57 10 2008 10
1000-3290/2008/57 10 /6290-08

ACTA PHYSICA SINICA

Vol.57 No.10 October 2008
(©2008 Chin. Phys. Soc.

2007 12 17
oot jw
PACC 4110H 5170 5210
1.
finite

difference time domain FDTD
1990 Luebbers ! Debye

FDTD recursive convolution FDTD RC-
FDTD > N

% . Hunsberger > RC-FDTD
. Luebbers 6
. Kelley
piecewise linear PLRC-FDTD
RC-FDTD . Siushansian
s TRC-FDTD
RC-FDTD .
FDTD ADE
—il 12—14 JEC 15
Young 16—18
PLJERC 19 20
21—24
RC
* 60871070

T E-mail bwei @xidian. edu. cn

*
710071
4 11
2
JJEC
.PLRC PLJERC RC
JEC
.ADE Maxwell
7
7 VA
.RC  PILRC JEC PLJERC
.ADE 7
2002 B

- shift operator finite

difference time domain SO-FDTD

25 SO- FDTD

20070421109



6291

10
oot jw Vx E =-0B/dt =- ;oH/Ot
Vx H =dD/at. 6
6 B=yuH.
Yee 6
FpTD H 7 6
t= n+1/2 At
VxH "™ = D" - D" /At 7
exp jwt .
D' =D +At Vx H """, 8
2. D E
8 D
X
D i+ 125k
* =D i+ 12 k
1 Debye model + Ag- H" 0+ 172 j+ 12 k
cw el 4 12 511}_‘6” —HY w1212 k /Ay
p=1 Jwt, - HM i 125 k412
RS 1 Ae, ] CHT e 12 k- 12 Az .9
p=1 L TIn 9 H D FDTD
Ae,=¢,,—¢€u, €, D E
€=y D E
T
2 Lorentz model 4.
€ w = €, + S ZLM’Z 2
= w, + 2jwd, - w
Ae, 1 w, 0,
) FDTD
3 Drude model
, e 4.1.
€ W = €, — R 3
pol W = JwY, x
w, Y, D, = egye, w E,. 10
A €, w jw
€, w 4
jw—>dt 4 10
N N
& w =|2p jo /[an jo " 4 D, t = eqe, Ot E, t 11
i i e, dlot
3 FDTD )
e, 9/t :[Ep” Gy ]
n=0
Do =20 Eow > /[ﬁ]q a/az"]. 12
n=0



6292

57

12 11

N
an o/ot "]Dx t

n=0

N
=eo| > p, OOt ]E .

n=0

13
13
yt =0of t I

14 n+1/2 At
yn+l + yn /2 — fn+l _fn /At

15
z[
Zlf” — fn+1
n+1 . 15
Vo= A oz -1 54l [
14 17
AL —> 2UAL 5 -1 z +1

n

olot " — 2IAt  z -1/ z +1

19 13
h=2/A1
N
’Zq,h 5 -1/ z +1 l]D:
1=0

20 z, + 1 N

N
Z’]lhl o+ 1V g -1 l]D.'f
=0

N
:eOIZp,hl z, + 1 Nt z, — 1 l]E:
=0

21
4.2,
2
N=1 N=2 .
1 N=1 N 21

qo+ qih z, + qo—qh D

N
=%[szh z, =117z +1 /]E;’.
=0

14

15

16

16

20

21

=ey po+pih z+ po-ph Ei. 22
16 22

n+1 n+l1
E" = ay DV /e

+a, Diley — b E; 1b. 23
23 D E
ay =qo + ¢1h a; = qo — g, h
by =py + prh b, = py - ph. 24
2 N=2 N 21
Go+ 1 h + @B 2+ 2q, - 2¢: 0" 2
+ qo—-qih+ qh> D
= po+pih+ph” 2+ 2py - 2p, k7 g
+ po—pih+ph’ g kL. 25
16 21 25
EY = ay D''ey + a, Dile,
+ay, D'ey - b Er — byEY" /by, 26
26 D E
ay =qo + i h + ¢, B’
a, =2qy - 2¢, b’
ay =qy — i h + g, b’
by =po + pih + po b’
b, =2p, — 2p, b’
b, =py — prh + p,h*. 27
N=3 21
it _ LI e QIR
E" = b Zoja, D' e, —;b[Ej . 28
a; b do 4 4y Po P Pw
N=1 D
E D E
N=2 D E
D E
E . t =exp —4n t -1, °I7 29
T . 0 FDTD
At At =6/ 2c¢ c
1

