. Analysis of threshold selection.

3.3. Complexity of Solving the Global Equation

The complexity of solving the global equation using direct LU
decomposition in the traditional method is O(N?3). In the pro-
posed method, after efficiently projecting the original MoM
impedance matrix onto the extracted characteristic modes, only
a small number of effective eigenmodes are retained in each
of the subdomains. The degrees of freedom of the global un-
knowns are thus dramatically reduced from a large number NV to
the total number of modes K. Consequently, only a very small
reduced matrix needs to be solved directly, requiring a com-
plexity of only O(K?). Because K < N, the time required
for this final direct solution step becomes almost negligible.

In summary, the CM-ACA hybrid scheme proposed in this
study achieves rigorous complexity reduction across the entire
computational workflow, theoretically confirming its high effi-
ciency in the analysis of electrically large targets.

4. NUMERICAL EXAMPLES AND RESULTS

For reproducibility, reference simulations were performed
in Altair FEKO on an Intel-based workstation. The
MoM/PMCHWT solver was employed to rigorously han-
dle the penetrable dielectric-conductor boundary. The
spherical model used FEKO’s standard meshing, while the
composite target used a custom mesh with a maximum triangle
edge length of 0.035m. A vertically polarized (V'V') plane
wave was applied as excitation. Bistatic RCS calculations
were accelerated using the Multilevel Fast Multipole Method
(MLFMM) with default settings. All configurations were kept
strictly consistent with the proposed method to ensure a fair
comparison.

4.1. Dielectric-Coated PEC Sphere

The first example analyzes the influence of a dielectric coat-
ing material on the radar cross section (RCS) of a PEC sphere.
The radius of the conducting sphere was 1 m, the coating thick-
ness d was 0.01 m, the relative permittivity of the dielectric
coating material was ,, = 9.0, the relative permeability was
r = 1.76 — j4.06, and the relative surface impedance of the
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FIGURE 4. Sub-matrix condition number versus the number of selected
modes. The red dashed line represents the stability upper bound im-
posed by 7 = 0.6.
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FIGURE 5. Influence of coating thickness on the RMSE.

dielectric was s = 0.4154+ 50.1258. The incident wave prop-
agates along the —Z axis at 450 MHz. The conductor surface
of the coated target was discretized using triangular elements,
resulting in 9876 elements and 14814 unknowns.

Before evaluating the far-field scattering, it is essential to de-
termine the optimal threshold 7. Fig. 3 illustrates the trade-off
between the number of retained modes and computational ac-
curacy (RMSE) to justify this selection. While increasing 7
enhances matrix compression, an excessively high value (7 >
0.6) discards essential radiating modes, causing a sharp surge in
RMSE. Therefore, 7 = 0.6 is identified as the optimal inflec-
tion point, balancing maximal dimensionality reduction with
high-fidelity scattering accuracy.

Having established 7 = 0.6 as the optimal physical thresh-
old, it is imperative to verify its mathematical impact on the
stability of the reduced system. Fig. 4 plots the continuously
monitored sub-matrix condition number x against the number
of selected modes k within a representative subdomain (Block
0) to verify the theoretical bound discussed in Section 2.2. As
illustrated, by rigidly applying the 7 = 0.6 criterion, the con-
dition number of the selected modes is perfectly capped below
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FIGURE 6. Primary characteristic mode current distributions for the eight subdomains of the coated sphere.
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FIGURE 7. Surface current continuity visualization for the domain decomposition strategy.

the theoretical 1.67 safety threshold. Degenerate or spurious
modes that would otherwise drive the condition number into
exponential divergence are successfully isolated and discarded.
This strictly guarantees an iteration-free and robust direct solu-
tion for subsequent computations.

As shown in Fig. 5, the characteristic currents are smoothly
distributed within each subdomain but exhibit localized con-
centrations near the truncation boundaries. This distinct current
behavior necessitates an overlapping zone to smoothly bridge
the characteristic modes across adjacent blocks, ensuring strict
physical continuity.

To evaluate the applicable thickness range of the TDS ap-
proximation, Fig. 5 illustrates the RMSE versus coating thick-
ness. The error remains exceptionally low for thin coatings
(d < 0.010m). However, as thickness increases, pronounced
volume polarization and phase delay degrade the single-layer
equivalence, causing a steady rise in RMSE. Consequently, a
thickness of 0.01 m is adopted for all subsequent simulations to
ensure physical fidelity.

As illustrated in Fig. 6, the extracted dominant modes pre-
dominantly feature strongly dipole-like or loop-like resonant
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current distributions. Physically, the incorporation of a lossy
dielectric coating exerts a pronounced damping effect on these
natural resonances. Such damping degrades the quality factor
of the dominant modes, which effectively suppresses surface
currents and attenuates far-field radiation.

