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� 1 0� rad  and � 2 0� rad. The highest field intensities are again con-
centrated along the edges of the aperture, where strong scattering 
occurs due to wave interactions with the structure. Additionally, 
the field outside the structure shows a more pronounced wave-like 
behavior, indicating that changes in θ2 affect the propagation of the 
scattered field.

Fig. 10 illustrates the normalized electric field distribution corre-
sponding to a distinct angular setup with � �

1 2� radrad, � �
2 3�

rad, � 1 0� rad, and � 2 0� rad. The highest field intensity is concen-
trated at the front edge of the structure, suggesting a strong forward 
scattering effect since the wave may exist in the inner circular arc 
due to its large aperture. Additionally, the field distribution outside 
the structure exhibits extended wavefronts, resembling plane wave 
characteristics. This suggests that when the aperture configura-
tion aligns with specific incident angles, the scattered field tends to 
propagate in a more collimated manner rather than forming interfer-
ence-dominated patterns.

In Fig. 11, the normalized electric field distribution is conducted with 
a change in α2 , where it is set to π . This modification affects the sym-
metry of the field distribution and changes the scattering behavior. 
Compared to previous cases, the field intensity remains concen-
trated around the aperture edges, with strong localized scattering.

In Fig. 12, the normalized electric field distribution is analyzed for a 
configuration where α2  is set to π , while maintaining θ1 and θ2 at π2  

rad. This adjustment significantly influences the scattering behavior, 
leading to distinct field variations around the aperture. The high-
intensity regions (red and yellow contours) remain concentrated 
near the edges of the inner structure, where strong scattering occurs 
due to wave interactions. However, compared to previous cases, the 
field distribution exhibits increased asymmetry, suggesting that the 
rotation of the inner arc modifies the resonance conditions. The outer 
wavefronts appear more distorted, indicating that the scattered field 
propagates differently compared to prior configurations. The pres-
ence of multiple interference patterns suggests complex wave inter-
actions, where diffraction and reflection effects contribute to the 
overall field distribution. These results demonstrate how changes in 
structural orientation impact electromagnetic scattering, affecting 
both localized field intensity and far-field radiation patterns.

Fig. 13 presents the comparison of the normalized H z  field distri-
butions obtained using the proposed method and the MAS for the 
same configuration. In the MAS solution, a small region near the 
conducting surface is cut due to the placement of auxiliary sources 
close to the boundary. The proposed method, however, does not 
require any such truncation, as its formulation automatically avoids 
singular behavior and enables the entire computational domain to 
be evaluated continuously. Despite this methodological difference, 
the resulting field distributions are in good match. The pattern varia-
tion of the magnetic field, the locations of the intensity maxima and 
minima, and the field distributions inside the apertures are the same 
in both solutions.

The final part of the numerical analysis focuses on assessing the con-
vergence of the field results. To ensure the validity of the proposed 
approach, the Neumann boundary condition is tested at a repre-
sentative point with coordinates x = 1 and y = 0 on the surface of 
the scatterer. The percentage error corresponding to the Neumann 
boundary condition is formulated as the ratio between the numeri-
cally computed normal derivative of the total magnetic field and 
the incident field on the scatterer. The error is then normalized by 
the incident field amplitude to produce accurate and interpretable 
results, considering that only the incident field is present when the 
scatterer is absent. The convergence behavior is illustrated in Fig. 
14, which presents the variation of the boundary condition error 
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with respect to the number of elements used in the discretization. 
As observed, the error initially decreases rapidly with increasing ele-
ment number, indicating a strong improvement in accuracy as the 
mesh is refined. Beyond approximately 10 elements, the error sta-
bilizes at a low level, demonstrating that the solution has reached 
convergence and further refinement yields negligible improvement. 
This trend verifies the numerical stability and reliability of the pro-
posed method in accurately satisfying the Neumann boundary con-
dition for the H-polarized case.

In Fig. 15, the percentage convergence errors corresponding to 
the number of M  in (8) are illustrated. As shown in the figure, the 
boundary condition is satisfied with an error below 10% when 
approximately kr1+5 terms are included. Specifically, for N = 8, the 
error remains under 10% when M > 20, while for N =16, the error 
decreases to below 2% for the same range of kr1 values.

Fig. 15.  The convergence of the H-polarized case for (H pola− ) N = 8 

and (H polb− ) N = 16 (θ1= 
2
3
π

 rad, θ2 =
7π
8

 rad, k  = π  
rad
m

, r1 = 1 m, r2  

=  0.5 m).

