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Abstract — The finite-difference time-domain (FDTD)
method suffers from accuracy loss when applied to
curved targets due to the staircase approximation. To
improve the surface fitting accuracy of curved perfect
electric conductor (PEC) objects, the conformal finite-
difference time-domain (CFDTD) has been introduced.
However, when high-precision conformal cell fitting is
performed, the time step in CFDTD is significantly
reduced by the presence of distorted small cells, leading
to much lower computational efficiency. In this paper,
a novel PEC CFDTD algorithm with distorted grid face
filtering is proposed, which allows a larger time step. By
deriving the stability condition of CFDTD, a Conformal
Distortion Index (CDI) is defined and used as a filtering
criterion. The conformal cells are retained in regions
with low CDI, while areas with high CDI are reverted
to the staircase mesh. A sensitivity study on a PEC
sphere is used to determine an optimal filtering ratio of
5%, under which the proposed method greatly improves
computational efficiency while incurring only a minimal
loss in accuracy. Numerical examples are presented to
validate the effectiveness of the proposed method.

Index Terms - Conformal finite-difference time-
domain (CFDTD), curved targets, grid face filtering,
time step reduction.

I. INTRODUCTION

The finite-difference time-domain (FDTD) is
widely used in computational electromagnetics due to its
explicit time-stepping scheme, inherent parallelism, and
time-domain broadband response in a single simulation
[1-4]. However, significant staircase errors are intro-
duced in FDTD when discretizing curved perfect electric
conductor (PEC) surfaces with Yee cells, which restricts
its accuracy in curved target analysis [S—7]. Conformal
FDTD (CFDTD) addresses this issue by employing
conformal meshes to fit the curved surfaces for improv-
ing modeling accuracy [8]. Nevertheless, high-precision
conformal fitting inevitably produces numerous small
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and highly distorted cells in PEC objects. Because the
time step is limited by the smallest cell, the computa-
tional efficiency of CFDTD decreases significantly with
increasing mesh distortion [9].

To improve the balance between accuracy and effi-
ciency of the CFDTD methods for PEC structures,
several schemes have been proposed. Yu and Mittra
approximated the area of conformal cells to those of Yee
cells, which eases the stability constraint but reduces
accuracy [10]. Other methods, such as global mesh
adjustment and enlarged cell technique, seek to control
distortion or enlarge small cells. This often involves
manual intervention or complex field update equations
[11-14]. Mesh modification strategies, such as adjusting
edge lengths or shifting intersection points, are used to
regularize cell shapes for relaxing the stability constraint
[15, 16]. Alternatively, local or multi-rate time stepping
schemes have been introduced. This typically requires
additional interpolation, thus increasing complexity and
computational cost [17, 18]. In these methods, all
conformal cells are still preserved, and the restriction
imposed by the smallest cells is handled by making
the time-stepping scheme or the mesh structure more
complicated.

In addition, recent work has extended CFDTD to
higher-order and advanced algorithms to further improve
stability and enable larger time steps in complex PEC
models [19-26]. Implicit or weakly conditionally sta-
ble schemes, such as conformal alternating direction
implicit (C-ADI)-FDTD and conformal locally one-
dimensional (C-LOD)-FDTD, can formally relax the
limit but require solving linear systems at each time step.
In practice, C-ADI-FDTD may still suffer from stability
degradation on highly distorted conformal meshes. In
contrast, C-LOD-FDTD, though unconditionally stable,
exhibits relatively large numerical dispersion and may
need finer meshes to match the accuracy of explicit
CFDTD.

With these advances, CFDTD has continued to
mature in recent years, demonstrating improved accu-
racy, broader applicability, and greater reliability. It has
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been successfully applied to waveguide ports [9, 27, 28],
periodic and anisotropic structures [29], and advanced
boundary conditions [30]. These applications under-
score the significance of these algorithms and the need
for further improvements in computational efficiency
and stability, especially for severely distorted meshes.

In this paper, a novel PEC CFDTD algorithm with
distorted grid face filtering is proposed. Instead of updat-
ing all the highly distorted conformal cells, the proposed
method operates directly on the mesh by filtering out a
portion of the most problematic cells. By quantitatively
relating a Conformal Distortion Index (CDI) to the
global time step stability constraint, a filtering criterion
is established to replace a preset proportion of highly
distorted conformal cells with staircase cells. Thus,
a small sacrifice of geometric accuracy for a limited
number of cells leads to a much larger allowable time
step and a substantial improvement in computational
efficiency. A sensitivity study on a PEC sphere identifies
5% as the optimal filtering ratio. Under this setting, the
proposed method achieves significant improvement in
computational efficiency while introducing only a minor
accuracy loss compared to the conventional CFDTD, as
verified by numerical results.

