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Abstract. In this paper, we study splitting numerical methods for the three-dimensional
Maxwell equations in the time domain. We propose a new kind of splitting finite-
difference time-domain schemes on a staggered grid, which consists of only two stages
for each time step. It is proved by the energy method that the splitting scheme is un-
conditionally stable and convergent for problems with perfectly conducting boundary
conditions. Both numerical dispersion analysis and numerical experiments are also
presented to illustrate the efficiency of the proposed schemes.
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1 Introduction

In this paper we consider splitting finite difference methods for the three-dimensional
Maxwell equations
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in a lossy medium with electric permittivity ¢, magnetic permeability y, electric con-
ductivity ¢ and the equivalent magnetic loss rate ¢*, where E = (Ex,Ey,EZ) and H =
(Hx,Hy,HZ) denote the electric and magnetic fields. If these fields (multiplied with £ and
u respectively) start out divergence free, they will remain so during wave propagation.
Physically this is a consequence of the relations div(¢E) =p (where p is the local charge
density), and div(pH) =0. Their invariance in time is also a consequence of the Maxwell
equations (1.1)-(1.6) and need therefore not be imposed separately.

The numerical approximation of Maxwell’s equations has emerged recently as a cru-
cial enabling technology for radio-frequency, microwave, integrated optical circuits, an-
tennas, and wireless engineering [1-3, 13-15, 19, 24]. The finite-difference time-domain
(FDTD) method, first introduced by Yee [26] (also called Yee’s scheme) and extensively
utilized and refined by Taflove and others [24], has been the most widely used numer-
ical algorithm in computational electromagnetics in the time domain over the past few
decades, due to its simplicity, robustness, and low cost per grid point [24]. Yee’s scheme
employs a fully staggered space-time grid and is explicit with a second-order conver-
gence rate in both time and space. The stability and convergence analysis were carried
out for Yee’s scheme in [20,22] using the energy method.

However, Yee’s scheme is only conditionally stable so that the time step and the spa-
tial step sizes At,Ax,Ay and Az must satisfy the Courant-Friedrichs-Lewy (CFL) stability
condition

~1/2
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in the three-dimensional case, where c=1/,/€}i is the wave velocity. If the time step is
not within the bound, the FDTD scheme will become numerically unstable. Thus, the
computation of the three-dimensional Maxwell equations by Yee’s scheme will become
extremely difficult when the spatial discretization step sizes become very small. To over-
come this difficulty, an unconditionally stable alternating direction implicit (ADI) FDTD
scheme was first proposed in [27] and [21] for the three-dimensional Maxwell equations
with an isotropic medium (see also [24]). This ADI-FDTD scheme consists of only two
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stages for each time step, which is different from the traditional ADI technique intro-
duced in [5, 23] for the three-dimensional case (see also [4,6,7]). A detailed dispersion
analysis of this ADI-FDTD scheme was conducted in [9,27,28]. A rigorous error estimate
of this ADI-FDTD scheme was derived in [10] in the case of perfectly conducting bound-
ary conditions. It should be remarked that this ADI-FDTD scheme has been studied by
many authors recently (see, e.g., [8,12,17]).

Recently, in [11], we proposed a new kind of splitting finite-difference time-domain
methods on a staggered grid for the Maxwell equations in two dimensions, which con-
sists of only two stages for each time step and is very simple in computation. The split-
ting schemes were proved to be unconditionally stable and convergent in [11] for the
problems with perfectly conducting boundary conditions, employing the discrete energy
method. Numerical dispersion analysis and numerical experiments including a scatter-
ing problem with PML boundary conditions were also presented in [11] to show the
efficient performance of the splitting schemes.

In this paper, we extend the effective splitting methods proposed in [11] for the
two-dimensional Maxwell equations to the three-dimensional case. We propose a split-
ting finite-difference time-domain (S-FDTD) scheme on a staggered grid for the three-
dimensional Maxwell equations, which consists of only two stages for each time step.
By the energy method we prove that the S-FDTD scheme is unconditionally stable and
convergent with first-order in time and second-order in space in the case of perfectly con-
ducting boundary conditions. To improve the accuracy in time of the S-FDTD scheme we
propose an improved splitting scheme by reducing the perturbation error of the S-FDTD
scheme, which is called IS-FDTD and is of second-order in both time and space. This
technique was used in [7] to improve the accuracy of ADI methods for parabolic equa-
tions. A detailed numerical dispersion analysis is carried out for the two schemes in the
case of an unbounded homogeneous lossless medium. The analysis shows that the two
schemes are unconditionally stable with S-FDTD being dissipative and IS-FDTD being
non-dissipative and that the dispersion error of IS-FDTD is much smaller than that of
S-FDTD.

In the special case with o =¢* =0, it is proved that the improved splitting scheme IS-
FDTD is equivalent to the ADI-FDTD scheme proposed in [27]. However, the implemen-
tation of the ADI-FDTD scheme and the improved splitting scheme are different, so their
performance is different in practical computation. In fact, the numerical experiments in
Section 5 show that the improved splitting scheme, IS-FDTD, is more accurate than the
ADI-FDTD scheme though IS-FDTD uses about 16.7% more CPU time than ADI-FDTD
does. Further, the numerical results confirm the theoretical results that the convergence
rate in time of the S-FDTD scheme is of first-order and that of the IS-FDTD and ADI-
FDTD schemes is of second-order.

The remaining part of the paper is organized as follows. In Section 2, the splitting
scheme S-FDTD is introduced for the general three-dimensional Maxwell equations. An
improved splitting scheme (IS-FDTD) is also proposed by reducing the perturbation error
in time of the S-FDTD scheme, which is equivalent to a second order perturbation of the
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Crank-Nicolson (CN) scheme for the Maxwell equations. In Section 3, the unconditional
stability and error estimates of the splitting scheme, S-FDTD, are established rigorously
in the case of perfectly conducting boundary conditions. Section 4 is devoted to the nu-
merical dispersion analysis of the two schemes. Numerical experiments are presented in
Section 5.

2 The splitting FDTD Schemes

In this paper we consider the bounded domain problem where the medium occupies the
cubic region Q) = [0,a] x [0,b] x [0,¢] surrounded by perfect conductors, so the perfectly
conducting boundary condition is satisfied:

7xE=0 on (0,T]x30Q, 2.1)

where d() denotes the boundary of (3 and T >0 is the terminal time. We also assume the
initial conditions

E(0,x,y,z) =Eo(x,y,2) and H(0,x,y,z) =Hy(x,y,2). (2.2)
It is well known that, for suitably smooth data, the problem (1.1)-(1.6) with (2.1)-(2.2) has

a unique solution for all time [18]. We will assume throughout this paper that the solution
of the Maxwell system has the following regularity property:
E € C([(0,T];[C*()P)NC ([0, T IC (W) NC([0, TLIC(Q)P), 23)
HeC([(0,TLCC@P)nC ([0, THCHO)P)NC (0, THCOQ)P). (24
For simplicity, we only consider the constant coefficient case. The method presented

here can be easily extended to the case of variable coefficients. Remarks will be made to
indicate the necessary changes for the case of variable coefficients when needed.

