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Abstrac t: The sh ift opera tor finite-d ifference tim e-dom ain( SO-FDTD ) m ethod is presented for d ispersive m ed ia. The

perm ittiv ity o f dispers ive med ia is w r itten as rational polynom ia l function. The relation betw een D and E is der ived in

tim e dom a in. In th is paper, the SO-FDTD m ethod is applied to sim ulate the e lectrom agnetic w ave propagation in hom o-

geneous unm agne tized plasma. The accu racy of the m ethod is verified by compar ing the so lution of ZT-FDTD. TheNu-

m erical resu lts a lso show that the SO-FDTD m ethod is v ery e fficient and its calculation occupies few er com puter re-

sources.
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[摘要 ]  介绍了色散介质的移位算子时域有限差分方法 ( SO-FDTD ). 通过将色散介质的介电常数写成有理分

式函数形式, 推导出时域中电位移矢量 D和电场强度 E之间的关系,将此方法应用于计算电磁波在均匀非磁化

等离子体中的传播. 与 ZT-FDTD方法计算的结果相比, SO-FDTD方法的计算精度得到了证实, 数值结果进一步

显示出这一算法计算效率高,消耗的计算机资源少.
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  In 1966, Yee first inven ted finite-difference time-domainmethod for e lectromagnet icw aves, wh ich is a nu-

mericalmethod directly so lveM axw ell. s equa tions in time-dom ain
[ 1]

. It has a lo t o f advantages, including com-

paratively easy, effective, need ing less CPU times andm emory.

Over the last decade, there have been great improvements in using FDTD methods to so lve prob lem s o f e lec-

tromagnet ism in dispersive med ia. In 1990, Luebbers et a.l published a thesis firstly introducing FDTD method

for d ispersivemedia, recursive convo lut ion ( RC) method
[ 2]
. Then in 1996, in order to improve the accuracy of

th is calcu lation, K elly et a.l proposed a new p iecew ise linear recursive convolution ( PLRC ) method
[ 3]
. Be-

sides, comb ined w ith FDTD method, severa l schemes such as the frequency-dependent Z- transform ( ZT )
[ 4 ]

,

aux iliary differential equation( ADE )
[ 5]
, the current density convo lut ion ( JEC )

[ 6]
etc. have been proposed to

analysis dispersive med ia. Among of them, a lternating-d irect ion- implicit ( ADI) method
[ 7]

and sh ift operator
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( SO) m ethod
[ 8]

are frequent ly app lied during the last few years
[ 9- 12]

.

The genera l constitutive re lationship in dispersivem edium is in frequency-doma in and is transformed to con-

vo lut ion relationsh ip in tim e-doma in. The die lectric constant of dispersive medium is frequency- independen,t

therefore, it is d ifficu lt to apply FDTD d irect ly. In th is paper, w ith in troduction of sh ift operators in d ispersive

time-doma in w ith the difference approx imation method, arithmetic operato r intergradat ions betw een time-domain

and d ispersive time-dom ain are obtained. And the conceptions are conc ise. The resu lt is acqu ired w ithout using

the Z-transition method. W hen const itutive re lationsh ip in frequency-dom ain can be w ritten as rat iona l fractional

functions, it shou ld be transfo rmed to time-dom ain, and then to d ispersive time-doma in. And recursive fo rmula-

t ions from D toE can be deduced. The fo rmulations can be used for the FDTD calcu la tion in d ispersivemed ium.

W ith the sh ift operatormethod, the re la ted parameters in the electric field are calcu lated when electromagnetic

w ave co llides w ith homogeneous unm agnetized plasma. Compared w ith the ZT so lution, the accuracy of resu lts

and efficiency o f ca lculat ion are a lso obta ined.

1 SO-FDTDM ethod

W ith co llision cold p lasma in dispersivem edium, thew e l-l knownM axw ell. s equations and related equations

are g iven as fo llow s:

5D
5t = ¨ @H , ( 1)

5H
5t = -

1
L0
¨ @E , ( 2)

D ( X) = E0Er ( X)E (X ) . ( 3)

A s to one-d imension simu lation, H can be ca lculated from E, and thenD formula can be also ca lculated by

using the FDTD m ethod.
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A ssum ing the const itutive relationsh ip formulation ( 3 ) in frequency-doma in medium, d ielectric constant

Er (X ) can bew ritten as rat iona l fract ional funct ion:

Er (X ) =
E
N

n= 0

pn ( jX)
n

E
N

n= 0
qn ( jX)

n

. ( 6)

