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1 Ú ó

�D�lfNÔn´ 20 ­V 90 c�,å�
�lfNÔn�#©|. §´3���lfN¥�
Ä
�Dâf�¿>�^�E,�lfN. ©fß
Ý��u�>âfßÝ��D�lfN�¡�f
>l�D�lfN. du3UNÔn!Ê�ÊU!
�ÅÏ&!�>fì��E��
­���ÆE
â+��3X�þ���D�lfNk'�Ôn
¯K, �D�lfNnØ9�'�A^ïÄÉ��
5�ÊH�­À [1−7]. du�Dâf�¿>�^,

�D�lfN�>^A5����lfNké�
�ØÓ. ����<ïÄ
f>l�D�lfN�
>^A5, 3�Ñ^|�^��¹e, �Ñ
f>
l�D�lfN�>�ÇÚ0>~êL�ª [8], ¿
?�ÚïÄ
>^Å3f>l�D�lfN�P
~ [9]. ,
, ^��k��© (FDTD) �{ïÄ>
^Å3f>l�D�lfN¥�DÂ5Æ, 8cÿ

vkmÐ.

FDTD �{´O�E,0�>^ÅDÂÚÑ
�¯K�kåóä [10−19]. C 20 c5, ?nÚ
Ñ 0 � � FDTD � { � � 
 × � u Ð, � ) 

9Ï�§ (ADE) �{ [11]!©ã�548òÈ�
{ (PLRC)[12]!Z C��{ [13] �. ��J�<J
Ñ
�«?nÚÑ0�>^¯K�£ �f��
k��©{ (SO-FDTD)[14]. 
|_�<ïÄ
�
�É50����k��© (ANI-FDTD) ¿1�
{ [15], �W!���<Äu�~�.!�°�.
ÚâÔ[�.uÐ
 SO-FDTD �{ [16−18]. �f
>l�D�lfN¥>^ÅDÂ��ý¯Kÿv
k)û.

�©òf>l�D�lfN0>~êz{�
± jω �gCþ�©ªõ�ª/ª, |^£ �f
��k��© (SO-FDTD) �{�Ñ
f>l�
D�lfN��'X���/ª, ¿lÚÑ0�
� Maxwell �§|Ñu, ?�Ú�Ñ
>|!^|
Ú> £¥þ�m�����4í'Xª. O�
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f>l�D�lfN����XêÚß�Xê, ©
Û
�DâfßÝÚ�Dâf�»Czé��X
êÚß�Xê�K�. (JL²: k�Dâf��
��Xê'vk�Dâf���Xê�, 
ß�X
ê�'vk�Dâf��Ý�Xê�; ��Dâf
ßÝ½�Dâf�»O��, Ù��Xêþ~�.

2 f>l�D�lfN�E0>~ê

f>l�D�lfN�éE0>Xê εr � [8]

εr(ω) =1 −
ω2

pe

ω2 + ν2
eff

+
cηed

(
νch + νeff

)
ε0

(
ω2 + ν2

eff

)(
ω2 + ν2

ch

)
− j

1
ε0ω

[
ε0ω

2
peνeff(

ω2 + ν2
eff

)
+

cηed

(
ω2 − νchνeff

)(
ω2 + ν2

ch

)(
ω2 + ν2

eff

)]
, (1)

ùp, ε0 �ý�¥0>Xê, c �ý�¥1�, ωpe

��lfNªÇ, νeff �k�-EªÇ, νch �>Ö
µþ�Ç, ηed �¿>�AÏf.

(1) ª²L�n±��

εr =
(jω)3 + (νeff + νch)(jω)2 + (νeffνch + ω2

pe)(jω) + (ω2
peνch − cηed/ε0)

(jω)3 + (νeff + νch)(jω)2 + νeffνch(jω)
. (2)

w,, f>l�D�lfN�E0>~ê�±
L«� jω �gCþ�©ªõ�ª/ª, ¿?�Ú
lÑ����4í'Xª.