Remark 2.1. From the Maxwell equations (1.1)-(1.6) and the boundary condition (2.1) the
boundary values of H can be derived. In fact, from (1.4)-(1.6) and (2.1) it follows that

5 BH_ 1 * (= __0'_*_’.
75 = (VX E) o (7:H) == T T @5)

Since, by (2.1) and (2.2), ¥ x Eg =0, then we have 7-Hy =0 (see [16]). This together with
(2.5) implies that
V-Hyp=0 on (0,T] x9Q. (2.6)

To derive the splitting FDTD schemes for Maxwell’s equations (1.1)-(1.6), we need
some notations. Introduce first the following mesh on (3:

Qh:{(xi,yj,zk)\xi:iAx,yj:jAy,zk:kAz, i=0,1---,1,j=0,1,---,],
kzolll"'/K/ xOZ]/OZZO:O/ X;=4a, y]:b/ ZK:C}/



L. Gao, B. Zhang and D. Liang / Commun. Comput. Phys., 4 (2008), pp. 405-432

409

where Ax, Ay and Az are the mesh sizes along the x, y and z directions, respectively. For

a positive integer N let At=T/N be the time step and let " =nAt with n=0,1,---

1 1 1 1
xi+% :xl'+§Ax, ]/]+% :y]—|—§Ay’ Zk+% :Zk+_AZ, tn+%:tn+—At,

2 2

and for a function F(t,x,y,z) define

P‘:‘nJrlﬁv_Pf—l By

"T.B/'Y:P(mAt/annBAy/rYAZ)/ (S (X.B'Y_ = Ax 2/Ps

m _rm " e
5, _Faﬁ'i‘z/Y Fle1 1oy 5. _Frx,ﬁ,wz p“ﬁv

lX,B,Y Ay 7 aﬁ’)/ AZ

m+2 m+2
6 _M 5  Fogi+E, M
Fapr= At tFapy = 5

Denote by Em“ﬂ and HZZ‘MM

,N. Set

the approximation of the electric field Ev(tm,xa,yﬁ,yv)

and the magnetic field Hv(tm,xa,yﬁ,zv), respectively, with v = x,y,z. Then the splitting

FDTD scheme for (1.1)-(1.6) can be written in two stages as follows:
Stage 1:

1
n+s;
Ex,f _E;Z 1 1 1
i+5,jk i+5,jk P ﬁn+7 U'En+z
-7 z.1.,.  Lbx .
At € y z+%,},k € 1+%,},k
1
En+2 n
yi,/#%k yz]+7k 15 n+% (o n+5
= —O0z 0y
At & w+%k Fel y1/+ k
1
E”+§ _Tn
Z. .
ijk+3 ijk+y _15 n+> _0' n+s3
At Fel * yi,j,k+1 e z]k+1
1
n+;
H, ? —H?
X, . X, *
ij+Lrrl ij+dred _15 En+% _U'_IjIn+%
= —0zLy X,
At ]/l yz,/+%/k+% ],[ 1,/+%/k+%’
n+2 n
Hy,+ et L _Hyvlv 101 o~ o~ l
3 dk+5 i+yik+s 5 n+s n+s
= —0xLz | -y 4.
At U 3ty U Yied jhsd’
n+; n
Z, -
i+ 30tk bk 1o amd 0" mntd
= X1, z
At u y i+dj+gk u i+ Lk’

where the average values are defined, e.g.,

ﬁn—&-% :1 (Hn+2 Hn > En-l—% _

1
Bk 2\ bk Lk Yirlj+lx T 2

(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)
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Stage 2:
1
n+1 _ phtsa n+1 E”+z
i+1 i1k 1 —ntl Vipede  Yijrhk 1 —ntl
:——52Hy 1. =——0,H, L (2.14)
At I3 i+ .k At 3 ij+1k
n+l _ nty
ijk+d ijk+d 1 n+
= 2 :——5y v . (2.15)
At & i,jk+
n+1 _ nt;
i+ hrl Yijrdk+] 1. —ntl
:——5yEZ , (2.16)
At U ij+ Sk
Hrtl o ”Jr%
yi+%]’k+l yl+%,jk+% 1 =N+
=——0,E, (2.17)
At i+ ikt
n+1 n+y
i+ 1Lk i+ 1Lk 1. —n+l
22 2 = 5E,? (2.18)
V.o1..1
At U i+3j+5k

where the average value is defined in the conventional way, e.g.,

—n+1 1 —n+1 1
H, 2 =—(H'"! +H" , E, 2 =—(E"  4E" : (2.19)
ivlik 2 i+l ik i+1 ik Yieljrle 2\ Virljrde  Yirljlk

By the definition of the cross product of vectors the boundary condition (2.1) is satisfied
by letting

EY” =EV =EV =EV =0, (2.20)
i+3,0k i+3,0k i+3,00 i+ K

m =E" =E" =E" =0 2.21

Yojrlk Yrj+Li Yijelo Yijelx 7 ( )

E =E" =E" =E" =0 2.22

Zo,k+1 Z1jjkt ) Zi0k+) Zigk+d ! ( )

with m = n. The case with m = n—i—% is also true by using the scheme (2.7)-(2.18) in con-
junction with (2.1) and (2.6). Finally, the initial values Eg’ By and Hg’ g,y Are obtained by
imposing the initial condition (2.2) at t =0, that is,

EO

sy =Eo(adx,BAY,YAz),  Hy 5., =Ho(aAx,pAy,vAz). (2.23)

The above splitting scheme (2.7)-(2.18) (called S-FDTD) is based on splitting of
Maxwell’s equations and its symmetric structure and consists of only two stages for each
time step [t",#"71]. At each stage the splitting scheme S-FDTD can be solved effectively
by first solving three tridiagonal systems of equations for, say, the three components
Ey,Ey, E; of the electric field and then computing Hy, H,, H, explicitly. For example, using
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1
(2.12) to eliminate H. 2. )

1

n+31

; and H, [ |
1+7,]+z,k i+7!]v77/

. in (2.7) gives

LA et Ty (AO2 ey (A2 pnid
4(Ay)? irhioik 2(Ay)? | ikik  4(Ay)2 ki

:y+5_EZI,+ jk+Aty_5yHZ+%’jrk—|— 1 @@EZ (2.24)

1
50
where

1 1 1
£+:€—|—§0'At, e =e—50ht, y+:y+§a*At, U =u—-0*At.
Eq. (2.24) is tridiagonal for EZ*1/2 with all the field components on the right hand side

being known from the previous time step and can be solved efficiently for the values of
E+1/2 at the grid points

{((i+1/2)Ax,jAy,kAz)|j=0,1,---,]}.

This can be seen as solving a one-dimensional problem in the y direction. Note that the
coefficient matrix of the tridiagonal system (2.24) does not change with the time level 7.
HZ*1/2 then follows explicitly from the equation

1 - At 1
HIt P g + 5<E”+2 +E" )

1 = X, 1.
idirdk ot Fakiede s 2ut Y\ T diekk T MLk

Similarly, we can obtain and solve the tridiagonal systems for E,E;, and Hy,H, then
follow explicitly.