Fig. 16.  The convergence behavior of the coefficients in the 
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Fig. 14.  The convergence of the H-polarized case (θ0  = π  rad, θ1= 
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Fig. 13.  The comparison of the normalized H z  field distributions 
with (a) the proposed method and (b) MAS 
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Fig. 16 demonstrates the convergence behavior of the constant 
coefficients in the SLAE for the H-polarization case. In this figure, N is 
selected as the integer part of kr1+5, while M varies within a defined 
range. It can be observed that the magnitude of the coefficient bn

i  in 
(16) reaches convergence after nearly 15 terms. For reproducibility, 
the computational aspects of the proposed formulation are sum-
marized here. The Gegenbauer-based expansion with edge weight-
ing leads to a compact and well-conditioned Fredholm second-kind 
system (Eqs. (18)–(19)), with matrix assembly scaling as O M N2� �  and 
solution as O M 3� �, where M  and N  are the truncation orders of the 
polynomial and harmonic expansions, respectively. The required 
number of terms remains modest ( M < 40 ), resulting in a memory 
usage below 2 MB in double precision. As demonstrated in Figs. 14-
16, the Neumann boundary-condition error falls below 10%  when 
M > 20 for N = 8 and below 2% for N =16, confirming the fast, expo-
nential-type convergence typical of orthogonal–polynomial expan-
sions that satisfy edge conditions.

The influence of the geometric configuration on the obtained results 
can be summarized as follows. The geometric parameters chosen in 
this study were determined to highlight the essential physical mecha-
nisms governing the scattering of the H-polarized plane wave by con-
centric circular strips and are directly illustrated through the presented 
figures. The selected radii values provide a balance between strong 
electromagnetic coupling and distinct current distributions on the 
inner and outer arcs, which makes the resonance modes clearly visible 
in the TRCS plots of Figs. 2–7. As these figures show, variations in aper-
ture length and relative angular position strongly affect the amplitude 
and frequency of the resonance peaks, confirming the sensitivity of 
the configuration to the aperture geometry. When the apertures are 
enlarged or rotated toward the direction of incidence, field localiza-
tion along the slit edges becomes more pronounced, as evidenced by 
the near-field distributions in Figs 8–12, where higher field intensities 
and stronger interference patterns are observed. Conversely, smaller 
or misaligned apertures lead to smoother field distributions and 
reduced TRCS peaks, indicating weaker coupling between the arcs.

The physical origin of these resonance behaviors can be attributed 
to constructive and destructive interference between the induced 
surface currents on the inner and outer circular strips. The coupling 
strength of these currents depends directly on the aperture size and 
its angular orientation relative to the incident field, which explains 
the variations in resonance frequency, amplitude, and bandwidth 
observed in the TRCS results. From a practical standpoint, the para-
metric analyses demonstrate that increasing the aperture size or 
aligning it with the incident wave enhances radiation and broad-
ens the response, whereas smaller or rotated apertures confine the 
fields and produce sharper resonances. These findings provide clear 
design guidance for compact resonant and radiating structures, 
where careful control of aperture geometry allows targeted adjust-
ment of frequency, bandwidth, and radiation strength.

Finally, it should be emphasized that the present analysis is limited to 
two-dimensional canonical configurations solved by a semi-analyti-
cal formulation. While the proposed method offers accurate and fast 
convergence for such geometries, its direct extension to fully three-
dimensional or irregular structures would require further method-
ological development. Future studies may focus on extending the 
proposed semi-analytical formulation to three-dimensional configu-
rations, incorporating impedance or dielectric boundary conditions 
to enhance the practical applicability of the proposed approach.

IV. CONCLUSION

This study has examined the influence of aperture size and rotational 
orientation of concentric circular strips under H-polarized plane-
wave excitation. The results demonstrate that resonance characteris-
tics, such as amplitude, bandwidth, and the corresponding electrical 
size ka, are strongly affected by both the aperture geometry and its 
alignment with the incident field. These findings provide valuable 
insight for the design and optimization of resonators and antennas, 
where control over radiation pattern and bandwidth can be achieved 
through precise adjustment of aperture dimensions and orientation. 
The orthogonal–polynomial formulation employed here success-
fully captures both the near- and far-field behavior, offering an ana-
lytically rigorous yet computationally efficient solution for canonical 
electromagnetic scattering problems. The method’s accuracy and 
rapid convergence make it a powerful tool for analyzing geometries 
where parameter variation directly governs resonance behavior.
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