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To investigate a condition of the numerical stability of an electromagnetic wave propagation simulation using
the meshless time-domain method (MTDM), a 1-dimensional (1D) TM mode discretized by the MTDM has been
analyzed theoretically. Under some assumptions, the Courant condition for the 1D MTDM has been derived.
The Courant condition does not depend on the radial basis functions required to generate shape functions of the
MTDM. In addition, the Courant condition for the 1D MTDM is equivalent to that for the finite-difference time-
domain method. Based on the result for the 1D case, the Courant condition for the 2-dimensional (2D) MTDM
is predicted. Furthermore, for the case where the predicted Courant condition is satisfied, the numerical stability

of 2D MTDM has been investigated numerically.
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1. Introduction

The finite-difference time-domain method (FDTD)
has generally been applied for electromagnetic wave prop-
agation simulations, and it has yielded many impressive
results. In numerical simulations employing the FDTD,
the numerical domain is divided into rectangular meshes.
However, it is difficult to accurately represent an arbitrary-
shaped domain using only rectangular meshes.

On the other hand, many kinds of meshless methods
such as the element-free Galerkin method [1], the mesh-
less local Petrov-Galerkin method [2] and the meshless
radial point interpolation method (RPIM) [3] have been
proposed, and applied to numerical simulations in various
fields, including plasma physics and fusion science. In the
meshless methods, the shape functions are generated from
nodes, i.e., the meshes are no longer necessary.

Recently, the meshless method based on the RPIM has
been applied to electromagnetic wave propagation simula-
tions [4]. This method is called here the meshless time-
domain method (MTDM). In the MTDM, a domain is dis-
cretized by the shape functions of the RPIM. Namely, the
MTDM does not require the rectangular meshes, which are
required in the FDTD. Hence, the node alignment of the
MTDM is more flexible than that of the FDTD. However,
in the MTDM, the relation between the numerical stabil-
ity and the node alignment has not been investigated suffi-
ciently.

The purpose of the present study is to investigate a
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condition of the numerical stability of the MTDM in elec-
tromagnetic wave propagation simulations. To this end, a
I-dimensional (1D) Transverse Magnetic (TM) mode dis-
cretized by the MTDM is analyzed theoretically.

2. Shape Functions of the RPIM

In the MTDM, the leap-frog method is employed to
discretize the time domain, and the space domain is dis-
cretized by the shape functions of the RPIM [4]. The shape
functions are derived by the following procedures.

First, the nodes, x;,x,,..., Xy, together with the ra-
dial basis functions (RBFs), wi(x), ws(x),...,wy(x), on
each of the nodes are assigned in the domain 2 and on
the boundary 09, where N is the number of nodes, and
wi(x) = w(x —x;)) (i = 1,2,...,N). In the RPIM, it is
assumed that the solution u#(x) can be expanded by

u(x) = [w' ). p" ()] G‘l[l:) ]=¢T(x)ue. 1)

Here, the vectors, w(x), p(x),u® and ¢(x) are, respectively,
defined by

w(x) = [wi(x), wa(x), ..., wy@)]", 2
p(x) = [p1(x), p2(x), ..., pu(O]", 3)

= [, i, ..., us]", 4)
$(x) = [¢1(x), $2(x), ..., g (0)]", ©)

where ¢y (x) denotes a shape function corresponding to the
kthnode x; (k =1,2,...,N), and M is the number of com-
ponents of p(x). In this study, for the 2-dimensional (2D)
case, M = 3 is adopted, i.e., p(x) = [1, x, y]T, whose com-
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ponents are coefficients of a degree-one polynomial. In
addition, the matrix G € RV*M*N+M) jq defined by

w P
GE[PT 0], ©)

where W = [w(x)),w(x2),...,w(xy)]T and P = [p(x)),
p(x2), ..., p(xy)]T. From (1), the explicit form of the
shape functions ¢ (x) (k = 1,2,...,N) and these deriva-
tives can be expressed by