Remark 2.2. The S-FDTD scheme is different from the conventional ADI procedure in
[4-6,23], where the alternations in the computation directions are made with respect to
the three spatial coordinate directions so, in the 3-D case, the computation is broken down
into three stages for each time step.

Remark 2.3. The S-FDTD scheme is also different from the ADI-FDTD scheme proposed
in [27] and [21]. From (2.7)-(2.18) it is found that the values of the electric and magnetic
fields at the intermediate time levels are not the real values of the fields at the time levels.

The truncation error of the S-FDTD scheme is of first order in time, as seen from the
detailed analysis in the next section. In order to improve the accuracy of the S-FDTD
scheme, we give an improved scheme by reducing the perturbation error of the S-FDTD
scheme. The improved scheme (called IS-FDTD) becomes a second-order perturbation to
the CN scheme for the Maxwell equations.
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The IS-FDTD scheme is defined as follows:

Stage 1:
71+% _rn
xi 1,,, xl. 1 1 1 At A
+3ik +1ik nty  Ogmt;  OL n n
At a eéyHZwl;k SEXH%J/k 2 eéy(st Yis} ;k+ 2¢2 22?0 Hy 1 (2'25)
En+2 _En
Yipedk  Vipde 1 ~ngd 0 =n+} At n oAt n
At - Eészi,H%/k _EEym%rk_Z—ys(sz&yE T2 22 % H o (226)
n+% o
Lk TEeel 1 sl ~n+1 At aAt
jk+5 S n+y _z n+s; 8L n n
A7 = g(styi,j,kJr% - Ezi’j’k% 2;”85,(5215 2 -0y H L7 (2.27)
1
Hi’l"ri _ n
Yijrd kel A Tas I P 0" mntd
At u GRRES I po ikl
At oAt
— 0,0 H! ——0,E! , 2.28
T2 gy T2 Y ey 2.29)
71+7 _ n
Hyi+%/j/k+% Yirdjeed 1o ansd 0" mnd
At T T B TR G P
At oF At
= 5.5, H" ——0,E" , 2.29
2ue Y xi+%,j,k+%+ 2u? i+%jk+3 @2)
1
H?’l+2 _ n
Ziedirhk T il bk _ 15 En+% O et
At u Yo%l Lk 1 Zirdjrdk
At oAt
—— 6,0, Hﬂ , 2.30
2ue V7 Vi T 22 Vi kv (239

where H and E are defined in (2.13).
Stage 2: Same as (2.14)-(2.18) in Stage 2 of S-FDTD.

The initial and boundary conditions for this scheme are the same as given for the
S-FDTD scheme.

The IS-FDTD scheme is just a modification of the S-FDTD scheme by adding only one
previous time level terms to Egs. (2.7)-(2.12). The IS-FDTD scheme can also be solved
similarly as in solving the S-FDTD scheme (see the discussion above).

Remark 2.4. The truncation error of the IS-FDTD scheme is of second order in both space
and time. This can be seen from the following equivalent scheme to IS-FDTD, which can
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be easily obtained by eliminating the intermediate values of the fields:

1 - 1 - 1 - 1
SEYT = %{MHZ“ —0:6iHy  —08Ey )

(At)? o(At)?

+ 5,6,H" 2.31)
dye 42 Y '

1
8,0x0Ey 2 —

n+i

1 - 1 - 1 - 1
Oyt = {05 Hy  — 80 H T —0hEy )

At)? 1 At)? 1
4 4yi 5,0,0En 2 — U<4€z) 5.8 HL 2, (2.32)
1 1 _ 1 — 1 _ 1
GE = E{(Sx(StH]sz _‘Sy‘StH;cHz —08EN Y
At)? 1 o(At)? 1
+ (4112,' 5x(sz(stEZ+2 o <482) 5y($tH;Z+2; (233)

similar formulas hold for Hy, Hy and H;. The scheme (2.31)-(2.33) is the CN scheme for
the Maxwell equations plus second-order perturbation terms (the last two terms in each
of (2.31)-(2.33)). Thus, the improved splitting scheme IS-FDTD is equivalent to a second-
order perturbation of the CN scheme for the Maxwell equations, so the local truncation
error of the scheme is of second-order in both space and time. This is also confirmed by
their numerical dispersion relations in Section 4 and numerical experiments in Section 5.

Remark 2.5. In the IS-FDTD scheme the values of the electric and magnetic fields at the
intermediate time levels are not the real values of the fields at the time levels. Thus,
the IS-FDTD scheme is in general different from the ADI-FDTD scheme proposed in [27]
and [21]. In the special case with o =c* =0, however, the equivalent form of the ADI-
FDTD scheme proposed in [27] is exactly the same as (2.31)-(2.33). This means that, in
this special case, the ADI-FDTD scheme and the improved splitting scheme IS-FDTD are
equivalent theoretically so their numerical dispersion relations are the same. But, the
implementation of the two schemes are different, so their performance will be different
in practical computation. In fact, the numerical experiments in Section 5 shows that the
improved splitting scheme IS-FDTD is more accurate than the ADI-FDTD scheme.

Remark 2.6. Our technique of deriving the improved splitting scheme, IS-FDTD, is based
on an idea proposed in [7] for the ADI scheme of parabolic equations. The IS-FDTD
scheme is different from the S-FDTD scheme only by two terms in each of the six equa-
tions at Stage 1. These added terms contain values of fields at only one time level, which
is different from that in [7], where the terms added to a second-order ADI scheme for
a parabolic equation contain values of the solution at two time levels. A different idea
to improve the truncation error of splitting schemes is Strang’s splitting: a half-step in
one direction, a whole step in the other, a half-step in the first direction. However, this
splitting technique is not straightforward for the S-FDTD scheme and needs further in-
vestigation.
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3 Error estimates and stability analysis
In this section we establish error estimates and the unconditional stability of the splitting

scheme S-FDTD by using the energy method. To this end, we define two discrete energy
norms. For

V= (in-i-%,j,k’vyi,j-i-%,k’ Vzi,]',k.g_% )/ W= (Wxi,j-i-%,k-i—%’Wyi—&-%,j,k—&-%’Wzi-i-%,]'-i-%,k)’

define the following discrete norms:

1/-1K —1]-1K- —1] 1K
HVHE—[EZEVZ EZE " +EZEV2 | | A%ByAz,
i=0j=1k +hik =1j= 2k iz 1j=1k=0 "
J-1K—1 1] K- I-1]-1 K
HW\\H—[ZZZ ZZZ R ) DL ]AWAZ
SSim b ST Tt SiSs
For
U= (Ux,,, Uy, Uz, )
define

5?U — (5]/ uZa,‘B,,Y,éz uXa,‘B,,Y,éx Uya’ﬁﬁ ), 5£ZU — (52 Uya,ﬁﬂ,éx uzlx,ﬂ,’y’éy u_xa’ﬁ/y ) .
We then have the following result on error estimates of the splitting scheme S-FDTD.

