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�Ý/�¡Î�EÜ>^Ñ�A.

2 EÜÑ��.

ã 1 �©��Åo÷¡�þ�Ý/�¡ÎE
ÜÑ�AÛ«¿ã, o÷¡ 1 þ���Ã�gd
�m, o÷¡ 2 e���Ã�þ!è10�, üo
÷¡�m´þÝ� hs �þ!È�, Ý/�¡Î8
I abcd  uo÷¡ 1 þ��m, Ù¥%�o÷¡ 1

�pÝ^ ht L«, Ý/8I ab >� x ¶���Y
�� ϕ. ã 2 �©�o÷¡�Ý/�¡ÎEÜÑ�
� FDTD O��., ë�>. AB �²¡, Ùe�
�o|«, þ��Ñ�|«, \�ÅÏL��3ë
�>.þ���>^6Ú\, ÑÑ>. CD ?uÑ
�|«, |^���n�±¦��«Ñ�|, FDTD

O�«�	Ü�� (UPML) áÂ>., þÝ� 10 �
��. � �� � � �E� �� � 	 
�� 
 �
 �
 �

ã 1 ©�o÷¡�þ�Ý/�¡ÎEÜÑ�AÛ«¿ã

 

 
� � � �

� �� �� � � � � 	 
	 �	 �
ã 2 ©�o÷¡�þ�Ý/�¡ÎEÜÑ� FDTD O��.

2.1 ooo÷÷÷¡¡¡���[[[

���Åo÷¡�±|^ Monte Carlo �{ [8]

�[)¤, o÷L¡�@�´d�þ��ÅU\

¤, �Å��Ì´Õá�pd�ÅCþ, Ù���
'uA½Åê�õÇÌ S(kj), de�¼ê)¤�
Ý� L ���o÷L¡��, =

f(xn) =
1
L

j=N−1∑
j=0

F (kj) · exp(ikjxn), (1)

ª¥ xn = n∆x (n = 1, · · · , N ) L«o÷L¡þ
1 n �lÑ:, ∆x ���æ�:m�ål, lÑÅ
ê kj �L�ª� kj = 2πj/L, F (kj) � f(xn) ��
m Fourier C�, ½Â�

F (kj) =
√

2πLS(kj)

×


1√
2

[N(0, 1) + iN(0, 1)] n 6= 0,

N(0, 1) n = 0,
N

2
,

(2)

ª¥ S(kj) �o÷L¡�õÇÌ�Ý, N(0, 1) L«
þ�� 0, ��� 1 �pd�ÅCþ, � j > N/2

�, F (kj) ÷v�Ýé¡'X F (kj) = F (kN−j)∗.

ù��±�y?1 Fourier _C��¤���o÷
L¡�Ó+ f(xn) ´¢ê.

�ê.©Ùo÷L¡�õÇÌ�Ý�

S(kj) =
δ2l√
2π

(
1

1 + k2
j l2

)
. (3)

�©¥¢S/¡�Ñl�ê.©Ù�o÷¡.

2.2 èèè111���ÈÈÈ���000>>>~~~êêê���...

è1�0>~êÌ�É\�ªÇ f , è1�
Ý mv, è1L¡§Ý T , è1a.�Ï��K�.

Wang Ú Schmugge[9] ïá
�«o¤©�., �è
1�âè¹þ� S, Åè¹þ� C, Kè1��Ý
Ø : Wp �

Wp = 0.06774 − 0.00064S + 0.00478C, (4)

�.N�Ý mt �

mt = 0.49Wp + 0.165. (5)

�è1¥ñ��Ý� ρr, Zè1�Ý� ρb, Kè1
�È�Ç p �

p = 1 − ρb

ρr
. (6)
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���¹e, è1¥ñ��Ý ρr = 2.6 g/cm3, ρb d
eª(½

ρb =
3.455

R0.3018
, (7)

R = 25.1 − 0.21S + 0.22C. (8)

