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Abstract: In this work, the ADI-FDTD method with fourth-order accuracy in time for the 2-D
Maxwell’s equations without sources and charges is proposed. We mainly focus on energy analysis of
the proposed ADI-FDTD method. By using the energy method, we derive the numerical energy identity
of the ADI-FDTD method and show that the ADI-FDTD method is approximately energy-preserving.
In comparison with the energy in theory, the numerical one has two perturbation terms and can be used
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to show the performance of the proposed ADI-FDTD method which confirm the theoretical results.
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1. Introduction

Maxwell’s equations are very important partial differential equations and they play a significant
role in electromagnetic theory. Numerical solutions for Maxwell’s equations are extensive in science
and engineering, for example, for radio-frequencies, antennas, microwaves, wireless engineering and
the design of CPUs in microelectronics. There are many efficient numerical methods for solving
Maxwell’s equations, such as the finite-difference time-domain (FDTD) method [1, 2], the finite
element method [3], the weak Galerkin finite element method [4] and so on.

The FDTD method (also called Yee’s scheme) was first introduced by Yee [1] in 1966, and later
applied to many problems in computational electromagnetics [5—19]. However, the traditional FDTD
method is conditionally stable and must satisfy the Courant-Friedrichs-Lewy (CFL) stability condition;
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see [5,20-22]. For the 2-D Maxwell’s problem, the CFL condition is

T

cAt <[

Bx2 " (Ay)?

where c is the maximum of the wave velocity, i.e., the speed of light in vacuum, At is the time step size
and Ax and Ay are the spatial step sizes. This implies that the maximum time step size is limited by
the minimum spatial size, and that computation of the FDTD method needs much CPU time when the
spatial step sizes are small.

Many numerical methods have been proposed for Maxwell’s equations to get rid of this restriction.
One of these methods is the alternating direction implicit FDTD method, which was proposed in 1999
by Namiki [2] and which zheng et al. [12] proved to be unconditionally stable. The ADI-FDTD scheme
consists of two stages and can be solved directly by using the Thomas algorithm, since each stage
includes tri-diagonal systems of linear equations. By truncation error analysis, it was found that this
method has second-order accuracy in both time and space. The ADI-FDTD method is quickly applied
to various electromagnetic computations and the ADI-FDTD methods with high-order accuracy were
developed. Based on Yoshida’s work [9], Tan and Ding [23] proposed a new ADI-FDTD method with
fourth-order accuracy in time for 2D-wave propagation in a lossless, isotropic medium. The new ADI-
FDTD method was proved to be unconditionally stable by the Fourier method, i.e., this method is free
from the constraints of the CFL conditions. However, energy analysis of the new method in terms of
energy preservation and convergence are not available.

Analysis of the energy of the methods and construction of energy-preserving methods are popular
and valuable. As Li and Vu-Quoc said in [10], to some extent, the ability to preserve some invariant
properties of the original differential equation is a criterion to judge the success of a numerical
simulation. Therefore, it is important to develop energy-preserving algorithms and analyze the energy
of existing algorithms for solving Maxwell’s equations. It is well known that the FDTD method is
a popular numerical method in computational electromagnetics, but it is not unconditionally stable
and fails to satisfy the energy conservation property. In order to make up for these shortcomings,
various energy-preserving methods have been applied to solve Maxwell’s equations based on the ADI
and splitting techniques. For example, a new splitting FDTD scheme for Maxwell’s equations was
proposed in [24]. It proved that the new scheme was unconditionally stable and energy-preserving.
Furthermore, Chen et al. [25] proposed the symmetric energy-conserved splitting FDTD scheme (i.e.,
symmetric EC-S-FDTD). It was proved that this symmetric EC-S-FDTD method is unconditionally
stable and has second-order convergence in both time and space. In [26], a symmetric EC-S-FDTD
method for Maxwell’s equations in negative index metamaterials was proposed. We note that these
works are limited to cases with homogeneous boundary conditions. In addition, a proper summation by
parts (SBP) formula was found for the approximate derivative in [27]. A “simultaneous approximation
term” was used to treat the inhomogeneous boundary conditions. Appelo and Bokil [28] presented
the construction of novel SBP-FDTD methods for the numerical discretization of the Maxwell-
Duffing models and derived energy estimates for the semi-discrete methods that are analogous to the
continuous energy estimates. Boundary and interface conditions were handled by the simultaneous
approximation technique. In [29], a new framework to construct time-stable finite-difference schemes
was proposed for hyperbolic systems base on the application of strong boundary conditions. Sufficient
conditions for strong time stability and conservation were derived for the linear advection equation
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and coupled system of hyperbolic equations using the energy method. For other energy-preserving
methods of Maxwell’s equations, please see the relevant references [30-33]. In quantum mechanics,
the conservative methods are also favored by researchers; see [34-38].