Pu(x) = Z WilX)Zi4 + Z Pi®aNsx (D)

j=1

W) = Za—<x>glk+z

0 i o= opj, ._
i) = D g + ,Z P O

(x)gzv+ ik (8)

i=1

where g;; denotes the (i, k)-element of the matrix G
must be noted here that the shape functions have the Kro-
necker delta function property as follows [3]:

_ | 1 fori=j
$i(x)) _{ 0 fori#j (10)

3. Meshless Time-Domain Method

For simplicity, we consider 2D electromagnetic wave
propagation of the TM mode whose governing equations
are described by

IE, OH, OH,
_— = = E - - — ’ 11
€ ot TEF ox ay (in
oH,  OE,
= - — 12
1=, 9y (12)
OH, OE.
ey 13
Hor = “ox (13)

where E, denotes the z component of the electric field, and
H, and H, denote the x and y components of the magnetic
field, respectively. In addition, &, o, and u denote the per-
mittivity, electrical conductivity, and magnetic permeabil-
ity, respectively.

To discretize (11), (12), and (13), nodes xlE (i =
1,2,...,Ng)for E.andx¥ (i = 1,2,..., Ny) for H, and H,
are first aligned in a domain, where Ng denotes the number
of nodes for E,, and Ny denotes the number of nodes for
H, and H,. As mentioned in Section 2, in the MTDM,
the leap-frog method is employed to discretize the time
domain. In addition, the space domain is discretized by
the shape functions of the RPIM. The discretized forms of
(11), (12) and (13) are as follows:

Ny
¢
n—1
(A_t‘—)E +ZH Z ,-a—
EZ": (8+O') i
At 2

(14)

Ng a E
1 1At e
Hy P =H,* - = El,—* (15)
A s z,] ’
X,1 X, M j:1 6_))
Ng E
n+; _ n—% g n ¢j,i
vi = H T+ r Ew'_ax ) (16)
=1

1 1
where n is the time step, E?, = EZ(x}), H::;z =H " (xth),

(9(/)53 _ 6¢f H 8¢fi _ 6¢f H
ax  Ox 7). ay (x,» > (4
o, o¢ll ¢7, B ¢H

In addition, ¢f (x) denotes the shape functions correspond-
Ng). Similarly, q)f (x) denotes the
shape functions corresponding to x? (G = L2,...,Np).
Note that, to derive (14), (15), and (16) from (11), (12),
and (13), respectively, the Kronecker delta function prop-
erty (10) is used, e.g., E?‘l(x) is expanded as

ingtoxf (G=12,...,

Ng

EN'(x) = ) BN (), (19)

J=1
and by substituting x = x,

Ng
BNy = ) BN Ry = B (20)

J=1

In addition, an approximation E, =~ (E! + E"1)/2 is
adopted to derive (14) from (11). By calculating (14), (15),
and (16) in each time step, the behavior of the electromag-
netic wave propagation can be simulated.

4. Condition for Numerical Stability

In this section, to analyze a condition of the numerical
stability of the MTDM, we consider a 1D TM mode as
follows:

OE. OH,
_ 9y 21
o T ox @D
8H\' aEZ
- = —, 22
H=or = ox (22)

To discretize (21) and (22), nodes x;(i = 1,2, ..., Ng) for
E, and Xipl (i=1,2,...,Np) for H, are first aligned. Here,
we assume that the nodes are uniformly aligned so that
Ax = |x; — x;41| is the same value. In addition, throughout
this section, we assume Xl = x+ Ax/2 and Ny = Ng — 1.

With the above assumptions, by utilizing the leap-frog
method and the shape functions of the RPIM, (21) and (22)
are discretized as

Ny (3 H
At _1 087,
-1 n-s Jii
El, =E!; + - Hy,j+ It (23)
Ne 0PE.
n+d o oon—4 ﬁl n g
HyH% a H;’H% " u Z:‘Ez’j ox 24
=
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Fig. 1 Schematic view of node alignment, the evaluation point
X», and the support radius R of an RBF for theoretically
analyzing a condition of the numerical stability. Here,
Ax =lxa — x| = x5 — xal.