II. STABILITY ANALYSIS OF CFDTD

When applying the CFDTD method to PEC, confor-
mal meshes truncate the boundary Yee cells. Therefore,
the electromagnetic field calculation for the mesh in the
boundary region needs to be corrected using Faraday’s

law as
fﬁ-di——ﬁf/ i.ds )
as ot s“ ’

where S represents the area of the region, dS denotes
its boundary, [ is the length of the grid cell along the
boundary of the region, ¢ is the time, and p is the
magnetic permeability.

According to equation (1), the explicit magnetic
field calculation must be modified to account for changes
in the integration path and regions outside the PEC. As
shown in Fig. 1, the equation for the z-component of the
magnetic field is given as [8]
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Fig. 1. Illustration of changes in conformal mesh inte-
gration path and area.

where Ar denotes the time step size. At the grid point
with three-dimensional coordinates (i,j,k), S;(i,j,k)
represents the area of the H,-associated grid cell outside
the PEC, I, I, denote the lengths of the grid edges
along the x and y directions at the boundary of S. (i, j, k)
outside the PEC, and 7 is the time step index.

To preserve the finite-difference formulation of the
magnetic field components along different coordinate
directions in CFDTD, equivalent edge lengths /, and
equivalent areas S, (v = x,y,z) are introduced. Using the
magnetic field component in the z-direction, illustrated
in Fig. 1 as an example, we define

I =1./Ax, l;:ly/Ay, S. = S/AxAy, 3)

where Av(v = x,y,z) denotes the full sizes of the Yee
cells in the x, y, and z directions, respectively, represent-
ing the differential discretization intervals along each
axis.

Thus, the equivalent edge lengths of the conformal
cell are [y(i,j+ 1,k) and [j(i+ 1, j,k), and the equiva-
lent area is S,(i, j, k). Consequently, the magnetic field
update equation in CFDTD is modified as

HIY2 (6, j k)
LA
usS.(i, j,k)

Ay

— H (i, j, k)

Ax
“4)

While the magnetic field is adjusted in the CFDTD
method, the electric field calculation still follows the
conventional FDTD formulation.

The stability proof of the CFDTD method in this
work is based on a simplified form of equation (4).




By incorporating all coefficients of the electric field
terms in equation (4) into a new definition E7, (i, j,k) =
EM(i, j,k) - I,(i,j,k),(v = x,y,z), the equation can be
rewritten as

Hn+1/2(l j, k)

= H (i, ,k)

EN (i, j+1,k) — E2 (i, j. k)
At Ay
WSL(BTK) | B G+ 1,J,k) + Ep (i j, k)
Ax

&)

Considering a linear, isotropic, lossy medium, the
fundamental computation equations of CFDTD can be
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The field components E” and H" in equation (2) can
be represented as three-dimensional plane waves at time
step n

{E" = ¢ explj(kex+kyy +k.2)] o

H" = ¢y ¢ explj(kex +kyy +k:2)]

where ¢ is the amplitude of the field components, { is
the amplification factor, and ki, ky, k;, are the wavenum-
bers in the x, y, z directions, respectively.

Substituting equation (7) into equation (6) and dis-
cretizing the spatial components exp|[j(kex + kyy + kz)
gives

written in matrix form as
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where Cp, = g ,Cy =2, and € is the dielectric constant.
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where © xf2]sm< )/Ax Gy72]sm< 5 )/A
o, = stin(kzzz> /Az, Cp, = Atl . Cpy = g (v=
X,2).