In this paper, we consider the following 2-D transverse electric (TE) problem in a lossless medium
and without sources and charges:

E 10H.

% 10% (1.1
ot g Oy

OE, 1 0H,

- 1.2
ot g Ox’ (1.2)
H 1(0E OE,

0H, _1(0E, 0L (1.3)
ot u\ oy ox

with (x,y) € Q =[0,a] X [0,b] and ¢ € (0, T], where ¢ is the electric permittivity of the medium, yu is
the magnetic permeability and E = (E(x,y,1), E\(x,y,1)) and H, = H.(x,y, t) are the electric field and
the magnetic field, respectively.

Motivated by Tan and Ding [23], we present a ADI-FDTD scheme with fourth-order accuracy
in time for the TE problems (1.1)—(1.3), and an analysis of the energy of the scheme. We use the
energy method to derive the numerical energy identity of this method. It is found that the method
is approximately energy-preserving. In addition, numerical experiments are provided to verify the
numerical performance of the ADI-FDTD scheme with fourth-order accuracy in time.

The remaining part of the paper is organized as follows. In Section 2, we introduce some
preliminaries and notations. In Section 3, we give the detailed energy analysis of the scheme. In
Section 4, we present some numerical results to illustrate the accuracy, convergence and energy identity
of the scheme.

2. Preliminaries and notations

We consider the perfectly electric conductor (PEC) boundary condition as follows:
(E,0) x (11,0) = 0,0n (0, T'] X 09, 2.1

where dQ denotes the boundary of Q and i is the outward normal vector on Q. The initial conditions
are

E(x,y,0) = Eo(x,y) = (Exo(x, ), Eyo(x, ), Hy(x,y,0) = Hyp(x, y). (2.2)
It is well known that for suitably smooth data, the problem has a unique solution for all time; see [8].
Here, we assume that the solution of the Maxwell’s equations (1.1)—(1.3) has the following regularity

property:
E € C(0,TL[C* Q) n C'([0, T1, [C'(DI) N C*([0, T, [CT), (2.3)

H. € C((0,T1,[C*(Q)]) N C'([0, T1,[C"()]) N C*([0, T1, [CQ))). (2.4)

To simplify the notations we only consider the case of constant coefficients which are independent
of x and y. But the proposed method is valid for the case of variable coefficients with £ = &(x, y) and
M= (X, y).

For the problems in a lossless medium, Poynting’s theorem states that electromagnetic energy stays
constant for all time. The following lemma is an integral form of the Poynting’s theorem.
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Lemma 2.1. [24] If E and H are the solutions of the Maxwell’s equations (1.1)—((1.3) in a lossless
medium and satisfy the PEC boundary condition (2.1), then for any t > 0, it holds that

f (G, O + plH(x, HP)dxdy = f (lECx, 0) + ulH(x, 0)P)dxdy.
Q Q

Consider the space domain Q = [0, a] X [0, b] and time interval [0,T]. Let Ax > 0 and Ay > 0 be
space steps and Ar > 0 be the time step; define

O=xp<x<---<x<---<x1=aq,
O=yo<yr <<y < <yy=b,
0=t <---<t,<---<ty=T,

where0 <i<I1,0< j<Jand0 <n < N;I,JandN are integers. Define (x,, ys, 1%) = (aAx, BAy, 6AY),
where « is either i or i + % Bis either jor j+ % and @ is either n or n + % For a function F(x, y, t), define

1

m+ _ "2
F", = F(aAx, BAy, mAt), &,F", = -2 8 (2.5)
af — Y f (1,6’ - At ’ .
Y aprt " Fapy
6 Fm _ 2 2 , 6 Fm — 2 2’ 2.6
af Ax a,B Ay ( )
and 6,0, F’” =0 (5 F’"ﬁ) where u, v € {x, y}.
Denote by S ET and HY' 1 the approximations of the electric field E,(i + %, B, E\, j+
Ni 1 /+§ l+2 J+2
% ) and H,(i + 2, ™), respectively. For a grid function F, g, where o = i,i + % andf=j,j+ %
define the discrete L2 norms:
-1 J-1 -1 J-1
IFIZ, = 8(F i1 )’ AxAy, IIFIE = > Zs F, ;1) AxAy, 2.7)
i=0 jZl i=1 :
-1 J-1 -2 J-1
IFI, = (F 1 1) *AxAY, |IFIl5 5, 28( i1 1) AXAY, (2.8)
i=0 j=0 =1 j=0
-1 J-1 -1 J=2
IFI 1, Z W(F; 0P Axy, IFIE ., e(Fiyy o1 AXAY, 2.9)
=1 j=0 i=0 j=1
-1 J-1
IFI5 5, = p(Fp1 )?AxAy. (2.10)
i=0 j=1

