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ABSTRACT: To address the need to differentiate between dielectric and perfect electric conductor (PEC) conformal methods in the finite-
difference time-domain (FDTD), this study proposes a conformal approach based on the harmonic mean to achieve a unified formulation.
In this approach, the relevant electromagnetic parameters are weighted using harmonic mean weighting, enabling a conformal imple-
mentation within the FDTD framework. Both dielectric and PEC conformality are incorporated into a single mathematical framework,
allowing for a unified treatment in the FDTD. The proposed method provides a consistent formulation that can be seamlessly inte-
grated with standard FDTD procedures while ensuring high compatibility and accuracy of the results. The conformal method based on
harmonic mean requires only 60% of the computational time and 36% of the memory compared to the CST, indicating its high computa-
tional efficiency. Furthermore, it demonstrates strong applicability to complex biological models, such as specific absorption rate (SAR)
calculations in the human head. This approach is particularly well-suited for RF device design and biomedical applications, offering

improved modeling efficiency and reliability.

1. INTRODUCTION

n electromagnetic performance simulations, discretization is
Ian indispensable step. The finite-difference time-domain
(FDTD) method is a widely used numerical technique in com-
putational electromagnetics [1,2]. Although the Yee grid pro-
vides an effective means of spatial discretization, it inevitably
introduces staircasing errors [3].

Conformal techniques have been developed to mitigate the
staircasing errors resulting from the FDTD mesh discretization.
Dey and Mittra proposed weighting the electric and magnetic
fields in the FDTD iterative formulas according to the propor-
tion of each material within a grid cell [4]. This approach is
intuitive and can significantly improve accuracy; however, it
requires modifications to the iterative formulas, which compli-
cates implementation. Alternative methods achieve conformal-
ity by performing auxiliary evaluations of cells near the confor-
mal boundary [5]. Although these methods can achieve high
accuracy, they are relatively complex to implement in practice.
Some researchers further subdivide conformal cells into subre-
gions corresponding to different materials, compute the elec-
tric and magnetic fields separately for each subregion, and then
combine the results to obtain the field quantities for the entire
cell [6, 7]. Although these approaches are accurate, they incur
high computational cost and implementation complexity.

To further enhance the accuracy, electric field weighting
was extended to incorporate not only the proportion of mate-
rial along the grid edges but also an area factor. These ap-
proaches originate from the finite-volume method and have
gradually been adopted in conformal FDTD techniques [8, 9].

* Corresponding author: Minquan Li (limq@ahu.edu.cn).

doi:10.2528/PIERC26041401

202

For specific models or to accelerate computations, some stud-
ies have integrated conformal techniques with implicit FDTD
schemes [10, 11].

To balance the accuracy and implementation complexity,
conformal methods based on weighting the constitutive param-
eters have been proposed [12, 13]. These methods are appli-
cable to both dielectric and perfect electric conductor (PEC)
conformality and can be readily integrated within the FDTD
framework. However, their formulations must be applied dif-
ferently depending on the situation, resulting in a lack of uni-
formity and making the formulas less intuitive for systematic
understanding.

Currently, the remaining challenges can be summarized as
follows: 1) Conformal implementation typically requires clas-
sification into dielectric and PEC conformal methods, with the
iterative formulas for each category differing and needing to be
treated separately. 2) Using the arithmetic mean to weight the
constitutive parameters leads to formulations that are incom-
plete and lack clarity, reducing readability and interpretability.
3) Metals are characterized by high electrical conductivity, and
metallic conformality is often approximated as PEC conformal-
ity; that is, metals are directly treated as PEC. This approx-
imation becomes problematic when multiple types of metals
with distinct electromagnetic properties are present, complicat-
ing accurate conformal treatment.

To address these challenges, the main contributions of this
study are summarized as follows: 1) The conformal implemen-
tation no longer requires separate classification; the iterative
formulas for dielectric and PEC conformality are unified within
a single framework. 2) Harmonic mean weighting is employed
instead of the arithmetic mean to improve the accuracy and
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completeness of the constitutive parameter representation. 3)
Metallic conformality is no longer approximated as PEC con-
formality, allowing the actual electromagnetic parameters of
metals to be directly incorporated into conformal formulations.

2. FORMULATIONS
The FDTD method is founded on Maxwell’s equations.

oD
VXH_E—FJ’
OB M
E=-2 M
V x 5 ,

where E is the electric field intensity, D the electric flux density
(electric displacement field), H the magnetic field intensity, B
the magnetic flux density, J the current density, M the magnetic
current density, and ¢ the time.