3 f>l�D�lfN� SO-FDTD
4íúª

�ª�¥0����'X� (± x ©þ�~)

Dx = ε0εr(ω)Ex, (3)

e0>Xê εr(ω) �±�¤kn©ª¼ê/ª

εr(ω) =
N∑

n=o

pn(jω)n/
N∑

n=o

qn(jω)n, (4)

|^ª�����=�'X jω → ∂/∂t, ò (4) ª
�\ (3) ª������'X�

Dx(t) = ε0εr(∂/∂t)Ex(t), (5)

Ù¥ εr(∂/∂t) �0>Xê����f/ª

εr(∂/∂t) =
N∑

n=o

pn(∂/∂t)n/
N∑

n=o

qn(∂/∂t)n. (6)

�¼ê

y(t) =
∂f(t)

∂t
, (7)

þª3 (n + 1/2)∆t ¥%�©Cq�

yn+1 + yn

2
=

fn+1 − fn

∆t
, (8)

Ú\lÑ���£ �f zt, ½Â

ztf
n = fn+1, (9)

Ü¿ (8) ªÚ (9) ª��

yn =
( 2

∆t

zt − 1
zt + 1

)
fn, (10)

'� (7) ªÚ (10) ª�

∂

∂t
→

( 2
∆t

zt − 1
zt + 1

)
, (11)

ò (11) ª�\ (6) ª¿3Ùü>¦± (zt + 1)N , �
n�[

N∑
l=0

ql

( 2
∆t

)l

(zt − 1)l(zt + 1)N−l

]
Dn

x

=ε0

[
N∑

l=0

pl

( 2
∆t

)l

(zt − 1)l(zt + 1)N−l

]
En

x . (12)

(12) ª¡�lÑ��¹£ �f���'X.

é' (2), (12) ª�� N = 3, ¿- 2
∆t = h,

z{�

En+1
x =

1
b0

[ 1
ε0

(a0D
n+1
x + a1D

n
x

+ a2D
n−1
x + a3D

n−2
x )

− b1E
n
x − b2E

n−1
x − b3E

n−2
x

]
, (13)

Ù¥

a0 = q0 + q1h + q2h
2 + q3h

3,

a1 = 3q0 + q1h − q2h
2 − 3q3h

3,
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a2 = 3q0 − q1h − q2h
2 + 3q3h

3,

a3 = q0 − q1h + q2h
2 − q3h

3; (14)

b0 = p0 + p1h + p2h
2 + p3h

3,

b1 = 3p0 + p1h − p2h
2 − 3p3h

3,

b2 = 3p0 − p1h − p2h
2 + 3p3h

3,

b3 = p0 − p1h + p2h
2 − p3h

3; (15)

p3 = 1, p2 = νeff + νch,

p1 = νeffνch + ω2
pe,

p0 = ω2
peνch − cηed/ε0; (16)

q3 = 1, q2 = νeff + νch,

q1 = νeffνch, q0 = 0. (17)

ÚÑ0�¥, Maxwell �§|�
∂D

∂t
= ∇× H, (18)

∂H

∂t
= − 1

µ0
∇× E, (19)

éu>^Å÷ z DÂ����/, l E ©þO� H

©þÚ H � D �S�ª�

Hn+1/2
y

(
k +

1
2

)
=Hn−1/2

y

(
k +

1
2

)
− ∆t

µ0∆z

× [En
x (k + 1) + En

x (k)], (20)

Dn+1
x

(
k +

1
2

)
=Dn

x(k) − ∆t

∆z
×

[
Hn+1/2

y

(
k +

1
2

)

− Hn+1/2
y

(
k − 1

2

)]
. (21)

ù� (13), (20) Ú (21) ª�¤
�[f>l�D�
lfN>^1����4í'Xª.

4 ê�(J

~ 1 SO-FDTD �{O�(J�DÂÝ
{
O�(J�'�. ��þÝ d = 2.25 × 10−2 m,

� D � l f N ¥ > f ß Ý ! > Ö µ þ � Ç !
k�-EªÇ!�DâfßÝ!�Dâf�»
©O� Ne = 1018 m−3, νch = 8.7 × 109 rad/s,

νeff = 3.8 × 1010 rad/s, Nd = 8.5 × 1012 m−3,

rd = 10−6 m. �D�lfN����XêÚß
�XêXã 1 ¤« (ã¥n�), Ù¥ã 1(a) ���
Xê, ã 1(b) �ß�Xê. ��'�ã¥��Ñ


DÂÝ
{ [20] �O�(J (¢�). dã��, üö
�O�(J�ÎÜ.