For a grid function F = (U, V) over the mesh for the electric field, the L? norms of the vector-valued
function is defined as follows:
IFIZ = U1, + IV,

Now we give the ADI-FDTD scheme with fourth-order accuracy in time for the TE problems (1.1)—
(1.3). Let
V= (H. E.E), @.11)
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and
0 0 -6,
P= 0 0 0 , (2.12)
-1.6, 0 0
and
0 15, 0
u
0=|15 0 0| (2.13)
0O 0 O
The ADI-FDTD method consists of two steps:
Step 1:
At At
- ?P)v'“% =+ SoV", (2.14)
Step 2:
At At
U=V =+ 5PV, (2.15)

where I is a 3 x 3 identity matrix and »" and u"*! are the fields at integer time steps. We know that

this method is second-order accurate in time. Motivated by the method in [23], we design the new
numerical scheme for the TE problems (1.1)—(1.3) as

I - a %tp)vm1 = +a %Q)V", (2.16)
(I - %tQ)V”’Z =+ al%tp)vn’l, (2.17)
I - ao%tp)vm3 =+ (IO%Q)Vn’Z, (2.18)
I - ao%tQ)VM =+ ao%tp)v"ﬁ, (2.19)
I -a; %IP)V"’S = +a %Q)V""‘, (2.20)
- al%tQ)V”” =+ al%tp)v"ﬁ, (2.21)

where the coeflicients a( and a; are given by

-2 1
=, a1 = .
22 2-2

From [9], we know that the coefficients are determined by

@

ap+2a; =1, ap +2a; =0.
It is easy to prove that the schemes described by (2.16)—(2.21) are unconditionally stable and have

fourth-order accuracy in time. In order to analyze the numerical energy of the schemes given by (2.16)—
(2.21), we rewrite them as follows:
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(l]Alé‘ En
s

N
I\J\'—

Stage 1:
n,1 alAt —_ gn
sz+lj+l 6E +d _HZ 11
2:Jt3 J 2 it5.Jt5
El’l 1 _ En (l/lAlé‘ Hn
”12’ Ny b
n cn t n, n
E;! SHI =E; .
2 Ljty
Stage 2:
n,2 _ (xlAt5 n,2 _ Hn,l
Gk J+d 22# Y xi;%,ﬂ% Z:+%,]+%
al t Hn + En, — En,l
5 Yirdj Yirl )’
2 At 1 ,1
E" = "‘ =z Ox H" E;' .
t/+2 Lj+y
Stage 3:
3 apAt n3 n,2
H 5= 6 Ey =H, + ==
z+2 +£ Vield J+é Zi+%,j+%
n,3 n2 aoAt n,2
By =B+ SE6H
n,3 aoAt n3 n,2
Ey  + 5 H =B
KA s bIta
Stage 4:
n,4 _ aoAr n4 _ Hn,3
Ll 1+% 2u TV +5, 1+% Zi+%,_i+%
_ lé‘yHn4 En4 _ En,3
- X. 1 .0
l+2 j
4 At 3 3
E;‘__]— QO (5H" 1+E" -
Lty z/+§
Stage 5:
n,5 mAla _ n,4 +
Zz+é ‘]+% y 2 Zz+%,j+%
EnS En4 alAt(S H}’l
’** l+7 j
EnS a’]Até HnS En4
l]+* lj+2
Stage 6:
Hn+l _ alAlé‘ En+1 Hi’ll _
ZH‘AétJ*-% 1 xi+1%,j+% 5 j] %
(1/1 (5 Hn+ En+ — En
y H»* 52 xl*% !,
At n,
E”“ = -85 HY .
tj+% y’ I*;

The boundary and initial conditions are given by

n — n n — n j—
Exnlo N EXHlJ - Eyo L Eyl' L 0,
2 2 7t EAl)

and

E’ =E, (aAx,BAy), E;)aﬁ = E,,(aAx, BAy), H.

Xop

3. Energy analysis

= H  (aAx, BAy).