To theoretically analyze a condition of the numerical sta-
bility, we determine the explicit form of the derivatives of
shape functions. To this end, in the following, we assume
that the number of evaluation points inside the support ra-
dius is 3, and x; is the evaluation point (see Fig. 1). Under
these assumptions, ‘9—f(x2) can be determined by solving
the following linear system.

wi(x)) walx) wilx) 1 x %
wix2) walxz) wilx) 1 x 0
a¢ _ ows
wilrs) walxs) walxs) 1ox j=m=1 2
1 1 1 0 0 0
X1 X2 X3 0 0 1
(25)
From (25),
a¢ 1 1 T
a(xz) = —E,O,E,Cbcz 5 (26)

where ¢; and ¢, are constant values that are not used in
the MTDM. It must be noted here that, regardless of the
RBFs, (26) becomes the same result except for ¢; and c;.
By substituting (26) into (23) and (24), these equations are
rewritten as

At _1 _1
n _ pn-1 =3 _ g2
Ei=Eu ¥ eAx (H,V:”% H,V:i—%)’ @7
n+d n—1 Al n n
H G = H L+ e (EZ.i - EL). (28)

Using (27) and (28), we investigate the Courant condi-
tion for the MTDM. To this end, we assume that the input
wave is a plane wave described by

E(r,1) = Eo(ne ™", (29)
H(r,1) = Ho(ne™ /", (30)
where j is the imaginary unit, k is the wave vector, and r
is the space vector. Here, k- r = k.x + k,y + k;z. After (27)

is substituted into (28), by substituting (29) and (30) into
(27) and (28), these equations are described as

AtS  p-1

n n—1 . n

Ely=Ely' +j—Hy,’s 31)
n 1 rl*l n—l .AtS n—

Hyo? = Hyo* — (VAISH )7 + ]TEZ’OI, (32)

A
2 sin (kx%)
S = . 33
Ax (33)
Equations (31) and (32) can be rewritten as
x" = Ax", (34)
where
ALS
o] o ] P
X = ard | = AtS
H )’ jT 1 — (vA1S)?

(35)

In (34), if all eigenvalues A of A satisfy || < 1, the vector
x" will be converged to a stability solution when n — oo.
These eigenvalues are determined by solving |A — 41| = 0,
ie.,

—b+ Vb2 -4

1=———, (36)

where b = (vAtS)? — 2. In (36), if b*> — 4 < 0, that is,
(VALS)? < 4, (37)

is satisfied, all eigenvalues of A satisfy |1] < 1. Further-
< 1is satisfied,

more, in (33), since |sin (kx%)

2
< —.
IST=< %2 (38)

From (37) and (38), the Courant condition for the 1D
MTDM is determined as

At < Ax. (39)

From (39), we see that the Courant condition for the
1D MTDM does not depend on RBFs. In addition, it
must be noted here that, under the above assumptions, the
Courant condition for the 1D MTDM is equivalent to that
for the FDTD. Furthermore, from (39), we consider that
the Courant condition for the MTDM for 2D/3D depends
on the adjacent node distance. Namely, we predict the
Courant condition for the MTDM for 2D/3D as

vAt < minjx; — x;. (40)

In the next section, for the case where (40) is satisfied, we
investigate the influence of the adjacent node distance to
the numerical stability for the 2D case.