0.25 ,



6293

10
1.0 6,=0 .
0.2}
e w =€, + €, —¢€. [ 1+]jwl
- jolwe, 30 o1l
@ i e.=1.16
>
e, =1.01 E 00
3
6=2.95%x10"*Q ¢,
=4.497x10""s. 1 0.1
RCS
FDTD . Mie 02f, . . . . . .
0.00 0.05 0.10 0.15 0.20 0.25 0.30
FDTD Mie "
5=33x107m 7 At
=60A:. 2
-30 —3SO-FDTD -50
——SO-EDTD
60 | 0 Mie
£
§ . -70
3 @
A I 80
w2
2
-90
O
. . . . -100}
0.2 0.4 0.6 0.8 1.0
_110 1 L 1 1 1 1
Jf/GHz 80 90 100 110 120 130 140 150
f/GHz
1 RCS
3 RCS
2 RCS
28
e, w = 1+wi/ w ju, — w
= jw 4 v, Jw + a)i
I jo t + v, jo 31 .
_—
wi: Ne* | me, N e m
€o
U(‘,
3.75 mm
31 . o0, =2.0x10"s"" w, =1.8x
4

10" Hz 6=5.0x 107> mm 7z =60Ar. 2 3

RCS.

Mie

a=02m d=b-a

. d=
0.1m 6§=0.5mm.TM
5 . S a
O % 29

N=5.0x10"m™>.



6294

57

g
g z
I g
g >
& QO
Mos0r : * d=0
L ' V.=1. 0x10"
' - = —¥,=5. 010"
40 | (b) \
1
2 4 6 8 10 12 14 16 18
f/GHz
. 5 a ™ b TE
SO-FDTD FDTD
»
€ w =€, + Z Ae,/ 1+ jar,
A =
P=1
€l w = €. + A& jw " 4 riea jw '
I jo’ + T jo !
SO-FDTD
. p=1 A2 Al
jw
p=n n=1 A2 Al
€o
Jw "
N\ AS,,
€, W =€, + T
P + Jwt,
N / N
e w = P jo " g o "] . Al m o n o
13 e | [Eee ]
n=0 n=0
1 Debye model
| p=n+1
Pob + qa jo o4 pib+ poc+ qa jo !
Eny1 W = ) ] .2
Gob jo "+ @b+ qc jo + @b+ gc jo 4+
Epbrpctgpa jo’t 4 pubtpaic g jo "+ pe jo "
+ g+ quic jo "+ g jo "
a=0N7e,,, jw 0/50 b= jw 0 C=Thyq- €nr1 W
m+1 m+1
N . n N 3 n
> jo / >4, jo
n=0 n=0
p A2 Al
2 Lorentz model

»
A 2, 2 . 2

e w =¢ex+ QD Agw,/ w, + 2w, - w
T

p=

20

A4

A6


Absent Image
File: 0


10 6295
p=1
tww; + Aeyw jo " +26,0 jo, |+ en jo
€ w = 2 . 0 . 1 . 2 A7
Wl jo  +20 jo 4+ jw
p=1 A6 Al
p=n n=l1 A6 Al
€, w =€ +§3A#w2’): ipjw"/iqu" A8
! * o1 wi + 2jwd, - W’ " ™
p=n+1
. Pob + qua jw0+ pib+ poc+ qa jo "4 p2b+pic+ pd+ pa jo ?
nel W ; ; .
: qowa°+ q1b+ qoc ]w]+ @b+ qic+ qod ]w2+
+ Pub + pui €+ puad + gua jo "+ pyc+ poad jo "+ pd jo "7 A9
+ qub + Guict quad jo "+ g+ gd jo "+ gd jo "
a=A€n+lwi+]/€0 b=w2n+l c=20,,, d=1 Eny1 W
m+2 m+2
Sooio " 20 je
n=0 n=0
p A6 Al
3 Drude model
»
E W = €4 — Zwi/ wi - jwY, Al10
p=1
p=1
6w = e —w jol-c.V jo'  w jo’ -7 jo! All
p=1 A10 Al
p=n n=1 A10 Al
Qoo o= D o ] /[ S o ] AL2
n=0 n=0
p=n+1
pob + qoa jo '+ pib+pyc+ qa jo!
€yl W = ) 1 .2
Gob jo "+ @b+ qgic jo + @b+ qc jo 4+
o + pobtpict gpa jo’+ + pub + puic t gua jo "+ pac jo " AL3
+ b+ guac jo "+ g jo "
a= _w2n+| jw 0/50 b:w%,,,] jw Y= = Vus1 €1 W
m+1 m+1
S || S o
n=0 n=0
p A10 Al |
n+1/2 At
B ¥ = fnn _2f" +fn71 IAR B
B2 Yy n n+1 n n
-1 B2
yn =Ln . Ln _ n+l + n-1 . Ln
2 2 4 2
olot— 2/At  z, -1/ z +1 1 1 1 ]
IR S G AN AR S AN
B 4 B AL ’
oot "—> 2/IAt  z -1/ z +1 "
z 16
¥ f 16 B3
yt =3f 1 /or Bl