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

The goal of this section is to derive the numerical energy identity of the schemes described
by (2.22)—(2.27) and prove that this scheme is unconditionally stable. To this end, we fist prove the

following lemma.
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Lemma 3.1. Let E}  and H} | be the grid function in the ADI-FDTD schemes (2.22)—(2.27) that

ij+% i+t

satisfies the boundary condition (2.1). Then, it holds that

-1 J-1 -1 J-1
n _ n n
HZi+l,j+16xEyi+l,j+l N Z 6xHZi,j+lEyi,j+l'
i=0 =1 PR 27 i1 =1 2 2
Proof. Using the definition of the operator d,, we have
-1 J-1
n n
Z HZHL ,+15"Ey,+1 i+l
i=0 j=1 e :
J-1 Eyn. 1 - Eyn. 1 Eyn. 1 - Eyn 1 Eyn. 1 Eyn L1
_ Hn I,/+§ 0,j+§ Hn 2,./+§ 1,_/+§ Hn l,/+§ l—],./+7
= ( 2 Ax + G Ax 4+ + S Ax
j:1 2772 2772 2 2
The right side term of the above equation becomes
71 Hn E . n P n E, n E "
2. S I T B T T G T
= Ax Ax Ax Ax
n n
HZ,L»LEY" ] Hzfl,lEy".l
I-5.j+5 I-1.j+5 I-5.j+5 Lj+s
+ ... = + )
Ax Ax
-1 J-1
= - o0.H! E, .
. Z * Liged Viged
=l j=
This completes the proof of Lemma 3.1. O

Next, we use Lemma 3.1 to derive the numerical energy identity for the schemes (2.22)-(2.27) .

Theorem 3.2. Let E" = (E | ,E} )andH! | be the solutions of the schemes (2.22)—(2.27); then,
it holds that : 2

S+

Bl—
(S}

UE™ G + G, + & = BN + W2, +7. 0<n<N-1, (-1

where

Atz 2 4112 4112 2 2112 2112 1112 1112
&= @[ao(lléyE? ||5},EX+||6yH?’ ||5},HZ)+Q'1(||5yE;l’ ”(syEX"'”(SyH?’ ||5),HZ+||6yE;l+ ||6yEx+”6yH;+ ”5sz)]’

AZ 212 212 2 412 412 2 2
1= den [y E7Nl5, £, H N0V HT N5 1) + oy (6 EX7NS, £, IOV HT W5 g + 116 EXS g, + 110 HE NS )]

Proof. Square both sides of the equations in Stage 1 (2.22), so it is easy to get

n,1 At n,l 2 n At n 2

(HZH%,/#% + @ ZéxEyH%,ﬂ%) = (HZH%,J}% + ® Zé}YExH%,/}%) ’

(B2 ) = (B2, +a2oH )
XH%J xH%’j 12¢% ZH%J ? (32)
n,1 At n,1 n 2

(E},,ﬁ% tan 5xHZi,j+] ) = (Ey,-_ﬂ%)
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We sum over all the terms over all i and j, and then add these equations together, yielding

I-1 J-1

2 A 42
nl nl nl Ate nl 2
ZZ p(HY P +aMHY SEN 4 GE™ )
- 5ty i+ 5 l+ Lty 48# yHl N
i=0 =0 ttg 23 2 2
. n n n Q%Aﬂg n 2
pOHE Ve AH | GEL SE" P, (3.3)
par j:O i+ 7 z+21+7 48/1 i+7,j+§
and
I-1 J-1 I-1 J-1 ZAZZ
n,1 2 _ n 2 n 2 n n
& (EM Y = (s(Ex P+ (5 H |V +aME] | S H! ) (3.4)
-0 =1 7 i=0 j=1 B el e
and
-1 J-1 -1 J-1 2A2
n 2 _ n,1 2 a, At H n,1 n,1 n,1
& (E" )= s(E™ Y + (6. H' ) +aMs H BN (3.5)
. ‘ Vijek . ‘ Vijek deu g il
i=1 j=0 i=1 j=0

For the above equations given by (3.3)—(3.5), using Lemma 3.1 and the PEC boundary condition, we
have