ã 1 �D�lfN����Xê!ß�Xê (a) ��X
ê; (b) ß�Xê

~ 2 �DâfßÝé��Úß�Xê�K
�. ��D�lfN�þ d = 2.25 × 10−2 m. �
D�lfN¥, >fßÝ Ne = 1018 m−3, >Öµ
þ�Ç νch = 7 × 1011 rad/s, k�-EªÇ νeff =

1011 rad/s, �Dâf�» rd = 10−6 m. ©O�Ä
Ã�DâfÚ�DâfßÝ Nd = 6 × 1014 m−3

�ü«�/, O����D�lfN����X
êÚß�XêXã 3 ¤«, ã¥ ‘¤’ �LÃ�D
âf���/, ¢��L Nd = 6 × 1014 m−3 ��
�/, Ù¥ã 2(a) L«��Xê, ã 2(b) L«ß�
Xê.

~ 3 �Dâf�»é��Úß�Xê�K�.

�þ d = 2.25 × 10−2 m, �D�lfN¥>fß
Ý!>Öµþ�Ç!k�-EªÇ!�Dâfß
Ý©O� Ne = 1018 m−3, νch = 7 × 1011 rad/s,
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νeff = 1011 rad/s. Nd = 3 × 1014 m−3, ©O��D
âf�»� rd = 1 × 10−6 m, rd = 1.4 × 10−6 m.

�D�lfN����XêÚß�XêXã 3¤

«, ã¥¢��L rd = 1 × 10−6 m �/, ‘©’ �
L rd = 1.4× 10−6 m �/, Ù¥ã 3(a) L«��X
ê, ã 3(b) L«ß�Xê.

ã 2 ØÓ�DâfßÝe�D�lfN���Úß�X
ê (a) ��Xê; (b) ß�Xê

ã 3 ØÓ�Dâf�»e�D�lfN���Úß�X
ê (a) ��Xê; (b) ß�Xê

5 ( Ø

�©^ SO-FDTD �{O�
f>l�D�l
fN����XêÚß�Xê. ã 1 `²
 SO-

FDTD �{3f>l�D�lfN¥�·^5;

ã 2 �Ñ, ��DâfßÝO��, Ù��Xê~
�, ��XªÇ�O\
~�; dã 2(a) �±wÑ,

k�Dâf����Xê'vk�Dâf���

Xê� 10 � 15 � dB; dã 2(b) ��, k�Dâ
fë���ß�Xê�'vk�Dâf��ß�
Xê�; ã 3 ¥d (a) ã�±wÑ�Dâf�»
d 1 µm O�� 1.4 µm �, ��Xê²þ~� 10

� dB, dã 3(b) wÑ�Dâf�»O��, ß�X
ê�O�, ùL²�Dâf�ë�éf>l�D�
lfN�ÅP~ké��K�.
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Abstract

The complex permittivity of weakly ionized dusty plasma is presented as a fractional polynomial in jω. A frequency-domain

constitutive relation of weakly ionized dusty plasma is given by shift operator finite-difference time-domain (SO-FDTD) method in

time domain. Also the recurrence relation on the electromagnetic properties of weakly ionized dusty plasma is deduced by the SO-

FDTD. The reflection and transmission coefficients of the weakly ionized dusty plasma layer are calculated, and the influences which

is caused by the change of the dust particle concentration and radius on reflection and transmission coefficients are also analyzed by

the SO-FDTD method. The result shows that the reflection coefficient in the presence of dust particles is smaller than in the absence of

dust particles, while the transmission coefficient in the former case is larger than in the latter case. Besides, it is found that the reflection

coefficient decreases as the concentration or radius of dust particle increases.
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