Theorem 3.1. Let E and H be the solution of the Maxwell equations (1.1)-(1.6) with the bound-
ary condition (2.1) and the initial conditions (2.2). For n>0 let

E"=(E!  ,E'  E' ), H'=(H H )

n
.. ’r=z. . X.. ’ . . ’ . .
i+5 /k y1/1+%,k 1,/,k+% 1/]+%,k+% yz+%,/,k+% i+5,j+75k

be the solution of the S-FDTD scheme. Assume that the reqularity property (2.3)-(2.4) is true.
Then, for any fixed T >0, there is constant C independent of At,Ax,Ay,Az such that

max || E(")—E" [+ | H(#") — H"| s

0<n<N (
<C[At+(Ax)*+(Ay)*+(8z)?], (3.1)
max [[16(E(e" )~ ") e+ [l (H(# 1)~ ™) ]

<C[At+(Ax)*+(Ay)*+(Az)?]. (3.2)
Proof. To prove Theorem 3.1, let us define

Ewy s = Ew(t",Xa,yp,2y) —E} Hip, . = Hw(t",xa,yp,2,) — Hy

Wa,p,y Wa,p,y" Wa, B,y Wa, By
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for all valid choices of subscripts &, 8,y and for w=1x,y,z. Set
E= (5;1,5;,5;1), H'= (HZ,H;,HZ).

In order to get the error equations we need to derive the following equivalent form of the
S-FDTD scheme by eliminating the electric and magnetic fields at the intermediate time

levels, E,, +3 and Hua i (u=x,y,z), from the splitting scheme (2.7)-(2.18):

Uapy

el n+
BE;: = {5 SHI % —5 5tHy 1, —OOE ,fjk}
At 1. - 1 (TAt 1
+520 [ 53¢ ;:fjk] SR 5tH;:fjk, (3.3)
Y J»
ntd o 1< el S et
5tEyl_J_+2%/k_E{ézétHxi/jf%,k—5x5tHZw_ OO k}
At 1 - nsd OAt . - pyl
+Z(SZ [ﬁéy t Zi,j+2%k:| - gfsxfstHziﬁz%/k, (3.4)
n+3 1 5 tg 5ot n+3
OtE; zﬂi; :_{‘5"5ny,~,,~,;+% _(Sy(StHxi,]' —0ok: z]k2+1 }
+ étd [1 5,6 Z-i_kil } - %@&Hg;l; (3.5
CL)
similar formulas hold for (StHn+ , 5tHn+2 and (StH;JrZ Then from (1.1)-(1.3)
i+ Ll 1jk+} Ll
and (3.3)-(3.5) we have the followin error e uations.
& q
gn+1_ﬂ{5 Hn-i—l_(s Hn—i—l 5n+1} (At) s [ 5 gn—&-l} U(At)z(s Hn—i—l
x 7e LYtz z/ly 4 Y 7 462 TFTY
At At (At 1
:5§+Z{5yﬂ” 6:Hy —0&Y ) [;5#9;]_ 482) 5ZH;+At§x”+2, (3.6)
At (At)? 1 o(At)?
1 1 1 1 1 1
5;” ——{5ZHZ+ —6HIT —(75”+ }— P 5Z[ﬁéy5§+ |+ i — LS HET
2
— ey S —a i —oep+ B0 [i(sys;]—"(ﬁ? SHIHAIE ™, (37)
At At 1 o(At
5;+1_£{5x7—[§+1_5y7—[§+1 5n+1} ( 8) [ﬁ525§+1] (4 2) (5 Hn+1
At At o(At)? 1
:52”-1—%{5,(7-(” oyHy—0o&y ( ) Oy [;528,’(7]— (482) 5yHZ+At§Z”+2, (3.8)

where, for simplicity, we have omitted all the subscripts since they are the same in each
equation, and & *1/2 and 5"1/2 with u = x,y,z are the truncation errors which can be
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expressed by the Taylor expansion theorem. For example,

2
nty [0 9H, 1 0%E,
Yilik At[z 2 9z (715, 1+1r%/ z13) — 2]/[8—axay(ﬁ&xll,ylsrzk)]
1 o°E 1 0°H,
+<At) |:24 at3 (Tlll l+ ,y],Zk) 8 at28y<T]3, H‘ ,ylz,Zk)
1 &°H, ' o 9%E, ‘
+8€ atza ( 14;Xi+%;]/],212) + §W<T12,xi+%,y],zk)}
_(8y)? PH: (A2)2PHy i1 |
ey (e ) g (U o en)

for some t" < Ty1, -+, Ty <"1, Xi—1/2 S X11 < X172, Yie1/2 SY11L,Y12,Y13 SYjr1/2, Z-1/2 <
211,212,213 < Zk4+1/2. Thus,

I-1]-1K-1 nat
LY LI T Paxaya:
i=0j=1k=
oH 2 9%E
< Y2 Y2
< (aty [ AT Mzuaxayuw]
a1 3B L P e Ly, AL
ta2 dt?dy talam; >t
(Ay)4 ast 2 ( ) a3Hy 2
P15 F IS
scmMz{(At>2+(At>4+<Ay>4+<Az>4}, (39)

where C,¢+¢ is a positive constant depending only on y, ¢, ¢ and ¢*, and, with the no-
tation || f{leo = || fll 1= ([0,1);12(2)) for a scalar function f or ||f[|c = [[£[| .o (j0,7];12(2)2) for @
three-dimensional vector function f,

M = maX{HB?EH«»HafElloo,IIavauElloo,IISvEHoo,HaiElloo,IIatavEHoo,
Ha%HHoo,HB%HHOQ,HBUBMHHOQ,HavHHm,Ha?,HHoo,HatavHHm,u,v:x,y,z}.

Similar estimates to (3.9) hold for Cy’”l/z, g2, 1712, ny”“/z and 7,"*1/2, Now
multiplying Eq. (3.6) with /e and regrouping the terms, we have

At At 1
71+1 n+1 71+1 - n+1
Vel 2\/‘5 Ty 2\/(‘5 M0k )
1
— &N - \/_5 Hy+ \/_ ((5 HI+ (ﬁfsxg;))
g\A/f (5”+1+5” (H”+1+H”))+At\/ééx”+%~ (3.10)
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Taking the square of both sides of (3.10) and using the inequality
(a+Ath)* < (1+At) (@ +Atb?),

we obtain that

(81)?
I

_|_Atg;1+1 . <5ZH;+1 Hn+1 Azt 5y<%5x5;+1)>

At

,315<5;1+1)2+ (A_t)zl[gl<5z7_[;+l)2+ 2

n+1
4e <5y H

(5 <y 5;1-&-1))2

_(an?
2

At

H’rl+1 ( Hn+1
2

g(l-l—At){ﬁze(SjZ)z <A4t) Ba(6-HI)>+ <A4t) (5 H +

t n
@(E(sxey))

1
5y(ﬁ5x5n+l))

At

1 a2
(ﬁ(sxgy ))
—AtEN. ((wg —HE -

_(ar)?
2

At

o Hy- (8, M2+ 5y<%5x5;))+5m e ”*2)2}, (3.11)

where and in what follows,

502 5
/31:1—4%&(1+At) ﬁ2_1+iAt

4e
5<0.*)2 5<0.*)2

=1— AH(1+A = .
7 yv” (1+At), y2=1+ I At

Similar procedure can be applied to other error equations to get five inequalities similar
to (3.11). Here, for brevity, we only present the inequality for Hg“:

ni1v2 , (AF)? ni1y2 , (AF)? n+1
’Yll’l(Hy )+ 4]/[ '}/1(525x )+ 4]/[ ((SXSZ

—|—At7‘[§+1- (525;1“_5}(5;“_&5 ( Hn+1))

2
At)? At
‘%‘%’?“‘ (8814 G0 )

g(1+At){;4’yz(7'f$)2+%72(5253)2 (i;) (5 gy

oo

—AtH- (525;3 —0:E1 =50
n n+3y2
( 6, M) ) +50tu(y 72}, (3.12)

Azt ( Hn—i—l))z

At (57_(”))2

(a2 A
2p

5,EN. (5 gny
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and

(At)?
2

At)?