For equation (8) to have non-trivial solutions, the
determinant of the coefficient matrix must be zero, that is

2
§(ChuCx05 + Gy Cy 0y +CC07)

2
C=0 e Ze-

©))

To ensure numerical stability during iterative com-

putation, the amplitude of the amplification factor must
satisfy |{| = 1, thus, equation (9) is equivalent to

{—1=0, (10)
C(CbXC;x X +Cb)CZ1)Gy +Cth(/]z b4 ) (C - 1)2 =0.
(11)

By solving equation (10), we obtain |{| = |1| <1,
indicating that this stability condition is always satisfied.
Equation (11) can then be rearranged as

C2*[2+Cbe;xGx JeryC/ G Jerz qz z]CJrl*
(12)
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For the convenience of calculation, a linear transfor-

mation defined by { = £1 js applied to equation (12) as

r—1

!~ 2 /2 /o~ 272
[_Cbeqxo-x + bequ O-y + ChZCqZO-Z ]r

+[4+CyCh (07 + 07 +02)] =0. (13)

Using the Routh-Hurwitz criterion [31], the neces-
sary and sufficient condition for numerical stability in
equation (13) is that all coefficients are positive. The
first-order terms are always positive, so only the constant
term requires further analysis, which is simplified as

_ 2 , 2
g ()Y fin(2)
S Ax S; Ay
2
I sin (%)
_A,_i,. N~ 7
S, Az

(14)

Accordingly, the time step Ar in CFDTD should
meet the following criterion

m
Atcrprp < >
/ 2 0 p 2
HORHORNE
en
(6 [
s’ max(x,y.2) Ax Ay Az
l/
= Atrprp/ g : (15)
max(x,y,z)

In summary, the stability condition for the CFDTD
method is Atcpprp < A[FDTD/(\/g)max-

III. IMPLEMENTATION OF CFDTD BASED
ON DISTORTED MESH SURFACES
FILTERING

A. Conformal Distortion Index

As discussed in Section II, the conformal treatment
of PEC boundaries modifies the effective edge lengths
and areas of the truncated Yee cells, and these equivalent
geometric parameters enter the stability condition in
(15). In this paper, we introduce the CDI to characterize
the distortion of conformal mesh surfaces in a way that
is directly linked to this stability constraint.

The CDI of a conformal mesh surface is calculated
as shown in Fig. 2. Here, [}, I}, I/, and [ are the
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equivalent lengths of the mesh surface’s four edges,
respectively, and S represents the equivalent area.

1
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Fig. 2. Illustration of CDI parameter analysis for the
conformal mesh surface.

Hence, the defined CDI in a conformal mesh surface
can be expressed as

CDI = (V1] max = [ max (1, 1y, 11, 13) /S = /L[S

(16)

Substituting (16) into (15), the numerical stability
condition for CFDTD can be expressed as

Atcrprp < Ateprp/CDlInax, (17)

where CDI,,,, refers to the maximum CDI among all
conformal mesh surfaces. For a given conformal cell
surface, the time step is limited by CDI,,,. According
to [11], it can be seen that CDI,,,; > 1. As the CDI,;,»
of the conformal cell increases, the time step will be
smaller and, consequently, the computational efficiency
in CFDTD is also reduced.

Unlike conventional mesh-quality metrics, CDI is
constructed directly from the equivalent edge lengths
and equivalent area so that it appears explicitly in
the CFDTD stability constraint in (17), and therefore
quantitatively describes how strongly the most distorted
conformal surfaces restrict the global time step. To
alleviate this limitation, a novel CFDTD method with
distorted grid surface filtering is proposed to remove
highly distorted conformal cell surfaces, thereby reduc-
ing the overall CDI,,4;.

B. Specific implementation
The proposed PEC CFDTD with distorted grid
surface filtering proceeds as follows.

(a) Calculate the CDI for all conformal cell surfaces
using (16) and rank them in descending order to
create a priority list for filtering.



(b) Set the removal ratio 1 and remove the top 7 frac-
tion of the distorted surfaces from the list. Removed
mesh cells are converted back to regular grid cells
based on the dielectric properties at their centers,
aiming to preserve the geometric integrity as much
as possible.

=
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\ I \ [
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Fig. 3. Illustration of the proposed CFDTD method
incorporating distorted grid surface filtering.

To clarify the proposed approach, a two-
dimensional circular PEC surface, shown in Fig. 3, was
constructed and discretized using conformal meshing.
For this model, the filtering procedure was applied
to conformal meshes, which are divided into filtering
regions a, b, and ¢ according to descending CDI values.
At a removal ratio 11 of 37.5%, cells in region a are
reverted to the conventional Yee cell; increasing 1 to
62.5% includes region b as well, thereby filtering out
meshes with moderate CDI values. When 1) reaches
100%, region c is also converted back to the base mesh,
so that subsequent calculations are performed entirely
on the standard FDTD grid.