� mv 6 mt �, è1��0>~ê

ε = mvεx + (p − mv)εa + (1 − p)εr, (9)

Ù¥

εx = εi + (εw − εi)β
mv

mt
, (10)

β = −0.57Wp + 0.481, (11)

ª¥ εa = 1.0 ��í�0>~ê, εi = 3.15 −j0.025

�X�0>~ê, εr = 5.0 −j0.1 �ñ��0>~
ê, εw �XY�0>~ê, §d Debye úªO�, =

εw = 4.9 +
εw0 − 4.9

1 + j2πfτw
, (12)

εw0 = 88.045 − 0.4147T

+ 6.295 × 10−4T 2 + 1.075 × 10−5T 3,

(13)

2πτw = 1.1109 × 10−10 − 3.824 × 10−12T

+ 6.938 × 10−14T 2 − 5.096 × 10−16T 3.

(14)

� mv > mt �, è1��0>~ê

ε = mtεx + (mv − mt)εw

+(p − mv)εa + (1 − p)εr, (15)

εx = εi + (εw − εi)β. (16)

È´dY!X¬NÚ�í|¤�·ÜN, �â
È¥´Ä¹k��Y�òÈ©�ZÈ!�È!�
È. È�0>~ê÷ve�'Xª [10]

εs − 1
εs + u

= pw
εw − 1
εw + u

+ pi
εi − 1
εi + u

+ pa
εa − 1
εa + u

, (17)

Ù¥ εs L«È���0>~ê, εw, εi � εa ©OL
«XY!X¬NÚ�í�0>~ê, pw, pi � pa ©
OL«XY!X¬NÚ�í�NÈz©Ç.

(17) ª¥ u �NÈ�a., ���

u =


2 ZÈ,

9 �È,

20 �È.

(18)

3 FDTD �{

3.1 ������ððð���ddd������§§§ FDTD ���©©©úúúªªª

éu��ð�d��§, î^ (TM) Å�k Ez ,

Hx, Hy ©þ, î> (TE) Å�k Hz , Ex, Ey ©þ.

± TM Å�~, FDTD �©úª� [11]

Hn+1/2
x

(
i, j +

1
2

)
= CP (m) · Hn−1/2

x

(
i, j +

1
2

)
− CQ(m) · En

z (i, j + 1) − En
z (i, j)

∆y
, (19)

Hn+1/2
y

(
i +

1
2
, j

)
= CP (m) · Hn−1/2

y

(
i +

1
2
, j

)
+ CQ(m) · En

z (i + 1, j) − En
z (i, j)

∆x
, (20)

En+1
z (i, j)

= CA(m) · En
z (i, j) + CB(m)

×

H
n+1/2
y

(
i +

1
2
, j

)
− H

n+1/2
y

(
i − 1

2
, j

)
∆x

−
H

n+1/2
x

(
i, j +

1
2

)
− H

n+1/2
x

(
i, j − 1

2

)
∆y

 ,

(21)

ª¥Xê

CA(m) =

ε(m)
∆t

− σ(m)
2

ε(m)
∆t

+
σ(m)

2

,

CB(m) =
1

ε(m)
∆t

+
σ(m)

2

, (22)

CP (m) =

µ(m)
∆t

− σm(m)
2

µ(m)
∆t

+
σm(m)

2

,

CQ(m) =
1

µ(m)
∆t

+
σm(m)

2

, (23)

(22) Ú (23) ª¥ CA, CB, CP , CQ ¥IÒ m �
��� (19)—(21) ª�à|©þ!:��m �
�Ó. �
¦ TE Å�§lÑ/ª� TM Åk�q
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/ª, ò (19)—(21) ª¥�m�I÷ x Ú y ��©
O£Ä����, ¿òlÑ�m t �£Ä���m
Ú ∆t/2, 2|^ TE ÅÚ TM Å�m�éó'X,

Ò��� TE Å\��>|Ú^|� FDTD O�ú
ª [11], ùpØ2Kã.