A2
12 112 112 1 12 12
EE I, + B, + W, + =SB, + 16 1)
2042
2 2 2 1
= IEXIE, + IESIE, + I 1E, + py (l6x E”II(;XE + 16« H"II(;XH) (3.6)
In a similar way, from the equations in (2.23), we can obtain that
-1 J-1 I-1 J=1 2,2 -1 J-1
asAt-g
YIRS W AT 3 YO
> - gty - - 48,11 iy th - - iyt i3ty
i=0 j=0 i=0 j=0 i=0 j=0
-1 J-1 I-1 J-1 _2x.2 -1 J-1
_ 1 2 ajAre nl nl nl
=u (H )+ () ) — a/lAtH 6 E , 3.7
Ls 20 2 2 Ty O i) T L et O i)
i=0 j=0 i=0 j=0 i=0 j=0
and
-1 Jj-1
132
e Y (EN )
- i+5.j
i=0 j=1
=1 J=1 2 2 -1 J-1 -1 J-1
_ 1 n,2 2 n,2 2 n n2
= i (6yHZI+1 ) +e (Exi+lj) - alAtéyHZl ) E K (3.8)
i -1 o Py e o +4
and
-1 J-1
£ (E;”2 1 2
- bty
i=1 j=0
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— al n,2 \2 n,1 2 n,1 n,1
- : Z 48/.1 (6.H ol +8. (E) 1) - : . CL’]AI&XHZ %E} % 3.9

We take the sum of (3.7)—(3.9), and get that
A
IE Iz, + NES2IIE, + I1H||7, + L;Tﬂ(lléyEﬁ’zllﬁ;yEx + 116, H 2115 1)

2A 42
a; At
= NEL g, + B I, + N W, + == Q0L I, + 10,HE 1) (3.10)
Similar to the derivation of (3.6), from (2.23) we get
2 A 42
asAt
IEZ IR, + IERIZ, + IHI, + g;y I6Ey2115 5, + 16.H22115 1)
2 A 42
a, At
= \EPIE, + 1E; I, + IHI2G, + igﬂ (I, E2213 ., + 16, H2213 ). (3.11)

Similarly, from (2.24)—(2.27), we also obtain the following identities:

2402
a-At
412 42 42 0 42 A2
IEY 1z, + NES Iz, + IH g, + 1 6y E N5 g, + 110y HZ I3, 11.)
£l :
22
a- Al
32 312 3012 0 3012 312
= E g, + NWES W, + 1HZ My, + Ao (WoxEY-1l5, &, + NOxHZII5 1) (3.12)
and
22
12
502 502 52 1 502 502
IE W, + IEY Iz, + IH N, + Ao (6-ESNI5, g, + 16:HZ1I5 1)
2A 02
= |E™E + |E™ I + [[HMY, + _a]At 16, E™N5 & + 16, HM I 51) (3.13)
- x HE y HEy z lH; 48/.1 ( Y=x HoyEy Y&tz W6yH /> :
and
2A2
NE™E + NE G + NHAE + e (NS, EX M3 g+ 16, H G 1)
x E, y Ey Z H, 4 Y=x 6yEX Ytz (ssz
&
n,5(2 n5)12 n5)12 ;AP n5)2 n5)2
= BN, + UL, + WG, + =0 W, + 101 ) (3.14)
Take the sum of (3.6)—(3.14), and then we have
2A 02
as At
112 112 12 1 2012 202
IET g, + IEY I, + IH I, + Do 6y E37Nl5, g, + 110y HZ s 1)
ZAL? a2Ar?
0 n,412 n,4112 1 n+1y2 n+1y2
+ Aen 6y E NS g, + Mo HZ IS 41,) + —48# 6y E N5, £, + 165 HZ M5 1)
2A 02
as At
2 2 2 0 2012 212
= ESIE, + 1EYIE, + IHZ Il + Ao 6y ES7N5 g, + 110y HZ 7115, 1)
2002 202
+ OO S B L 16, HI ) + o 18 B2 4. + 116, HIE ) (3.15)
dgg NOEx N Es vl s, m, dggr NOvEallo,E vl s, m,)- .

It shows that the ADI-FDTD schemes (2.22)—(2.27) are approximately energy-preserving. This
proof is completed. O
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4. Numerical experiments

In this section, we provide some numerical results to verify the numerical performance of the ADI-
FDTD schemes (2.16)—(2.21) for the TE models (1.1)—(1.3).

4.1. Example 1

Set Q = [0, 1] x [0, 1] surrounded by a perfect conductor and consider the TE models (1.1)—(1.3)
in a lossless medium with normalized electric permittivity and magnetic permeability, i.e., € = 1 and
u = 1. The exact solutions of the problems (1.1)—(1.3) are

E.(x,y,t) = —cos( \/Em)cos(ﬂx)sin(ny),
Ey(x,y,t) = cos( \/Em)sin(ﬂx)cos(ﬂy),
H,(x,y,t) = — \/Esin( \/Eﬂt)cos(ﬂx)cos(ny).