6296 57
45 =25 41, _(22,—1)2.,1,1 yt = 9t xt . B8
YT AR 22z 4+ 1 T \Arz + 1 [ B z
n=2 19 2" = x! BO
n==k 19
k k
olot © — 2/ At z -1 / z, + 1 B5 yrl - 2/At z - 1/ z ¥ 1 2. B10
n=k+1 y f k+1 BS B7  BIO
yt =" f ol = o/r ot /o B6 - (lz, _1)(lz, _1)“ _ (lz, —1)’“‘ -
T \NAt z, + 1)\ Az, +1 TNAL z + 1 ’
xt =of ¢ /o B7 n=k+1 19
B6 k 19

1 Luebbers R J Hunsherger F Kunz K S Standler R Schneier M 1990
IEEE Trans . Electromagn . Compat . 32 222

2 Luebbers R J Hunsherger F Kunz K S 1991 [EEE Trans. Antennas
Propagat . 39 29

3 Luebbers R J Hunsberger F R 1992 [EEE Trans. Antennas
Propagat . 40 1297

4 Pontalti R Cristoforetti L Antolini R Cescatti L. 1994 [EEE Trans .
Microwave Theory Tech . 42 526

5 Hunsberger F' Lubbers R J Kunz K S 1992 IEEE Trans. Antennas
Propagat . 40 1489

6 Luebbers R J Steich D Kunz K 1993 [EEE Trans. Antennas
Propagat . 41 1249

7 Kelley D F' Luebbers R J 1996 [EEE Trans. Antennas Propagat .
4792

8 Siushansian R Lovetri J 1995 IEEE Microwave Guided Wave Lett .
5426

9 Nickisch L J Franke P M 1992 [EEE Antennas Propagat. Mag .
3433

10 Gandhi O P Gao B Q Chen T Y 1993 [EEE Trans. Microwave
Tech . 41 658

11 Takayama Y Klaus W 1994 IEEE Microw . Wireless Compon . Lett .
12 102

12 Sullivan D M 1992 [EEE Trans. Antennas Propagat . 40 1223

13 Sullivan D M 1995 IEEE Trans. Antennas Propagat . 43 676

14 Sullivan D M 1996 IEEE Trans. Antennas Propagat . 44 28

15 Chen Q Katsurai M Aoyagi P H 1998 [EEE Trans. Antennas
Propagat . 46 1739

16 Young J L 1994 Radio Sci. 29 1513

18
19

20

21

22

23

24

25

26

27

28

29

Young J L 1995 [EEE Trans. Antennas Propagat . 43 422

Young J L 1996 [EEE Trans. Antennas Propagat. 44 1283

Xu L J Yuan N C 2005 IEEE microwave and Wireless Components
Letters 15 277

LiuS B Mo JJ Yuan N C 2004 Acta Phys. Sin. 53 778 in

Chinese 2004 53 778
Yang L. X Ge D B Wei B 2007 Acta Phys. Sin. 56 4509 in
Chinese 2007 56 4509
LuS B Mo JJ Yuan N C 2004 Acta Phys. Sin. 53 783 in
Chinese 2004 53 783
LiuS B Mo JJ Yuan N C 2004 Acta Phys. Sin. 53 2233 in
Chinese 2004 53 2233
Yang L. X Ge D B 2006 Acta Phys. Sin. 55 1751 in Chinese
2006 55 1751
Ge DB Wu Y L Zhu X Q2003 Chin. J. Radio Sci. 18 359 in
Chinese 2003
18 359

Allen T Susan C H 2005 Computational Electrodynamics-the Finite
Difference Time Domain Method  third edition ~ London Artech
House

Ge D B Yan Y B 2005 Finite-Difference Time-Domain Method for
Electromagnetic Waves 2thed ~ Xi’an Xidian University Press  in
Chinese 2005

Ginzburg V L 1970 The Propagation of Electromagnetic Waves in

Plasmas 2thed  Oxford Pergamon Press

Mo JJ Liu S B Yuan N C2003 J. Microwaves 19 20 in Chinese
2004 19 20



10 6297

A general method for finite difference time domain modeling
of wave propagation in frequency-dispersive media”

Wei Bing'  Ge De-Biao Wang Fei
Department of Physics Xi'dian University Xi'an 710071 China
Received 17 December 2007  revised manuscript received 11 April 2008

Abstract

The analysis of electromagnetic scattering and propagation in dispersive media is complicated in time domain because its
dielectric property is frequency-dependent. A disadvantage of the prevailing algorithms is the need to deduce different
formulations for each dispersion model. In this paper the shift operator finite difference time domain SO-FDTD method is
developed. First we prove that the complex permittivity of three kinds of general dispersive media models i.e. Debye model the
Lorentz model and the Drude model may be described by rational polynomial functions in jw . By introducing a shift operator z,
the constitutive relation between D and E is derived in discretised time domain. The shift operator method is then applied to the
general dispersive medium case. The recursive formulation for D and E available for FDTD computation is obtained. Finally the
scatterings by a dispersive sphere and a PEC object covered with dispersive media are computed. The computed results are in
good agreement with the literature and the one obtained by Mie’s series solution. This illustrates the generality and the feasibility

of the presented scheme.
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