After applying a certain proportion of filtering to the
mesh using this method, the maximum time step for the
proposed method is then given by

Atfitterea = Atpprp/CDIy
= Al‘FDTD/(CDImax)the remaining grids- (18)

A larger time step is allowed by increasing the
removal ratio, but this may reduce the accuracy of the
proposed method. In specific engineering problems, an
appropriate ratio can improve computational efficiency
significantly within an acceptable range of accuracy loss.

In practical simulations, it is necessary to determine
an optimal filtering ratio at which the time step is max-
imally relaxed while the loss of computational accuracy
remains negligible. To identify the optimal filtering ratio,
we will perform a detailed parameter sensitivity analysis
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on typical examples in section IV, thereby establishing a
selection criterion for 1) and verifying the effectiveness
of the chosen filtering ratio.

IV. NUMERICAL EXAMPLES AND
RESULT ANALYSIS

To verify the effectiveness of the proposed PEC
CFDTD algorithm based on distorted mesh surface
filtering, the radar cross-section (RCS) of two typical
curved metal surfaces is analyzed. All simulations are
performed on a Windows 10 operating system equipped
with an Intel(R) Xeon(R) 8360Y CPU @ 2.40 GHz (up
to 3.50 GHz) and 1.0 TB RAM.

A. PEC sphere

10m
E—
E
mont{ormg " )
point iy

Fig. 4. Model for PEC sphere backscattering RCS calcu-
lation.

In the first example, a PEC sphere with a radius of
0.36 m is analyzed. An x-polarized plane wave is inci-
dent along the positive z-direction, with a Gaussian pulse
f(t) = exp[—4n(t —19)*/7%], where T =2 x 1077 s,
to = 0.8 7. A monitoring point is set at 10 m along
the negative z-axis to record the backscattering RCS
characteristics of the metal sphere, as shown in Fig. 4.

For an accurate reference solution, the FDTD
method uses a uniform small grid of 0.01 m to discretize
the metal sphere, while both conventional and proposed
CFDTD allow a coarser grid of 0.03 m. The air region
adopts a uniform grid of 0.03 m.

The variation of CDI,,,,, and the average RCS error
with respect to the removal ratio 1) is investigated in
Fig. 5. When 7 increases from 0% to 5%, CDlI,y4y drops
sharply. Since the time step is inversely proportional
to CDI .y, this corresponds to a substantial relaxation
of the time step constraint and thus several improve-
ments in computational efficiency. Meanwhile, the RCS
curve remains almost unchanged, and the increase in
the average error does not exceed 0.1 dB-m?. When
n exceeds 5%, the decrease of CDI,,, gradually sat-
urates, so further increasing 7m brings marginal gains
in the allowable time step, while the RCS error grows
more noticeably. Therefore, 1 = 5% is identified as an
effective compromise. The algorithm removes the highly
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distorted cells that dominate the time step constraint,
while keeping the loss of accuracy at a low level.
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Fig. 5. Variations of CDI,,,, and average RCS error with

respect to removal ratio 1 for the PEC sphere.

To visually verify that this choice is appropriate,
Fig. 6 compares the RCS curves for different 1 values.
The curve for 1 = 5% almost coincides with CFDTD
and the Mie analytical solution, indicating that the pro-
posed method preserves the high accuracy of CFDTD
while improving efficiency. In contrast, the RCS curve
for n = 15% shows clear deviations, implying that
excessive filtering destroys the geometric features of the
curved surface and deteriorates the scattering response.

Figure 7 further presents the time-domain results of
the observation point located 0.03 m from the center of
the incident plane wave. The results indicate that for n =
15%, the time-domain response exhibits noticeable devi-
ations. In contrast, for 1 = 5%, it is in good agreement
with that of CFDTD throughout the entire simulation
time. This confirms both the numerical stability and the
accuracy of the proposed method in the time domain.

The detailed simulation parameters and relative
errors of the four methods are summarized in Table 1,
with the analytical Mie series solution employed as the
exact reference. For the conventional CFDTD, the pres-
ence of small distorted cells imposes a strict constraint
on the time step, leading to an overall runtime even
longer than that of the fine mesh FDTD. In contrast,
when the proposed filtering strategy with 1 = 5% is
applied, the computation time is reduced from 943 s to
151 s, a decrease of about 84.0%. At the same time, the
relative error of the backscattering RCS remains around
2.40%, which is essentially comparable to that of the
conventional CFDTD. When 1 reaches 15%, the error
grows significantly, whereas the gain in computation
time becomes negligible.