The drive routines were written in Matlab, and the computation was run using a 2.20 GHz PC with 8
GB RAM and a Windows 10 operating system.

By calculation and simulation, we obtained some numerical results, as shown in Figures 1-9. The
parameters were At = 1/40, Ax=Ay=At> and T = 1.

In Figures 1 and 2, we provide the surfaces between the exact solution E, and the numerical

solution EY with T = 1. From the figures we can see clearly that the numerical solution behavior
can approximate well the exact solution.

The surf plot for Ex at t=1 The surf plot for numerical solution Ex at t=1
0.25 0.25
0.2 02
03 03
0.15 0.15
02
0.1 0.1
0.1
0.05 7 g 0.05
. /‘
0 0
-0.1
-0.05 -0.05
-0.2 A
0.1 0.1
-0.3
-0.15 1 -0.15
1 1
0.2 0.2
05 05
Uiz -0.25 03 0.25
y 0 o X y 0 0 X
Figure 1. Exact solution E,. Figure 2. Numerical solution E”.

In Figure 3, the contour of the error E, — E? is given. We can see clearly that the maximums
absolute values of errors were close to 8 X 107, which means that the new scheme is effective for the
problems (1.1)—(1.3).
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The contour plot for error Ex at t=1

01 02 03 04 05 06 07 08 09 x10

Figure 3. Contour plot for £, — E" with T = 1, At = 1/40.

In addition, we provide the surfaces between the exact solution E|, and the numerical solution E7 in
Figures 4 and 5, as well as the contour of the error £y — ET in Figure 6. One can see that the maximums
of absolute values of errors were close to 2.3 x 10~ from Figure 6. From these figures, we can see

clearly that the numerical solution E} behavior can approximate well the exact solution E,.

Similarly, Figures 7 and 8 show the surfaces between the exact solution H, and the numerical
solution H!'. The contour of the error H, — H' is presented in Figure 9; we can see that the maximums
of absolute values of errors were close to 1.25 x 107. From these results, it is clear that the numerical

solution H! behavior can approximate well the exact solution H..

The surf plot for Ey at t=1 The surf plot for numeical solution Ey at t=1

y 0 o X y 00 X

Figure 4. Exact solution E|. Figure 5. Numerical solution EY.

The contour plot for error Ey at t=1

Figure 6. Contour plot for E, — E7 with T = 1, At = 1/40.
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The surf plot for Hz at t=1 The surf plot for Hz at t=1

0.5

Figure 7. Exact solution Hz. Figure 8. Numerical solution H?.

The contour plot for error Hz at t=1

01 02 03 04 05 06 07 08 09 x107®
X

Figure 9. Contour plot for H, — H? at with T = 1, Ar = 1/40.

In the following, we continue to describe some experiments to test the stability, convergence and
energy conservation ability of the ADI-FDTD schemes (2.16)—(2.21). Let ErrE and ErrH be defined
by

I-1 J-1 I-1 J-1

1 1
VBBl = ), ) s(Ei+ 5, o) = By, )ZAxAy,+ZZe(E G j+ 310 = B} FAxAy,
i=0 j=1 i=1
-1 J-1 1
2 _ . 2
|ErrHIG, = ZO] ;u(Hz(z +.J + )= HE L PASAY,

12 12 12

Ly = (IE"™ I3 + |H 7, + 672,
2 2 12
L = ("I + | H2 7, +m)'2,

L2 112 \1/2 2 2 Wi/2
El= max (QIE"I + IH2 1)Y= (B + IHZ1E)),

E2 = max IIn+1 L,

1<n<N
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where E (i + 1, j,t,), Ey(i, j+ 3,1,) and H,(i + 1, j + 1,1,) are the exact solutions of the problems (1.1)—
(1.3) and E” Ey  ,H!  are the solutions of the ADI-FDTD methods (2.16)—(2.21) for n > 0.

X. .? . . .
H—%,_/ yl,_]+% it5.Jty

2, is the left side of the identity (3.1) and I; is the right side of the identity (3.1). E, is the energy

difference between the n + 1 and n levels. E; is the difference between the two sides of the Eq (3.1).
In calculation, we take Ax = Ay = (At)?>, T =1and T = 2. Tables 1 and 2 give the errors of the

numerical solution of (1.1)—(1.3) as computed by the ADI-FDTD methods described by (2.16)—(2.21)

in the discrete L? norms and given convergence rates in different time step sizes At = T/N.