The use of the Yee grid for spatial discretization in the
FDTD method inevitably introduces staircasing error. The
parameter-weighting approach proposed in [12] effectively al-
leviates these errors. Conformal techniques are generally clas-
sified into dielectric conformal and PEC conformal methods,
which employ distinct formulations to achieve geometric con-
formity.

The core of the conformal implementation involves weight-
ing the dielectric constant € and electrical conductivity o in the
electric field according to the fraction of the grid edge occupied
by each material. For the magnetic field, the magnetic perme-
ability p and magnetic loss coefficient o, are weighted based
on the area fraction of the material within the grid cell, where
om 1s introduced to preserve symmetry in Maxwell’s equations.

2.1. Dielectric Conformal Method

In Fig. 1, A, B, C, and D represent the four edges of a grid
cell, while F' denotes the location of the magnetic field at the
cell center. Az and Ay correspond to the lengths of a single
grid cell in the = and y directions, respectively. S;y1 and Syy2
represent the areas of the grid cell occupied by medium 1 and
medium 2, respectively. [, and [,; denote the lengths of the
edges occupied by medium 1, whereas /.2 and [,» denote those
occupied by medium 2. The subscripts z, y, and z of the phys-
ical quantities €, o, {4, and 0., indicate their respective compo-
nents along the z, y, and z directions.

The parameter-weighting approach is applied to the electric
field, as shown in (2) and (3).

E;ff(A) = [lg1 €1 + Lo - 2]/ Az,

Esz(B) =g,
(2)
53’-7(0) = £,

eM(D) = [ly1 - €1 + ly2 - €2]/ Ay.
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oD (A) = [lg1 - 01 + Ly - 02)/ Az,
UZ//j(B) =01,

) 3)
ch//(C) =01,

o (D) = [ly1 - 01+ ly2 - 03]/ Ay.

The parameter-weighting approach is applied to the magnetic
field in (4).

HIF) = [Suyr - i1 + Sayz - o) Ay,
4)

O'f{{z (F) = [Swyl “Om1 + SIy? ’ 0m2]/A$Ay

2.2. PEC Conformal Technique
In the PEC conformal method, the core principle is that the PEC
regions are assumed to require no processing. Fig. 2 illustrates
the equivalent approach for implementing PEC conformality in
the proposed design.

The parameter-weighting method for the electric field in the
PEC regions is shown in (5) and (6).

el(A) = e, o¥(A) = oy,

Esz(B) = €1, O'Z/?{(B) =01,
(%)

(C)=e1, | o(C) = o,

E,fo(D) =e;. O’Z[f(D) =07.
Parameter-weighting method for the magnetic field in PEC
regions is shown in (6).

M?(F) = M1, O.ejf

mz

(F) =O0Om1- (6)

2.3. Conformal Method using the Harmonic Mean

Equations (2)—(4), which implement the dielectric conformal
method, employ arithmetic averaging for parameter weighting.
Equations (5) and (6) implement PEC conformality by directly
treating the PEC regions as requiring no modification, which
can reduce clarity and hinder readability. In this study, a har-
monic mean weighting approach is proposed for electromag-
netic parameters. This method unifies the weighting formulas
for both dielectric and PEC regions, eliminating the need to dis-
tinguish between them. In practical engineering applications,
where most devices are composed of multiple materials, har-
monic mean weighting enables a single update of the param-
eters without applying different formulas to different regions
of the device. Furthermore, it enhances the clarity and inter-
pretability of these formulations. The results obtained using
harmonic mean weighting, namely (7)—(9), are consistent with
those derived from (2)—(6).

Even for metals, variations in material parameters between
different metals can be significant. For distinct metals, their
actual parameters can be directly applied in the formulas rather
than defaulting all metals to PEC. Fig. 3 illustrates an equivalent
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FIGURE 1. An equivalent approach for implementing dielectric conformal techniques.
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FIGURE 2. An equivalent method for implementing the parameter-weighting approach in regions containing PEC.
schematic of the conformal implementation using the harmonic The unified parameter-weighting formulation for the mag-

mean. netic field in conformal implementations is given by (9).
The unified formulation for weighting the electric field pa-

rameters in conformal implementations is given by (7) and (8). ff Suyt/AzAY  Suyo/AzAy -1
pe(F) = [ - + = } :
[l /Ax lpo/Az] ™ | . e 9)
Eeff A) = zl x + z2 €T 7 _
S & () = {sxyl/Aa:Ay N sxﬁ/Aa:Aﬂ !
mz
- -1 Uml Um2
1
Sfo(B) = } , .
€1 The harmonic mean-based conformal approach can naturally
- (7 accommodate both PEC and dielectric materials. Notably, in
c4(0) = 1 extreme cases such as when o approaches infinity or € ap-
v | €1 proaches a limiting value, no separate conditional formulations