In summary, for the PEC sphere example, a removal
ratio of 1 = 5% provides an almost optimal balance
between computational efficiency and accuracy.
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Fig. 6. Frequency response of RCS of the PEC sphere.
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Fig. 7. Time-domain results of the PEC sphere.

Table 1: Comparison of computation parameters for
FDTD and proposed methods of the sphere

71 (%) | Time Grid Relative Memory
(s) Number | Error (%) (MB)

FDTD | 1050 | 438,976 3.99 1400

0 1179 21,952 2.39 549

5 189 21,952 2.40 365

15 133 21,952 2.58 364

B. F117 aircraft model

To further verify the generality of the optimal
removal ratio 1 = 5% in complex targets, the F117
aircraft is analyzed. In this example, the aircraft has
an overall length of 20.08 m, a height of 3.78 m, and
a wingspan of 13.20 m. An x-polarized plane wave at
500 MHz is incident along the positive z-axis, as shown
in Fig. 8. The background FDTD domain uses a uni-
form fine mesh of 0.03 m, while both the conventional
CFDTD and the proposed method adopt a grid size of
0.06 m in the conformal region.

Figure 9 compares the forward RCS frequency
responses obtained by different methods. The results of
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Fig. 8. F117 forward RCS computation model.

60

— =CFDTD - 0.06 - 15%
= — CFDTD - 0.06 - 5%
— =FDTD-0.03
——FDTD - 0.06
CFDTD - 0.06

20

100 200 300 400 500
Frequency(MHz)

Fig. 9. Frequency response of forward RCS for F117.

the proposed filtering method agree very well with those
of the conventional CFDTD, while achieving a clear
improvement in computational efficiency compared with
the fine-mesh FDTD.
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Fig. 10. Time-domain results of F117.

The detailed simulation parameters and errors for
the five methods applied to the F117 are summarized in
Table 2, where the result of the conventional CFDTD is
used as the reference. When the recommended removal
ratio of 5% is used, the computation time is reduced
from 3234 minutes to 651 minutes, corresponding to
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a 79.9% reduction, while the RCS relative error with
respect to the conventional CFDTD is only 1.778%.
When the removal ratio is increased to 15%, the compu-
tation time is further reduced. However, the additional
gain is much less significant than that obtained when
increasing the removal ratio from 0% to 5%, while the
error continues to increase. This trend is particularly
evident in the time-domain results shown in Fig. 10.
For a 15% removal ratio, the time-domain result devi-
ates noticeably from CFDTD, while the 5% case still
matches it well.

Therefore, choosing a 5% removal ratio for dis-
torted grid faces filtering provides a robust trade-off
between accuracy and efficiency, which strongly demon-
strates the applicability of the proposed method to elec-
tromagnetic simulations of complex targets.

Table 2: Comparison of computation parameters for
FDTD and proposed methods of F117

7 (%) Time Grid Relative | Memory
(min) Number Error (%) (GB)

FDTD-0.03 | 1417 | 22,368,060 1.886 26.25

FDTD-0.06 | 135 3,025,848 2.582 6.90

0 3234 | 3,025,848 - 6.95

5 651 3,025,848 1.778 6.93

15 302 3,025,848 2.211 6.91

As shown in the two examples, the proposed
CFDTD improves efficiency by filtering part of the
distorted grids while keeping the accuracy loss small. As
the removal ratio 1 increases, the decrease of the max-
imum CDI becomes slower. In practice, a removal ratio
of about 5% already gives a large gain in the allowable
time step and computational efficiency, with only minor
error. Therefore, users can choose 1 according to their
accuracy and runtime requirements, with 7 = 5% as a
recommended optimal choice.

V. CONCLUSION

To improve the computational efficiency of tradi-
tional conformal FDTD, this paper proposes a conformal
PEC FDTD method with distorted grid-face filtering.
A CDI is defined to measure the grid distortion, and
a simple statistical filtering scheme is used. Only a
small number of conformal cells that impose the most
restrictive global time step limit are filtered, which
directly relaxes the constraint. Numerical examples for
a PEC sphere and an F117 aircraft show that, when
the filtering ratio is set to 5%, the proposed method
is generally applicable and greatly improves computa-
tional efficiency with only a small loss of accuracy. This
method provides a simple, robust, and efficient approach
for electromagnetic simulation of large and complex
targets, allowing users to flexibly balance computational
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efficiency and geometric modeling accuracy according
to practical engineering needs.
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