Table 1. Convergence rates of ErrE and ErrH by time step, with 7" = 1.

N ErrE ErrH

5 3.705969E-02 1.879096E-02
10 2.987580E-03 1.511953E-03
20 2.013062E-04 1.0247E-004
40 1.283300E-05 6.5455E-006
80 8.060774E-07 4.114049E-07

Rate Rate

3.63
3.90
3.97
3.99

3.64
3.88
3.97
3.99

Table 2. Convergence rates of ErrE and ErrH by time step, with T = 2.

N ErrE ErrH

5 4.141165E-01 2.508505E-01
10 4.272966E-02 4.959246E-02
20 3.309908E-03 4.254614E-03
40 2.219418E-04 2.897803E-04
80 1.413955E-05 1.851503E-05

Rate Rate

3.28
3.70
3.90
3.97

2.34
3.54
3.88
3.97

Tables 3 and 4 give the energy difference between the level n and level n + 1 in the discrete L? norm
and the difference between the two sides of the identity given by (3.1).

Table 5 shows the results for I, — Iy, E; and E; for the spatial steps Ax = Ay = 0.01 and time step
of At = 0.001.

Table 3. Energy errors with 7 = 1.
N E, E,

5
10
20
40
80

1.017911E-02
4.667802E-04
1.655990E-05
5.326041E-07
1.677347E-08

1.525899E-03
1.859628E-05
1.656034E-07
1.331381E-09
1.111833E-11
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Table 4. Energy errors with 7 = 2.

N E, E,

5 1.134799E-01 1.533521E-02
10 1.020233E-02 3.836721E-04
20 4.734900E-04 4.716336E-06
40 1.656010E-05 4.140171E-08
80 5.328719E-07 3.351354E-10

Table 5. Energy errors when At = 0.001 and Ax = Ay = 0.01.

n

100 200 400 1000 2000 4000

1,-Io
E,
E,

1.045597E-06  3.62990E-06  5.478538E-06 5.301066E-06 1.518304E-06 4.448625E-06
4.274359E-14 5.534462E-14 5.534462E-14 5.534462E-14 5.534462E-14 5.534462E-14
1.665334E-15 2.442491E-15 2.442491E-15 2.664535E-15 2.664535E-15 2.775558E-15

From the numerical results in Tables 1-5, we get the following observations:

e Tables 1 and 2 show the errors and convergence rates with 7 = 1 and 7' = 2. We can see that the
ADI-FDTD schemes (2.22)—(2.27) are efficient and have fourth-order accuracy in time.

e Tables 3 and 4 show the energy error between layer n and n + 1 and the difference between the
left and right sides of the equation (3.1) with 7 = 1, T = 2. From the tables, we can see that E;
and E, tend to zero, which verifies the theoretical results in Theorem 3.2.

e Table 5 shows the values of I, — [y, E; and E;, at n = 100, 200, 400, 800, 1000, 2000 and 4000.
From the second line we can see that the ADI-FDTD schemes (2.22)—(2.27) are stable and
approximately energy-preserving. The third line shows the energy error between layer n and
n + 1; we can see that the values of E; were close to 5.5 x 107*. The fourth line shows that the
difference between the left and right sides of the equation defined by (3.1) was close to 10715,
which verifies Theorem 3.2.

4.2. Example 2
Set Q =1[0,1]x[0,1], k, = 1, k, = 2, &€ = u = 1; the exact solutions of the problems (1.1)—(1.3) are

E.(x,y,t) = %cos( \/gm)cos(ﬂx)sin(Zﬂy),

Ey(x,y,t) = —%cos( \/gm)sin(ﬂx)cos(%ry),

H,(x,y,t) = sin( \/gm)cos(nx)cos(Zﬂy).

This example is presented for studying error estimates of the schemes (2.16)—(2.21) with k. # k,. The
parameters were At = 1/40, Ax=Ay=At*> and T = 1. All calculation results are shown in Figures 10-18.

In Figures 10 and 11, we provide the surfaces between the exact solution E, and the numerical
solution E with t = 1. From the figures we can see clearly that the numerical solution behavior can
approximate well the exact solution.
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The surf plot for Ex at t=1 The surf plot for numerical solution Ex at t=1

B 0.2
0. s 02
0. 04
06 -0.6

Figure 10. Exact solution E,. Figure 11. Numerical solution E?.

o

The contour of the error E, — E” is presented in Figure 12. One can see that the maximums of
absolute values of errors was close to 1.64 x 1074, i.e., the new schemes (2.16)—(2.21) are effective for
the problems (1.1)—(1.3).