Within the domain decomposition framework, Fig. 7 visu-
alizes the smooth transition of surface current J across subdo-
main boundaries. The rationality of this approach is anchored in
the generalized TDS-EFIE formulation, which equivalently in-
corporates magnetization effects into the impedance matrix via
a modified Green’s function, leaving J as the sole unknown.
Consequently, the demonstrated physical continuity of J rig-
orously validates the domain decomposition strategy and the
overlapping zone configuration. Further quantitative analysis
regarding the optimal extension size of this region is detailed in
Fig. 8.

Figure 8 illustrates the effect of subdomain extension sizes
(0.1X to 0.3\) on the solution time and Root Mean Square Er-
ror (RMSE). While the solution time increases monotonically
with the expansion size, the RMSE drops to a local minimum
at 0.15\. To balance the computational efficiency and approx-
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FIGURE 10. Bistatic RCS of a sphere in vertical polarization.

imation accuracy, a 0.15\ overlap was selected as the optimal
compromise for this model, which increased the total number
of unknowns to 19527.

Figure 9 illustrates the impact of the ACA tolerance threshold
on computational performance. As the threshold tightens, the
RMSE drops significantly and begins to converge, hitting an
‘error floor’ bounded by inherent MoM/TDS approximations
around the 1E-4 to 1E-5 range. Meanwhile, the solution time
exhibits a non-monotonic trend, achieving its minimum at 1E-
4 before steadily increasing at tighter tolerances. Therefore,
rather than adopting a rigid single value, the optimal thresh-
old can be flexibly adjusted between 1E-4 and 1E-5 in practical
computations, allowing for a dynamic balance between compu-
tational cost and specific accuracy requirements.

Figure 10 compares the bistatic RCS of this target computed
using the traditional TDS-EFIE method (which accounts for
both the electric and magnetic properties of the coating), full-
wave commercial solver (FEKO-Coated), and the proposed
CM-ACA method. In addition, the computed results for a bare
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FIGURE 9. Sensitivity analysis of the ACA tolerance threshold in terms
of solution time and RMSE.

PEC sphere (FEKO-PEC) are included as a reference baseline
to demonstrate the electromagnetic scattering reduction effect
of the proposed dielectric coating.

From a physical perspective in the context of stealth applica-
tions, the significant RCS reduction observed in Fig. 10 is a syn-
ergistic result of multiple underlying attenuation mechanisms
rather than a single effect. First, the introduction of the dielec-
tric coating provides improved impedance matching at the air-
target interface, which smoothly transitions the incident wave
and minimizes direct specular reflection. Second, the electro-
magnetic energy that penetrates the coating undergoes strong
volume absorption. Given the specific electromagnetic param-
eters of the coating — particularly the large negative imaginary
part of the complex permeability (u, = 1.76 — j4.06) — the
material exhibits substantial magnetic losses. Consequently,
the penetrated electromagnetic wave energy is efficiently dis-
sipated and converted into heat. Therefore, the overall bistatic
RCS reduction is driven by a combination of reduced surface
reflection and enhanced internal absorption.

The numerical results indicate that the proposed method pre-
serves good accuracy and sharply reduces the matrix filling
time at the cost of basis function construction. Compared with
the conventional method, the total computation time is reduced
by approximately 35.17%, which remarkably enhances the ef-
ficiency of solving the electromagnetic scattering of the coated
composite target. Furthermore, compared with the bare PEC
baseline, the results confirm that the dielectric coating effec-
tively reduces the target’s bistatic RCS, particularly exhibiting
significant reduction and deep nulls in the broad angular range
of 0° to 140°.

4.2. Dielectric-Coated PEC Composite Target

The second example computes the bistatic RCS of a dielectric-
coated PEC composite target. The geometry of the target is
illustrated in Fig. 13. The target is a capsule-like structure
consisting of a central cylinder with a radius of 0.6m and a
height of 1.5m, capped by two hemispheres at the top and
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FIGURE 12. Influence of expansion size on solution time and RMSE.

bottom, each with a radius of 0.6 m. The relative permittiv-
ity of the dielectric coating material is €, = 9.0; the relative
permeability is p, = 1.76 — j4.06; the coating thickness is
0.01 m; and the relative surface impedance of the dielectric is
1s = 0.47 + 70.13. The incident wave at 500 MHz propagates
along the —Z axis. The conducting surface of the composite
target was discretized into 19702 triangular elements, yielding
29553 initial unknowns.

To implement the Characteristic Mode Analysis, the tar-
get was partitioned into eight subdomains along the —Z axis.
Fig. 11 shows the current distributions of the dominant charac-
teristic modes extracted for these eight subdomains.

Similar to the spherical case, the current distributions shown
in Fig. 11 indicate that the extracted dominant modes primar-
ily exhibit strong dipole-like or loop-like resonances along the
complex coated surface. Physically, the lossy dielectric coating
introduces a significant damping effect on these natural reso-
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FIGURE 13. Bistatic RCS of the dielectric-coated composite target in
vertical polarization.

nances, lowering their Q-factor to effectively suppress the sur-
face currents and weaken the far-field scattering.