) ) are required.

gjf( D)= ly1/Ay L lya/ Ay } . The conformal implementation based on t.he harmonic mean
€1 €9 allows a one-step update without distinguishing between the di-

electric and PEC conformality. Fig. 4 presents a flowchart of

the FDTD procedure for conformal implementation using the

- -1
ol(A) = lxla/lAz + lﬂo/ fﬂ , harmonic mean.
() — 1 ]1 3. NUMERICAL EXAMPLES
%y oy ’ Two benchmark examples are presented in this study to vali-
i . (®) date the accuracy of the harmonic mean weighting method. The
O’eﬁ( o) = 1] first is a copper sphere, which demonstrates that the harmonic
r o1 ], mean and arithmetic mean approaches yield consistent results.
The second example is a human head model composed of mul-
N [l /Ay /Ay -t tiple dielectric materials. All simulations were performed on
Ty (D) = o1 T o9 ) a computer equipped with an Intel 12th-generation Core i7-
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FIGURE 3. Conformal implementation using the harmonic mean.

The model 1s discretized by means of the Yee grid
+

The grid cells containing multiple materials are
identified, and their locations requiring conformal
treatment are determined

¥

For the grid cells requiring conformal treatment, the
material parameters are updated according to Equations

(7)-(9)

The magnetic field is updated

]
The electric field 1s updated

The electromagnetic
fields reach a steady
state

FIGURE 4. Flowchart of the FDTD procedure for conformal implementation based on harmonic mean weighting.

12700 processor (12 cores, 2.1 GHz) and 64 GB of 2133 MHz
DDR4 memory.

3.1. Model of a Copper Sphere

To validate the accuracy and effectiveness of the harmonic
mean-based conformal method, a copper sphere was employed

205

as a benchmark example. The radius of the sphere was 10 cm,
and the spatial discretization was set to Az = Ay = Az =
15mm. An 8-layer convolutional perfectly matched layer
(CPML) was applied as the absorbing boundary condition. The
material properties of copper were specified as relative permit-
tivity €, = 1, permeability px,, = 1, and electrical conductivity
o =5.8x 107 S/m.
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FIGURE 5. Copper sphere model.
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FIGURE 7. RCS in the z-z plane.

Because conformality is implemented using harmonic-mean
weighting, the physical parameters appear in the denominator
and therefore cannot be zero. In conventional treatments, the
electrical conductivity of air is often assumed to be zero; how-
ever, this is only an approximation rather than the true physical
value. In this study, the actual conductivity of air is adopted,
thereby satisfying this requirement. The material properties of
air were specifiedas e, = 1, 4, = l,and 0 = 1 X 10~ 12 S/m.
Fig. 5 shows the mesh discretization of the copper spheres.
A Gaussian pulse plane wave was employed as the excita-
tion source, as defined in (10), with polarization along the x-
direction.

t—tg )2

g(t) = Me (),

(10)

where

T =15.0035 x 1070, to=4.57, M =1.

To further evaluate the performance of the proposed method,
comparisons were conducted with the harmonic mean confor-
mal FDTD (HM-CFDTD), arithmetic mean conformal FDTD
(AM-CFDTD), and Computer Simulation Technology (CST)
method simulation results. Fig. 6 presents the sampled values of
the electric field E, at a point 30 mm above the copper sphere.
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FIGURE 6. Time evolution of the electric field F, at Probel for the three
methods.
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FIGURE 8. RCS in the z-y plane.

The overall distribution and magnitude obtained using the three
methods were in close agreement, demonstrating the accuracy
of the harmonic-mean-based conformal approach.

Figures 7 and 8 show the radar cross sections (RCS) of the
copper sphere in the z-z and z-y planes, respectively. The
RCS results obtained using the three methods were in excel-
lent agreement. While Fig. 6 demonstrates strong consistency
in the near-field results, Fig. 7 and Fig. 8 further confirm the
accuracy of the far-field predictions.

Table 1 compares the memory usage and computational time
of the HM-CFDTD, arithmetic AM-CFDTD, and CST meth-
ods. The HM-CFDTD and AM-CFDTD methods exhibited
comparable memory consumption and computational costs.
Notably, the harmonic mean-based conformal method requires
only 60% of the computational time and 36% of the memory

TABLE 1. Comparison of time and memory consumption for the three
methods.