1132, ( At 1 11y
TGE S0y (M)
At

+AtH§+1-(5x5;+1—5y5§+1——5 (So:Hy™)

2
_ (At)z At n+1
2u 7%(2527@ )>

< <1+At>{mz<Hs>2+(i—22n<axe">2+

—AHE - (880 -8, — ( )

_(Ar)?
2

The sums over i,j,k in their corresponding valid ranges of the mixed product terms on
the left-hand (or right-hand) sides of the six inequalities thus obtained (including (3.11)-
(3.13)) can be shown to be canceled out with each other by using summation by parts
and the boundary conditions (2.20)-(2.22). For example, consider the sums of the mixed
product terms on the left-hand sides of (3.11)-(3.12). By summation by parts it follows
that

P (R4 (5ys,’z+l+

sy (.61 +

(At)?
4p

At

(o,624+ 50, Cor))

N O ( 5 H”))+5Aty(17§+2)2}. (3.13)

—1]-1K—
LYy e
i=0j=1k= z+ 5. 0k+5 i+5 /k+2
T At 1 1 1 1
= - n+ n+ _qqyn+ n—+
n Z Z Az {Hywl 'K—lgxi+l K th ~15xi+1 0
i:Oj:l 24872 27 213 270
_ Y entl (yntl _rtl }
E z+2/k 1+2]k+% yi+%/j/k—%)
71] 11<7
=Y Y Y oatert! sHyT (3.14)
i=0 j=1k=1 Yot g k Yied !

where we have used the boundary conditions (2.20)-(2.22) that

1 1 1
n+§ _ 1’l+2 n+§ — 1’l+§ .
Yivlio z+§;1< Yirlok il 7
1

n+s _ n+2 _ n+; _ n+s; -0 (3 15)
Yol Yrjirdx VYigrdlo VYielx o )

j 2 J 21 Jj 2 J 2
n—&-i o n+§ _ n+§ _ 1’l+§ _
Z. . — bz . — vz, - vz -

0jk+% Lik+3 i0k+} ik}

for all valid values of 7,j,k. This means that the sum over i,j,k in their valid ranges of
the first mixed product term on the left-hand side of (3.12) plus that of the first mixed
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product term on the left-hand side of (3.11) is equal to zero. Similar argument can be
used to show that the sum over i,j,k in their valid ranges of the second mixed product
term on the left-hand side of (3.13) plus the sum over i,j,k in their valid ranges of the
second mixed product term on the left-hand side of (3.11) equals zero.

Now consider the fourth mixed product term on the left-hand side of (3.13). By sum-
mation by parts and the boundary conditions (3.15) it is seen that

—1J-1K-1
222 (A% 5601 5,001
i= o; 0k= Yirjrda ¥ ek

—1K-1

= Af [ n+l gn—i—l _15 5n+l 5n+1
i=0 k= ZA]/ y”l] s TR S B A e
J-1
ZgnJrl <15 gn+l _15 ot )}
k

Xy 1.1 X=y.1. 1
= ik hjegk @ Yirhj-b,

ZZZ Wﬂﬂ&ﬁ“) (3.16)
i 0] 1 k= /k ],l 1+2]k

which plus the sum over i,j,k in their valid ranges of the third mixed product term on
the left-hand side of (3.11) is zero. Next, the sum of the third mixed term on the left-hand
side of (3.13) is

1K At . /1
—ZZEAH—(”“] o, (ot )

iZ0j=0k= R TAT L Yirl jrlk
—1K-1
_Z Z At n-‘rl 15 Hi’l-i—l _Hi’l-i-l 15 Hi’l-i—l
ZA]/ z+l]—lk e 2 ik Zilly g Yislok
i—0 k= 22/ 27 22 20
1 +1 +1 +1
n n n
_Z (SH ‘<,HZV1~1 _szml)}
1+2 Sk Z+§,j+§,k z+§,]—§,k
n+l n+1
—222 Hy )M (3.17)
k it /k
i=0j=1k=

which plus the sum over i,j,k in their valid ranges of the fourth mixed product term
on the left-hand side of (3.11) equals zero, where we have used the following boundary
conditions which follows from the boundary condition (2.6):

i =H! =0, Vjkn;
x0/+ k+1 xl,j+%/k+% ! I % 1
i =H! =0, Vi kn;
Yielok+d Yiel je+l v
n i n J— i1
.o, =H: =0, Vijmn

i+3,j+3.0 i+3,j+75.K
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Using the above boundary conditions and summation by parts again we have for the
sum of the last mixed product term on the left-hand side of (3.13) that

S (A1) n+1 At 1o
ZZ Z 5% 5 Hy 1,1
i=0j=0k= Yir Sithk 2 i+ 43k
—1K-1 At [ gn+l .15 n+1 _15 gntl _15 s
4Ay y1+1/ lk € yi+%///k V x yi+%,%/k c yi+%,0/k
_Z -0, ’Hn+1 <15 gn+l _15 gntl )}
z+ ik U X yi+%,j+%,k u X yi+%,j—%,k
“LLL G e (5080 ): (3.18)
o e R ik INp T ik gk

which cancels out the sum over i,j,k in their valid ranges of the last mixed product term
on the left-hand side of (3.11). Thus all mixed product terms on the left-hand side of (3.11)
are cancelled out by some terms on the left-hand side of (3.12)-(3.13) when the sums are
taken over i,j,k in their valid ranges. By a similar argument it can be shown that the sums
over i,j,k in their valid ranges of the other mixed product terms on both sides of the six
inequalities can also be cancelled out with each other. Thus, summing each of the six
inequalities (including (3.11)-(3.13)) up over i,j,k in their valid ranges and then adding
the updated six inequalities together, we arrive at

(At)? (At)?

wz,k[€ﬁ1(5’?+1)2+Tﬁ1(‘W?H)z* e G A2t5 (;5 55“))2]