To determine the optimal overlapping zone, Fig. 12 shows
extension sizes from 0.1 to 0.3\. As the expansion size in-
creased, the solution time exhibited a monotonically increas-
ing trend. In contrast, the RMSE starts at a high peak at 0.1,
drops sharply to a global minimum at 0.15, and then gradually
increases. This indicates that an extension of 0.1\ is insuffi-
cient to ensure numerical continuity, which leads to significant
errors. Therefore, 0.15\ was selected as the optimal compro-
mise, as it achieved the highest accuracy while maintaining a
relatively moderate computational time. With this overlap, the
total number of unknowns increased to 42709.

Figure 13 compares the V'V -polarized bistatic RCS of the
target computed using the traditional TDS-EFIE method (which
accounts for both the electric and magnetic properties of the
coating), full-wave commercial solver (FEKO-Coated), and the
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TABLE 1. Influence of expansion size on solution time and RMSE.

Basis function

Impedance

Model Method i . . Solving(s)  Total time(s)
construction(s) matrix filling(s)
Coated TDS-EFIE 1441 97 1538
conducting sphere CM-ACA 478 432 87 997

TABLE 2. Comparison of the proposed method with traditional methods.

Basis function

Impedance matrix

Model Method . . Solving(s)  Total time(s)
construction(s) filling(s)
Coated TDS-EFIE 17197 542 17739
composite target CM-ACA 1968 7017 730 9715

proposed CM-ACA method. In addition, the computed results
for a bare PEC target (FEKO-PEC) are included as a reference
baseline to demonstrate the reduction in electromagnetic scat-
tering by the dielectric coating.

As observed in Fig. 13, the proposed CM-ACA method accu-
rately captures the scattering characteristics of the coated com-
posite target. Physically, the significant RCS reduction com-
pared to the bare PEC baseline is achieved through the synergy
of impedance matching and volume absorption. For this com-
plex geometry, the lossy coating minimizes the impedance mis-
match at multiple interfaces, effectively suppressing specular
reflections. Simultaneously, the penetrated wave is efficiently
dissipated via magnetic and dielectric losses, driven by the high
imaginary part of the permeability (1, = 1.76 — j4.06). This
confirms that the hybrid solver rigorously models the underly-
ing attenuation mechanisms for complex topologies.

The numerical results indicate that the proposed method pre-
serves good accuracy and sharply reduces the matrix filling
time at the cost of basis function construction. Specifically, as
observed from the bistatic RCS curves in Fig. 13, the proposed
CM-ACA method demonstrates superior precision in captur-
ing the scattering fluctuations compared with the TDS-EFIE
method, which exhibits noticeable deviations from the FEKO
reference data at certain observation angles. Compared with
the conventional method, the total computation time is reduced
by approximately 45.23%, which remarkably enhances the ef-
ficiency of solving the electromagnetic scattering of the coated
composite target. Furthermore, a comparison with the bare
PEC baseline physically validated that the dielectric coating ef-
fectively reduced the target’s bistatic RCS over a wide angular
range.

The computation times for the two examples are listed in
Tables 1 and 2, respectively. As observed, although the tra-
ditional TDS-EFIE method achieves a relatively high accuracy
in calculating the RCS of coated targets, it incurs a substantial
computational cost. In contrast, the proposed CM-ACA hybrid
method significantly reduces the computation time while main-
taining high numerical accuracy, thereby drastically improving
the overall computational efficiency. Furthermore, the results
obtained by the proposed method are in excellent agreement
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with those calculated using the PMCHW full-wave solver in the
commercial software package FEKO, effectively validating its
reliability.

5. CONCLUSION

This study investigates the electromagnetic scattering of
coated targets. To address the limitation that traditional
TDS-EFIE methods are typically restricted to pure dielectric
(non-magnetic) coatings, this study adopts an improved
TDS-EFIE modeling approach that simultaneously accounts
for both the electric and magnetic properties. However, when
applied to electrically large targets with a massive number
of unknowns, directly solving this generalized equation still
suffers from severe computational overhead and long matrix
solution times. To overcome this bottleneck, a CM-ACA
hybrid acceleration scheme is proposed based on the improved
formulation. Compared with the direct solution, the proposed
method significantly reduces the computation time without
compromising numerical accuracy, thereby drastically improv-
ing the overall efficiency. Using this efficient algorithm, the
significant RCS reduction performance of the electromagnetic
coatings was demonstrated. Furthermore, the results obtained
using the proposed method are in excellent agreement with
those obtained using the PMCHW full-wave solver in the
commercial software FEKO, fully validating its reliability and
robustness in analyzing complex coated structures.
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