5. Numerical Experiments

In this section, for the case where (40) is satisfied, nu-
merical experiments were conducted to investigate the in-
fluence of the adjacent node distance to the numerical sta-
bility of a 2D electromagnetic wave propagation simula-
tion using the MTDM. To this end, the line-shaped waveg-
uide illustrated in Fig. 2 (a) is used for this simulation. In
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Fig. 2 (a) Schematic view of a line-shaped wave guide. Here, PML and PMC denote the perfectly matched layer and perfect magnetic
conductor, respectively. In addition, I, and I, denote the source input line and the observation line, respectively. (b) Schematic
view of node alignment of xZ and that of x*. Here, x¥ and x*' are represented as e and X, respectively. (c) Schematic view of
moving nodes x%. (d) Dependence of the amplification/damping rate rsp on the ratio x*f/Ax*.

addition, the nodes x¥ and x!' are uniformly aligned in al-
ternate shifts as shown in Fig. 2 (b). In this simulation, we
assume that the wave source is a sine wave whose ampli-
tude, frequency and speed are 1.0 (V/m), 1.0 X 10° (Hz)
and 299792458 (m/s), respectively. It must be noted here
that, throughout this section, we set At = 0.8 min|x; —x;|/v
to satisfy (40).

As an RBF, we adopt
quadric (RMQ):

- xi\
R, +1

0 for |x —x;| > R;,

the reciprocal multi

_1
2

for |[x — x;| <R;, (41)

wi(x) =

where R; denotes the support radius of w;(x). Each sup-
port radius R; of w;(x) is determined so that the number of
nodes inside the support radius is at least 12.

To investigate the relation between the numerical sta-
bility and the adjacent node distance, we simultaneously
move the nodes x* = [xF,y*]" in the x-direction after
moving xF to x{ = [xF,yF + yNTG = 1,2,..., Np).
For each x%, four types of x; are adopted by setting
yShift = 0.0,0.001,0.005, and 0.01. Here, we assume
that x£ is moved to ®F = [xF + xhift yE 4 yshilt]T 4
shown in Fig.2 (c). For each y*, the dependence of the
amplification/damping rate rap in the line-shaped waveg-
uide on a ratio x*""/Ax* is shown in Fig.2(d), where
Ax* = Ax/2 and

Here, I';, and I, denote the source input line and an ob-
servation line, respectively (see Fig. 2 (a)). In addition, rap
has been calculated on E, past the line Iy, in a certain
time step. We see from Fig.2(d) that, for y*hift = 0.0,
rap = 1.0 can almost be maintained in x*"ft/Ax* < 0.25.
Hence, we consider that, in this range, the electromagnetic
wave propagation can be simulated stably. However, for
yShift # 0.0, rap = 1.0 cannot be maintained in all cases

(42)

even for x*Mft = 0.0. It must be noted here that, in all
experiments, (40) is satisfied. Nevertheless, the unstable
simulations have been observed. Hence, we consider that
there are some type of constraints between the node align-
ment for E and that for H, although we have not yet found
the concrete constraints. To stably simulate electromag-
netic wave propagation, not only the Courant condition but
also the constraints may have to be satisfied.

6. Conclusion

To investigate a condition of the numerical stability
of an electromagnetic wave propagation simulation by the
MTDM, we have analyzed a 1D TM mode theoretically.
Under some assumptions, governing equations of the 1D
TM mode have been discretized with the explicit form
of the derivatives of shape functions. By substituting the
plane wave for the discretized equations, the equations
can be rewritten by using a matrix and vectors. From the
eigenvalues of the matrix, the Courant condition for the
1D MTDM has been derived theoretically. In addition, the
Courant condition for the 2D/3D of the MTDM has been
predicted as (40), based on the theoretical result for the
1D case. In numerical experiments, electromagnetic wave
propagation in a line-shaped waveguide has been simulated
by the 2D MTDM, for cases in which (40) is satisfied.
Conclusions obtained in the present study are summarized
as follows:

1. Under the assumptions described in Section 4, the
Courant condition for the 1D MTDM was derived. In
addition, the Courant condition does not depend on
the RBFs and is equivalent to that for the FDTD.

2. Even though (40) is satisfied, the simulations may be
unstable because of inappropriate node alignment.

In future study, the relation between the node alignment
for E and that for H will be investigated to determine the
concrete constraints for stable simulations.
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