+%:€ﬁ1(5§“)2+%ﬁ1(5ﬂi§“)2 <it) (5 HIH 4 Azt(sz(%(syggﬂ))z:
epfemer e Gl G g Yo gaer)
+§(:V71(Hﬁ+1)2+% 1(8,E041)2 i;)z (5Zgn+1 %@HZ“))Z:
+§< :V’Y1(H§“)2+ (i;) (6 5n+1 i;)z (5x5n+1 15sz+1)>2-
+§(:ml<7f§“)2+<ig 1(6:E0H)? iy)z (o€ + 15271;“))2‘
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n\2 (At)z n\2
< (1+At>{§[eﬁz<sx> + L Pae:Hy)
At)? LN T
! 48) (5sz+75y<ﬁax5y)) +5Ate( ”*2)2]
- 2 2
+y 6/32(8;)2—1—%,8 (5HM)? (5 HrBsLs 5”)) +5Ate(E )2 }
ik~
[ n 2 ( ) n 1 n 2 n+3\2
+ Y [eBa (€12 + 2= (6,12 (5x ~6.E0)) +5ate(E )
ik~
[ n\2 <At)2 n )2 1 n 2 n+3\2
L [ g (e 4V (68 +50:(coHD) ) +50tm ()7
I n\2 (At)z n At)z 1 n 2 ”+£ 2
L ) e (xE2+S0x(£o,M) ) +50tu(ny )2
[ n\2 (At)z n A)2 n n 2
+§<_y’yz(Hz) RO (55 52Hy)>
+5Aty(;7§+2)2} } (3.19)
where the summation is for 0<i<J—1,0<j<J—1land 0<k<K-1. Let
B 502 5(c*)2 502 5(c*)?
zx—max{z, TR —(1+At), I (1—|—At)}. (3.20)

Then 1 and 7 are greater than 1—aAt and B2 and 7, are less than 1+aAt. So, multi-
plying the above inequality with (1—aAt) "' AxAyAz and using the estimates of the local
truncation errors it follows on noting the definitions of %, 5% and the energy norm that
the above inequality can be written as

At -1 _1
lebem st ot [bre 1y +- L8 (e betmen st s - o )

(A /1 1 n+l Ath hent V12 4 (stent1 g B sh L siaprenyy 2
g (et o ate I+ dher 4 7 SACAH))IR)

. 1 1 At)? 1
<(1+8H)(1+a At){HSZS”H%JrHWH”H%Jr%(\6 SN+ 2 otEm )

A (et gl (V(she">>ug+uu"<5he" A AH)IE)
FCIAH(AD? +(Ax) +(Ay) +(Az)4]}, (3.21)

where (14+aAt)/(1—alAt) =1+a* At with
o =2a/(1—aAt), C :30max(e,;u)CHw*gM2.
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A successive application of the above inequality gives
LHS of (3.21)
<A (14 At>"+1{||eze°uE+||qu°||H+<A4) (e 2e0l
2 EC G+ e (61 HO+ —51(y5?5x°))llzs+|\ﬂ"(5h5° —52( 5§H°))II?{>

+Ci(n+1)MH (A + (M) + (Ay)*+ (82)*]}
<Cl(A)?+(Ax) + (Ay)*+(Az)Y, (3.22)
where
C=2C;T(1+T)(1+a*T)e" @ +1)

is bounded above with a bound independent of At, which implies (3.1).

To prove (3.2), subtracting each equation in (3.6)-(3.8) and the relevant equations for
H,, Hy, H, with n replaced by n—1 from itself, respectively, will give six new error equa-
tions. Then (3.2) can be derived by repeating the above argument starting from the new
error equations. Theorem 3.1 is thus proved. O

A similar argument as above can be used to show the following theorem on the sta-
bility of the splitting scheme S-FDTD.

Theorem 3.2. Let n >0 and let

En — (En En En ), Hn — (Hn Hn Hn )

Yir Lk Vil R k] Vil Y il F ]k
be the solution of the splitting scheme S-FDTD. Then
1 1
(53 i R 1753 :
1 1 A2 /0 1 _1
< eFE7 ot B0+ 20 (e 4O 4 o0
At At
Hle o0+ 5 LR [+ [+ PR ),
€GB |+l o H" 2 |y
O T U UP SR €11 K TN W S A7 S B
S!!825thHE+HW5tH2HH+—(HE 2050/ H ||+ (|2 676, E2 ||

At _1 At
e z(st[(shﬂwzywhfﬁz]Hmw 1, OB+ (o PHE] ).

This means that the splitting scheme S-FDTD is unconditionally stable.
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Remark 3.1. Theorems 3.1 and 3.2 remain true for the case of variable coefficients ¢,y,c
and ¢* provided ¢ and u are strictly positive continuous functions on Q) and ¢ and ¢*
are nonnegative continuous functions on ) (and the required smoothness on E and H
is present). In fact, in this case, the same argument as in the proof of Theorem 3.1 still
works.

Remark 3.2. The error estimates in Theorem 3.1 depend on strong spatial smoothness as-
sumptions on the solutions of the Maxwell equations. The spatial smoothness restrictions
on E and H might be reduced to Sobolev space bounds if the Bramble-Hilbert lemma,
rather than the Taylor series remainder, is used to bound the error terms.

4 Dispersion and dissipation properties of the two schemes

In this section, we study the dispersion and dissipation properties of the two splitting
schemes using a Fourier analysis. To this end, let us assume that c =c* =0 and € and u
are constant, that is, the isotropic medium is lossless and homogeneous. Let

— Egne—i((xkxAx-i-ﬁkyAy-i-'yszz), no_ I:Iérne—i(akxAx+ﬁkyAy+'ykZAz)’

n
«,B,7y «,B,y

where the complex-valued vectors E is the eigenvector of the equivalent scheme (2.31)-
(2.33) of the scheme IS-FDTD, H is the corresponding eigenvalue for H, ¢ is the complex
time eigenvalue (or stability factor) we wish to find out and whose magnitude will deter-
mine the stability and dissipation properties of the scheme IS-FDTD. Substituting them
into (2.31)-(2.33) yields a homogeneous algebraic system with a non-zero solution E. Sim-
ilar system can be obtained for H. It is known that the determinant of the coefficient ma-
trix should be zero. A straightforward but tedious calculation leads to the characteristic
polynomial equation for ¢:

(E=1)* (B2 & +2 1 5+po)* =0, (41)
where
Ba=PBo=1+71+72+(cAt) (ax)*(by)* (c2)?,
Br=—1+71+72— (cAt)*(ax)?(by)*(c2)?,
B sin($kyAx) b sin(3k,Ay) B sin(3k,Az)
T A T T Ay T A
In the definitions of B and B,,
1= (cAt)?[(ax)*+ <by)2+ (), 7= (CAt)4[<‘1xby)2+ <byCZ)2+ (czax)?]. (4.2)

Eq. (4.1) has exactly six roots:
G1=0=1, G3=C=(B2) ' [=Pr+i\/(B2) = (B1)?],
Gs=C6=(B2) "' [=B1—i\/ (B2)*— (B1)?.
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It is clear that the moduli of the six roots are equal to unity. This means that the scheme
IS-FDTD is unconditionally stable and non-dissipative.