In addition, we provide the surfaces between the exact solution E|, in Figure 13 and the numerical
solution EY in Figure 14, as well as the contour of the error E\, — E in Figure 15. One can see that the
maximums of absolute values of errors was close to 6.92 x 107> from this Figure 15. From these figures
we can see clearly that the numerical solution E} behavior can approximate well the exact solution E,.

Similarly, Figures 16 and 17 show the surfaces between the exact solution H, and the numerical
solution H. Figure 18 shows the contour of the error H, — H?, we can see that the maximums of
absolute values of errors was close to 2.07 X 10™*. From these figures we can see clearly that the
numerical solution H? behavior can approximate well the exact solution H._, i.e., the the numerical
schemes (2.16)—(2.21) are efficient.

The contour plot for error Ex at t=1

15

-1.5

01 02 03 04 05 06 07 08 09 %10
X

Figure 12. Contour plot for E, — E¥ with T = 1, At = 1/40.
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The surf plot for Ey at t=1 The surf plot for numerical solution Ey at t=1
03

04 @ 04

Figure 13. Exact solution E|. Figure 14. Numerical solution EJ.

The contour plot for error Ey at t=1

x10°

X

Figure 15. Contour plot for E\, — EY with T = 1, Ar = 1/40.

The surf plot for Hz at t=1 The surf plot for Hz at t=1

05

-05

Figure 16. Exact solution Hz. Figure 17. Numerical solution H?.
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The contour plot for error Hz at t=1

| 2
04 02 03 04 05 08 07 08 09 10t
X

Figure 18. Contour plot for H, — H? with T = 1, At = 1/40.

Furthermore, taking Ax = Ay = (Af)?> and T = 1, some calculation results are shown in Tables 6
and 7. Table 6 shows the error of the numerical solution of (1.1)—(1.3) as computed by using (2.16)—
(2.21) in the discrete L? norms and convergence rates in different time step sizes At = T/N. The results
in Table 6, clearly show that the method is efficient and has fourth-order accuracy in time. E; which
is the difference in energy between level n and level n + 1 and E, which is the difference between the
two sides of the identity (3.1) are presented in Table 7. The results of E| and E, in Table 7 verify the
theoretical results in Theorem 3.2.

Let E5 be defined by

Es = ("I + IH2E)"? = (ENZ + IHE))' 2,

we show the errors E|, E, and E3 in Table 8 with Ax = Ay = 0.01 and Ar = 0.001. It is clearly
shown that for a long time, the numerical solution of the schemes (2.16)—(2.21) keep the approximate
energy-preserving nature in the discrete energy norms and are consistent with the theoretical results
obtained in Theorem 3.2.

Table 6. Convergence rates of ErrE and ErrH by time step, with 7 = 1.

N ErrE Rate ErrH Rate
5 1.060494E-01 1.856493E-01

10 1.669285E-02 2.67 2.029985E-02 3.20

20 1.338319E-03 3.64 1.559344E-03 3.70

40 8.913728E-05 3.90 1.035249E-04 3.91
80 5.660689E-06 3.97 6.573273E-05 3.97
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Table 7. Energy errors with 7 = 1.

N E, E,

5 1.685892E-02 9.258177E-03
10 1.183114E-03 1.827276E-04
20 4.861785E-05 1.945590E-06
40 1.656051E-06 1.656084E-08
80 5.280528E-08 1.323115E-10

Table 8. Energy errors when A7 = 0.001 and Ax = Ay = 0.01.

n 100 200 400 1000 2000 4000

E, 1.715294E-13 1.742217E-13 1.742217E-13 1.742773E-13 1.743050E-13 1.743050E-13
E, 2.742251E-14 2.786660E-14 2.797762E-14 2.797762E-14 2.797762E-14 2.808864E-14
E; 1.035361E-11 2.412220E-11 2.642497E-12 1.132772E-11 2.466771E-11 9.283129E-13

5. Conclusions

In this paper, an ADI-FDTD method with fourth-order accuracy in time for the 2-D TE problem
without sources and charges has been proposed and the numerical identity of the method has been
derived. It is strictly proved that the proposed method is approximately energy-preserving, and
that the two perturbation terms in the energy identity will affect the energy conservation in theory.
Numerical experiments to compute the energies and convergence orders in time were carried out, and
the computed results confirmed the theoretical analysis. The perturbation terms derived can be used to
improve the application of the ADI-FDTD scheme.
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