W ith transition relationsh ip from frequency-doma in to t ime-doma in: jXy 5 /5t, insert ( 6) into ( 3):

D ( t) = E0Er

5
5t
E ( t) . ( 7)

A ssum ing the function y ( t ) =
5f ( t)
5t , its cen tra l d ifference in ( n + 015)$t can approx imately be g iven:

y
n + 1

+ y
n

2
=

f
n+ 1

- f
n

$t
. ( 8)

Define as

z tf
n
= f

n+ 1
, ( 9)

z t is sh ift opera tor
[ 8, 12]

, combine ( 8) w ith ( 9) :

y
n
= 2

$t

zt - 1

zt + 1
f
n
. (10)

A fter comparison,
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. (11)

Const itutive re lationsh ip in dispersive tim e-doma in can be given:
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SupposeN = 2, and inset it into ( 12) :
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A ccord ing to ( 9), ( 13) can be w ritten in other form:
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No tice that
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A s to co ld plasma, re lative d ielectric constant is:

Er ( X) = 1+
X

2
p

X ( jMc - X )
. (15)

W here Xp is plasma frequency, Mc is average va lue of electron collision frequency. A fter compar ison, p0,

p 1, p2, q0, q1, q2 can be calcu lated w ithN = 2; p0 = X
2

p, p1 = Mc, p2 = 1, q0 = 0, q1 = Mc, q2 = 1.

A ccord ing to ( 14) , E can be ca lculated. Comb ine ( 4) w ith ( 5) , and the iterat ive process can be comple-

ted.

2 Resu lts andAnalysis

W e perform a simu la tion of pulsemeeting a unmagnetized plasm a. On ly the propagat ion in one-d imensional

space is considered. The computat iona l doma in is subdiv ided into 500 ce lls, and p lasm a occup ies 100 cells.

Th is simulat ion uses the propert ies of silver: fp = 2817GH z( XP = 2Pfp ), Mc = 20GHz. In the course o f this prob-

lem, it is necessary to simu late EM waves of 60GH z. A t th is frequency, the free space w ave length is K= 3 @

10
8
/60 @ 10

9
= 01005m. Fo llow ing the rule o f the w el-l known / Courant Condit ion0, a cell size of$x[ Km in /10

and a t ime step of$t= $x /2c0 are used, where c0 is the speed o f the ligh t in free space. The inc ident pu lse gen-

erated in cell number five is a sine w ave w ith a Gaussian envelop sin(Xt ) exp 2P
t- t0

S

2

. F igs. 1 and 2

show the evo lution o f pulse at d ifferent time for tw o d ifferent frequenc ies.

F igs. 1 show s the f irst simu lation at 7 GH z, w e ll below the p lasm a frequency. Not ice that it interacts w ith

the plasma a lmost as if it is ame tal barrier and is a lmost completely reflected. F igs. 2 is a sim ilar simulation at

60 GHz, w e ll above the p lasm a frequency. A small portion o f it is reflected, but thema jority o f the pu lse passes

through the p lasm a.

Furthermore, from Fig. 1 and Fig. 2, two numericalmethods almost have the same accuracy, but there ex-

ists a large difference in compu ting efficiency. Tab le 1 prov ides CPU tim e o f this simulat ion. Due to no Z-trans-i

t ion betw een the frequency-domain and t ime-doma in, the CPU time of the SO-FDTD can be reduced to a lmost

1 /4~ 1 /5 that of the ZT-FDTD.
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Table 1 The CPU tim e for tw o num erica lm ethods at different frequencies and tim e steps

Num erical

m ethods

CPU tim es / ( @ 10- 2 seconds)

f= 7@ 109H z f = 60 @ 109H z

300 620 800 300 800 1 000

ZT 101156 18175 25100 91375 261563 321813

SO 21031 3 416875 6125 31125 6125 71812 5

3 Conclusion

In this paper, the d ielectr ic property of dispersive med ia isw r itten as rational po lynom ial function, and the

re lations be tw eenD andE are derived in time-domain. It is named sh ift operator FDTD ( SO-FDTD) method.

And w ith id iograph ic examp les of simulation of electrom agneticw ave propaga tion in free space and co lliding plas-

ma medium, the accuracy o f ZT-FDTD is verified w ith the SO-FDTDm ethod. The SO-FDTDmethod is very eff-i

cient and its ca lculation occup ies few er computer resources, such as CPU tim e and memory.

The SO-FDTD method has been exp lained for a 1- D TEM wave in th is paper. H ow ever, ourme thod could

be applied in a two-dimensiona l or three-d imensional w ave.
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