Similarly, we can derive the characteristic polynomial equation for the splitting
scheme S-FDTD:

(a3 &+ & 4a1 E+ag)? =0, (4.3)
where

az=1+71+72+ (CAt)6(ax)2(by)2(Cz)2,
ap=—3+71+372+3(cAt)® (ax)? (by)?(c2)?,
a1 =3—"71 -|-3’yz+3(cAt)6(ax)2(by)2(cz)2,
ap=—1—v1+72+ (cAt)(’(ax)z(by)z(cz)Z,

where 71 and 7, are given by (4.2). The three repeated roots (one real and two complex)
can still be expressed explicitly but are very complicated. So we omit them here but plot
|¢| numerically in Figs. 1 and 2 below. To this end, let

ky=ksin(¢)cos(), k,=ksin(¢)sin(0), k,=kcos(¢),

R = (k)2 + (k) 2+ (22, NA:%, w=ck,  S=cAt/h.

Then k is the wave number, 6 and ¢ are the wave propagation angles, A is the wavelength,
N, is the number of points per wavelength (NPPW) (we assume here that Ax=Ay=Az=
h), and 1/38S is the Courant (or CFL) number.

Fig. 1 shows the modulus of the three roots ¢ of the polynomial equation (4.3) (or
the stability factor) for the splitting scheme S-FDTD as a function of the propagation
angle 6 at a CFL number /35S = 1.51/3 in the case with N, =30 (number of points per
wavelength) and ¢ =45° (left picture), and as a function of the propagation angle ¢ in
the case with 6 = 35°, the number of points per wavelength N, =40 and S = 1.4 (the
CFL number is /3S) (right picture). Fig. 2 presents the modulus of the three roots &
of (4.3) for S-FDTD as a function of S (the CFL number is v/35) in the case with the
number of points per wavelength N =60, 0 =65° and ¢ = 35° (left picture), and as a
function of N, (the number of points per wavelength) in the case with 6 =65°, ¢ =35°
and the CFL number /35 =1.51/3 (right picture). In both figures, the solid line (lower
curve) represents the non-propagating computational mode corresponding to the real
root, and the dashed line (the upper curve) represents the physical mode corresponding
to the principal (complex) root ¢ of the characteristic polynomial equation (4.3) that is
an approximation to exp (iwAt) =exp(ickAt). From the Figs. 1 and 2 it can be seen that
the modulus of the principal (complex) root is bigger than 1 but |§| =1+ O(At). So the
splitting scheme S-FDTD is unconditionally stable and dissipative.
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Figure 1: Modulus || of the three roots of the characteristic polynomial equation (4.3) (or the stability factor)
for S-FDTD against the propagation angle 6 at a CFL number v/35=1.5v/3 in the case with ¢ =45° and
N, =30 (left), and against the angle ¢ at a CFL number V35 =1.4/3 in the case with 8 =35° and N, =40

(right).
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Figure 2: Modulus || of the three roots of the characteristic polynomial equation (4.3) (or the stability factor)
for S-FDTD as a function of S (the CFL number is v/3S) in the case with N =60, 6=65° and ¢ =35° (left),

and as a function of N, (number of points per wavelength) at the CFL number v/35=1.5v/3 in the case with
6 =65° and ¢=35° (right).

The normalized phase velocity is determined from the principal root ¢ as follows

(see [

25]):

% = ﬁarctan (%)
= ﬁarctan (%) = 2N7)‘Sarctan (%)

(4.4)
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Figure 3: Normalized phase velocity v,/c as a function of the angle 0 at a CFL number of 1.5V/3 in the case

with Ny =20 (NPPW) and ¢=40° (left) and as a function of the angle ¢ at a CFL number of 3.5v/3 in the
case with Ny =40 (NPPW) and 6=25° (right) for S-FDTD and IS-FDTD.
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Figure 4: normalized phase velocity vp/c as a function of S (the CFL number is \/55) in the case with 6§ =45°,

¢=65° and N, =40 (left), and as a function of N) (NPPW) at a CFL number of 2.41/3 in the case with §=35°
and ¢=65° (right) for S-FDTD and IS-FDTD.

Fig. 3 shows the normalized phase velocity v, /¢ as a function of the propagation angle 6
at a CFL number of v/3S = 1.51/3 in the case with the number of points per wavelength
N) =20 and ¢ =40° (left picture) and as a function of the propagation angle ¢ at a CFL
number of /35 =3.51/3 in the case with the number of points per wavelength N; =40
and 6 = 25° (right picture) for the schemes S-FDTD and IS-FDTD. Fig. 4 presents the
normalized phase velocity v, /c as a function of S (the CFL number is 1/35) in the case
with 0=45°, $ =65° and N, =40 (left picture), and as a function of the number of points



L. Gao, B. Zhang and D. Liang / Commun. Comput. Phys., 4 (2008), pp. 405-432 427

per wavelength N, at a CFL number of v/3S =2.4/3 in the case with 8 =35° and ¢ =65°
(right picture) for the schemes S-FDTD and IS-FDTD. As seen from Figs. 3 and 4, the
normalized phase velocity v, /c of the improved splitting scheme IS-FDTD is much more
close to 1 than that of the splitting scheme S-FDTD, which means that the dispersion error
of the scheme IS-FDTD is much smaller than that of the scheme S-FDTD.

5 Numerical experiments

In this section we present some numerical results to illustrate the efficiency of the two
schemes and verify the theoretical convergence rates of the two schemes in some simple
cases. Results obtained by the two schemes are also compared with those given by the
ADI-FDTD scheme proposed in [21, 27].

In all examples, we assume that 0 =[0,1] x[0,1] x[0,1] and that e=pu =1. All the
problems were computed using the three schemes: S-FDTD, IS-FDTD and ADI-FDTD
and coded in Fortran 77 with implementation in a 1.70GHz PC with 256Mb memory and
an operating system Windows 2000.

51 Examplel

We firstly assume that o =0c* =0. An exact solution of the Maxwell equations (1.1)-(1.6)
with the boundary condition (2.1) is:

E,= }l\/§c05(\/§nt)cos[7t(1 —x)]sin[7t(1—y)]sin[7(1-z)],

E,= %\/gcos(\/gnt)sin[n(l —x)]cos[m(1—y)]sin[r(1—2z2)],

E,= —Z 3cos(v/37t)sin[7r(1—x)]sin[7(1 —vy)|cos[t(1—-2z)],

H,= —Zsin(\@nt)sin[n(l —x)]cos[m(1—y)]cos[m(1—2)],

H,= sin(v/37tt) cos[r(1—x)]sin[7(1—y)]cos[r(1—z)],
H,= isin(\/gnt)cos[n(l —x)]cos[m(1—y)]sin[m(1—2)].

The experiment was carried out with different spatial mesh sizes and CFL numbers.
The elapsed CPU time in seconds (CPU) and absolute error of the electric and magnetic
fields in the discrete energy norm (E-error, H-error) as well as the estimated rate in time
of convergence of E and H (Rate-E, Rate-H) are provided in Table 1, where the spatial
step size is taken as h=0.01.

From Table 1 it is seen that the convergence rate in time of S-FDTD is of first-order and
that of IS-FDTD and ADI-FDTD is of second-order, as demonstrated by the theoretical
analysis. It should be pointed out that the error is dominated by the time discretization
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Table 1: Absolute error of E and H in the energy norm, convergence rate in time and CPU time of S-FDTD,
IS-FDTD and ADI-FDTD under different CFL numbers with the spatial step size h=0.01 at time T=1.