3.2 \\\���ÅÅÅ���ÚÚÚ\\\

�â���n3o|>.����>^6�
±3o|«Ú?\�Å, 
3Ñ�|«vk\�Å.

b½\��� θi, Åê� ki

ki = x̂ sin θi − ŷ cos θi; (24)

o|>.þ�: r = xx̂ + yŷ 3\�Å��þ�Ý
K d �

d = ki · r = x sin θi − y cos θi; (25)

S�(½ål d �\�Å�

En
inc(d) = [1 − d + floor(d)]En

inc[floor(d)]

+ [d − floor(d)]En
inc[floor(d) + 1], (26)

Hn
inc(d) = [1 − d + floor(d)]Hn

inc[floor(d)]

+ [d − floor(d)]Hn
inc[floor(d) + 1], (27)

ª¥ floor(d) L«�e��. o|>.þ r :�\
�|��

Ez(r) = Einc(d), (28)

Hx(r) = − cos θiHinc(d), (29)

Hy(r) = sin θiHinc(d). (30)

�
�Ø�ä>.?|�âC�)�<��
�, �\�²¡ÅN\²w�I¼ê, ~^pdI
¼ê

G(x, y) = exp{−[(x − x0)2

+(y − y0)2](cos θ/g)2}, (31)

ª¥ θ �\��, x0, y0 �o|>.�¥%: �,

±e x0 = 0, y0 = 0, g �ÀJA¦I¼ê3o|>
.>�?eü�¥%:?�� 10−3, b� ρm �¥
%�>���ål

exp[−(ρm cos θ/g)2] = 10−3, (32)

¤±

g = ρm cos θ/2.6. (33)

3.3 áááÂÂÂ>>>...^̂̂���

duO�ÅNþ���, FDTD O��U3k
�«�?1. �
U�[m�>^Ñ�L§, 3O
�«���ä>.?7L�ÑáÂ>.^�, �©
O�¥æ^ UPML áÂ>.. UPML áÂ>.�
Ðd Sacks[12] Ú Gedney[13] JÑ, §� Berenger[14]

������ (PML) |©þ©�nØØÓ, Ù�â
3ü¶��É50�¥, >^ÅE÷vð�d��
§, ¤±����Ü·�ü¶ëêÒ�±/¤��
���. ± TM Å�~, ��É50�ð�d�^
Ý�§ (Ã
) �L«�

∂Ez

∂y
= −jωµ1

sy

sx
Hx, (34)

∂Ez

∂x
= jωµ1

sx

sy
Hy, (35)

∂Hy

∂x
− ∂Hx

∂y
= (jωε1 + σ1)sxsyEz, (36)

Ù¥ ε1, µ1 Ú σ1 �Lã 2 ¥� UPML ���
� S Ü 0 � � 0 > ~ ê ! ^ � X ê Ú > � Ç.

sw(w = x, y) ´÷X x Ú y ���ü¶ëê, �
±e/ª

sw = κw + σw/jωε0, (37)

þª¥ κw, σw �L�ª�

σx(x) = σx,max
|x − x0|m

dm
, (38)

κx(x) = 1 + (κx,max − 1)
|x − x0|m

dm
, (39)

Ù ¥ d � UPML � � þ Ý, x0 � UPML � �
C FDTD «�.¡ �, σx,max, κx,max Ú m �~
ê, äN��ë�©z [13]. - Bx = µ1Hx/sx,

By = µ1Hy/sy, P ′
z = sxsyEz , Pz = P ′

z/sx,

K UPML ¥d Hx,Hy → P ′
z → Pz → Ez ��

�í?O�úª�
∂Hy

∂x
− ∂Hx

∂y
= ε1

∂P ′
z

∂t
+ σ1P

′
z, (40)

∂P ′
z

∂t
= κx

∂Pz

∂t
+

σx

ε0
Pz, (41)