Method Grid  Execution time = Memory
HM-CFDTD  15mm 1.6894 min 846 MB
AM-CFDTD  15mm 1.7332 min 852MB

CST 15 mm 2.9800 min 2350 MB
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CPML

FIGURE 9. Human head model.

FIGURE 11. Distribution of SAR in the human head at 0.9629 ns (unit:

W/kg).

compared to the CST, demonstrating its computational effi-
ciency.

To further quantify and evaluate the differences, we adopt
the Ly-norm error, a standard metric in electromagnetics, as
defined in (11). As shown in Fig. 6, the Lo-norm error between
the F, field obtained using the HM-CFDTD method and that
computed by CST is 1.14%. In comparison, the corresponding
Lo-norm error between the AM-CFDTD method and CST is
1.12%. These results indicate that the proposed HM-CFDTD
method achieves a satisfactory level of accuracy.

N

1
Ls-norm Error = ~ Zl (y1 — y2)2,

(11)

where N denotes the total number of sampling points, y; the re-
sults obtained using the HM-CFDTD or AM-CFDTD methods,
and yo the results computed by CST.

3.2. Human Head Model

To evaluate the effectiveness of the proposed HM-CFDTD
method in simulating complex geometries, a human head model
was employed, as depicted in Fig. 9. The computational do-
main was discretized into a grid of 299 x 299 x 171 cells with a
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FIGURE 10. Time-domain variation of the electric field component F.
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FIGURE 12. Distribution of SAR in the human head at 1.9258 ns (unit:
Wikg).

uniform spatial resolution of 1 mm x 1 mm x 1 mm. A 10-cell
CPML was applied at the boundaries. The electromagnetic pa-
rameters of the human head are presented in Table 2. Owing to
the complexity of the model, only the major tissue parameters
are included in the table.

TABLE 2. Electromagnetic parameters of human head tissues.

Tissue Er o) m p
Muscle 527 173 1.0 1050
Eye 68.7 153 1.0 1005
Bone 20.8 0.14 1.0 1800
Cerebrum 504 098 1.0 1040
Cerebellum 49.0 090 1.0 1045
Cerebrospinal Fluid 68.6 241 1.0 1007
Fat 528 0.10 1.0 920

The simulation was excited using a point source, and the ex-
citation signal was defined by (12). The excitation source is
placed adjacent to the right ear of the human head model, at the
center of a plane located 38 grid cells from the CPML bound-
ary. Electric field sampling is conducted directly above the
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FIGURE 13. Distribution of SAR in the human head at 2.8887 ns (unit:

W/kg).

head, and the simulation results are benchmarked against those
obtained from CST. Fig. 10 presents the time-domain evolu-
tion of the F, field component calculated using both the HM-
CFDTD method and CST. The close agreement between the
two sets of results validates the accuracy and robustness of the
HM-CFDTD approach for modeling complex anatomical struc-
tures.

Bt — A=l (52),

. (12)

where ¢t denotes the time, with t; = 0.53 ns and ¢y = 4t;. The
amplitude A is 4.0967 x 107,

To investigate the effects of electromagnetic fields on the hu-
man head, the specific absorption rate (SAR) was calculated in
this study. SAR is a metric used to quantify the rate at which
electromagnetic energy is absorbed by the biological tissues.
The SAR is given in (13) [15].

2
sar = 71EC

p

(13)

where p denotes the density, and E is the electric field vector.
This definition differs from the 1 g/10 g averaged SAR used in
regulatory safety standards.

The time evolution of the SAR computed using the proposed
HM-CFDTD method is shown in Figs. 11-14. It can be ob-
served that the SAR distribution in the human head varies over
time with the propagation of electromagnetic waves.

4. CONCLUSION

This study proposes a harmonic mean-based weighting ap-
proach for electromagnetic parameters to achieve a conformal
implementation. The proposed method eliminates the need
to distinguish between dielectric and PEC conformal treat-
ments, thereby avoiding case-dependent formulations and pro-
viding a unified framework for conformal modeling. A copper
sphere was employed as a benchmark example to verify that
the harmonic mean-based conformal method achieves results
and accuracy comparable to those obtained using conventional

208

FIGURE 14. Distribution of SAR in the human head at 3.8516 ns (unit:
W/kg).

arithmetic-mean weighting. Furthermore, a complex human
head model was considered to demonstrate the applicability
of the proposed approach to geometrically intricate structures.
These results demonstrate that the harmonic mean-based con-
formal method enables efficient and unified analysis of com-
plex multi-material scenarios, providing a solid foundation for
practical RF/microwave device design and bioelectromagnetic
simulations.
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