Scheme At E-error | H-error | Rate-E | Rate-H | CPU
5h 3.988e-2 | 6.702e-2 112.1
4h 3.367e-2 | 5.139%e-2 | 0.759 1.19 140.1

S-FDTD 2h 1.844e-2 | 2.345e-2 | 0.856 1.139 271.66

1h 9.554e-3 | 1.120e-2 | 0.9491 | 1.067 | 529.28
0.5h | 4.821e-3 | 5.498e-3 | 0.9868 | 1.026 | 1192.80
0.25h | 2.387e-3 | 2.756e-3 | 1.014 | 0.9962 | 2351.69

5h 4.831e-3 | 4.712e-3 147.6
4h 3.14e-3 | 3.02e-3 1.93 2.02 182.3
IS-FDTD 2h 8.657e-4 | 7.892e-4 | 1.859 1.928 | 355.94

1h 2.893e-4 | 2.552e-4 | 1.581 1.628 | 703.42
0.5h | 1.441e-4 | 1.262e-4 | 1.005 1.016 | 1398.92
0.25h | 1.078e-4 | 9.532e-5 | 0.4298 | 0.4048 | 2796.66
0.125h | 9.865e-5 | 8.783e-5 | 0.1274 | 0.1180 | 5612.53
5h 7.304e-3 | 6.815e-3 128.0
4h 4.7e-3 | 4.405e-3 | 1.976 1.956 156.6
ADI-FDTD 2h 1.244e-3 | 1.167e-3 | 1.918 1917 | 305.02
1h 3.825e-4 | 3.533e-4 | 1.701 1.723 | 603.42
0.5h | 1.673e-4 | 1.511e-4 | 1.193 1.225 | 1196.01
0.25h | 1.135e-4 | 1.015e-4 | 0.5595 | 0.5736 | 2401.22
0.125h | 1.001e-4 | 8.939¢-5 | 0.1818 | 0.1839 | 5512.44

error only when At > h. Table 1 shows that IS-FDTD is more accurate than ADI-FDTD
though IS-FDTD uses about 16.7% more CPU time than ADI-FDTD does. Further, with

the CFL number is getting bigger, the scheme IS-FDTD is getting more accurate than the
scheme ADI-FDTD.

To see the convergence rate in space of the improved scheme IS-FDTD and the ADI-
FDTD scheme we take 1 =0.02 and present the results in Table 2. Table 3 gives the esti-
mated convergence rate in space of the two schemes, which is obtained by using Tables
1 and 2. From Table 3 it is found that the convergence rate in space of the two schemes is
of second-order, which is consistent with the theoretical analysis. It should be noted that
the error is dominated by the spatial discretization error only when At <h. To investigate
the performance of the improved splitting scheme IS-FDTD and the ADI-FDTD scheme
in a long time, we present Table 4 to show the absolute error and CPU time of the two
schemes in the case with 1 =0.02 and time T=8. The CFL number is 0.5. From the Tables
1-4 we see that the improved splitting scheme IS-FDTD and the ADI-FDTD scheme are
more accurate than the splitting scheme S-FDTD.
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Table 2: Absolute error of E and H in the energy norm and CPU time of S-FDTD, IS-FDTD and ADI-FDTD
under different CFL numbers with the spatial step size h=0.02 at time T=1.

Scheme At E-error | H-error | CPU
2h 3.338¢e-2 | 5.165e-2 | 17.23
S-FDTD 1h 1.816e-2 | 2.371e-2 | 32.72
0.5h | 9.278e-3 | 1.146e-2 | 64.78

0.25h | 4.549¢-3 | 5.756e-3 | 129.48

0.125h | 2.119¢-3 | 3.013e-3 | 258.47
2h 3.426e-3 | 3.236e-3 | 22.41
IS-FDTD 1h 1.152e-3 | 1.030e-3 | 43.36
0.5h | 5.75%-4 | 5.057¢-4 | 87.98

0.25h | 4.310e-4 | 3.812e-4 | 167.38

0.125h | 3.947e-4 | 3.512e-4 | 386.42
2h 4.988e-3 | 4.642¢-3 | 18.59
ADI-FDTD 1h 1.531e-3 | 1.411e-3 | 35.95
0.5h | 6.695e-4 | 6.039¢-4 | 70.81

0.25h | 4.543e-4 | 4.059e-4 | 142.02

0.125h | 4.005e-4 | 3.574e-4 | 290.47

Table 3: Convergence rate in space of the two schemes IS-FDTA and ADI-FDTD at time T=1.

Scheme Time Step At | 1h | 0.5h | 0.25h | 0.125h

IS-FDTD Rate-E 0.993 | 1.58 | 1.873 | 1.967
Rate-H 0.986 | 1.595 | 1.8817 | 1.969

ADI-FDTD Rate-E 0.808 | 1.441 | 1.819 | 1.951
Rate-H 0.773 | 1.426 | 1.815 | 1.950

5.2 Example 2

In this example we assume that c* =0, o= 3712+1. The exact solution of the Maxwell

equations (1.1)-(1.6) with the boundary condition (2.1) is given by

Ex:

3

2 —t
—€ COS

(7rx)sin(mty)sin(7z),

E,= —6—ne_tsin(nx)cos(ny)sin(nz),

1
E.= 6—ne_tsin(7'tx) sin(7ty)cos(mz),

Hy=e¢ 'sin(7tx)cos(mty)cos(mz),

H :%e’tcos(nx)sin(ny)cos(nz),

H,= —ge_tcos(nx)cos(r(y)sin(nz).
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Table 4: Performance of IS-FDTD and ADI-FDTD at a long time T =8 with h=0.02.

Scheme At E-error | H-error | CPU
IS-FDTD 0.5h | 2.706e-3 | 5.558¢e-3 | 680.91
ADI-FDTD | 0.5h | 3.169e-3 | 6.439¢e-3 | 562.42

Table 5: Relative error of E in the energy norm and CPU time of S-FDTD, IS-FDTD and ADI-FDTD under
different CFL numbers with the spatial step size h=0.01 at time T=1.
Scheme At RE-E CPU
0.5h | 2.5228e-2 | 501.75
S-FDTD 0.4h | 2.0317e-2 | 636.33
0.25h | 1.2828e-2 | 989.38
0.20h | 1.030e-2 | 1261.63
0.5h | 5.5377e-5 | 707.67
IS-FDTD 0.4h | 3.8892e-5 | 889.39
0.25h | 3.3472e-5 | 1369.44
0.20h | 3.4900e-5 | 1732.04
0.5h | 6.0676e-5 | 583.69
ADI-FDTD | 0.4h | 5.2007e-5 | 720.01
0.25h | 4.3819e-5 | 1124.20
0.20h | 4.2184e-5 | 1401.98

Table 5 presents the relative error of the electric field E in the energy norm and CPU
time of S-FDTD, IS-FDTD and ADI-FDTD under different CFL numbers with the spatial
step size h =0.01 at time T =1. The results show that IS-FDTD is more accurate than
ADI-FDTD for this damped wave case.
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