∂Pz

∂t
= κy

∂Ez

∂t
+

σy

ε0
Ez. (42)

d Ez → Bx, By → Hx,Hy ���í?O�úª�

∂Ez

∂y
= −κy

∂Bx

∂t
− σy

ε0
Bx, (43)

∂Ez

∂x
= κx

∂By

∂t
+

σx

ε0
By, (44)
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κx
∂Bx

∂t
+

σx

ε0
Bx = µ1

∂Hx

∂t
, (45)

κy
∂By

∂t
+

σy

ε0
By = µ1

∂Hy

∂t
. (46)

é (40)—(46) ª$^¥%�©Cq=��� UPML

¥� FDTD úª [11], ùpØ2�Ñ.

3.4 CCC - ���|||			ííí

FDTD O�¥, 3O���­��J�ÑÑ>
.þ|�Ì�Ú� , ^��|	íúª?1	í.

Es = ẑ
1
2

√
j0k

2πr
exp(−j0kr)

×(−Zfz − fmx sinφ), (47)

ª¥ j0 =
√
−1, k �\�Åê, Z �Å{|, φ L

«Ñ�Å� x ¶Y�, �Ñ�� θs �'X φ =

90◦ − θs. >6Ý�^6Ý©þ fz , fmx �L«�

fz = −∆x

iD∑
i=iC

Hx(i, jCD + 1/2)

× exp(j0k∆x((jCD + 1/2) sin φ

+i cos φ)), (48)

fmx = −∆x

iD∑
i=iC

Ez(i, jCD)

× exp(j0k∆x(jCD sinφ + i cos φ)), (49)

Ù¥ jCD L«ã 2 ¥ÑÑ>. CD ?�!:p�
I. d (47)—(49) ª���«Ñ�| Es, �«X�
Ñ��¡�

RCS = lim
r→∞

2πr

L

|Es|2

|Ei|2
, (50)

ù�, �«Ñ�Xê�

σ = 10 lg RCS. (51)

4 ê�(J�?Ø

3±e�ê�O�¥XÃAÏ`², \�Åª
Ç f = 0.3 GHz, \�� θi = 30◦, �Åo÷¡V
Ç©ÙÑl�ê.©Ù, o÷¡�Ä��Ý L =

102.4λ, ��°Ý ∆x = λ/20, o÷¡�ê� 30 �,

UPML �þÝ� 10 ���, Ý/�¡Î (�ã 1)

�n��N, ab >� 2.0λ, bc >� 1.0λ, ab >�
� ϕ = 0◦.

4.1 ���{{{kkk���555���yyy

�
�y�{�k�5, Äk$^ FDTD O�
ü��ê.�Åo÷¡Ñ��VÕÑ�Xê σ, ¿
� MOM O�(J?1'�, (JXã 3 ¤«. o
÷¡pÝþ�� δ = 0.2λ, �'�Ý l = 1.5λ, \
�Å� λ = 0.03 m, e�0�0>~ê εs = 3.93

−j0.51. ü«�{O�(JÄ���.

� � � � � � � � � � �� � �� � �� � �� � �� � ��� ��	
� � 
 � 
� � � � � � � � �
ã 3 FDTD � MOM ê�O�(J'�

4.2 ooo÷÷÷¡¡¡ooo÷÷÷ÝÝÝëëëêêêéééÑÑÑ���XXXêêê���KKK���

ã 4 � TM Å\�eÈ�CXo÷/¡�þ
�Ý/�¡�NÎ�EÜÑ�Xê�o÷¡pÝ
åÏþ���Cz'X. O�¥üo÷¡�'�
Ý l1 = l2 = 1.0λ, È�þÝ hs = 1.0λ, 8IåÈ�
L¡pÝ ht = 2.0λ. ã 4(a), (b) �ZÈCXè1, Z
È0>~ê ε1 = 1.11 −j0.0029, è1 (�Ý mv =

0.1) 0>~ê ε2 = 5.16 −j0.13. ã 4(c), (d) ��
ÈCXè1, �È0>~ê ε1 = 5.49 −j0.054, è
1 (�Ý mv = 0.2) 0>~ê ε2 = 11.20 −j0.36.

ã 4(a), (c) �NÈ�L¡pÝåÏþ��Czé
EÜÑ�Xê�K�, ã 4(b), (d) �Nè1�L
¡pÝåÏþ��CzéEÜÑ�Xê�K�.

dã��, ZÈCXè1� (ã 4(a), (b)), È�L
¡pÝåÏþ��CzéEÜÑ�Xê�K�é
� (ã 4(a)); è1�L¡pÝåÏþ��CzéE
ÜÑ�Xê�K�, 3�ZÑ���NC, pÝþ
����EÜÑ�Xê��, 3��ZÑ���p
Ýþ����Ñ�Xê��, 3�Ñ����, E
ÜÑ�XêCz�� (ã 4(b)). 
�ÈCXè1
� (ã 4(c), (d)), È�L¡pÝåÏþ��Czé
EÜÑ�Xê�K�3�ZÑ���NC (Øº
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�	), pÝþ����EÜÑ�Xê��, 3��
ZÑ���pÝþ����Ñ�Xê��, 3�Ñ

����, EÜÑ�XêCz�� (ã 4(c)), è1�
L¡pÝþ��CzéEÜÑ�XêA�vkK

� � � � � � � � � � �� � �� � �� � �� � ��� � 	 
 � � � � 
 � � � � � � � � � � � � �� � �� � �� � �� � ��� 
 � �
� � � � � � � � � � �� � �� � �� � ��� 
 � � � � � � � � � � � � �� � �� � �� � ��� 
 � ����� � � � � � � � � � � � � �  � ! "� � � � � # � � � � � � �  �� � � � �  � � � � � � �  �� � � � � � � � � � � � �  �$ % � 
 & �� 	 
 � � � ����� � � � � � # � � � � � � �  �� � � � �  � � � � � � �  �� � � � � � � � � � � � �  �$ % � 
 & �

� 	 
 � � � ����� � � � � � � � � � � � � � # �� � � � � � � � � � � � �  �� � � � � � � � � � � � � � �$ % � 
 & �
� 	 
 � � � ����� � � � � � � � � � � � � � # �� � � � � � � � � � � � �  �� � � � � � � � � � � � � � �$ % � 
 & �

ã 4 pÝåÏþ��éEÜÑ�Xê�K� (a), (c) È�pÝþ��; (b), (d) è1�pÝþ��

� � � � � � � � � � �� � �� � �� � �� � �� � � 	
� � � � � � � � � � �� � �� � �� � �� � 
 	

� � � � � � � � � � �� � �� � �� � ��� � � 	 � � � � � � � � � � �� � �� � �� � ��� � 
 	
� � � � � � ����� � � � � � � � � � � � � � � �  !� � � � � � � � � � � � � � � �� � � " � � � � � � � � � � �� � � � � � � � � � � � � � �� � � � � � ����� # $ � � % 	 � � � � � � ����� # $ � � % 	

# $ � � % 	 # $ � � % 	� � � � � � �����
� � � � � � � � � � � � � � � �� � � " � � � � � � � � � � �� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � �� � � � � � � � � � � " � � �� � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � �� � � � � � � � � � � " � � �� � � � � � � � � � � � � � �

ã 5 o÷¡�'�ÝCzéEÜÑ�Xê�K� (a), (c) È��'�Ý; (b), (d) è1��'�Ý

144101-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 14 (2012) 144101

� (ã 4(d)). ã 4(a) ¥�O�
Ã8I�ZÈCX
è1�VÕÑ�Xê, �±wÑ, k8I��Ñ�
XêÊH�uÃ8I�¹, cÙ3�Ñ����ù
«Cz��²w.

ã 5 �Ñ
 TM Å\�eÈ�CXo÷/¡
�þ�Ý/�¡�NÎ�EÜÑ�Xê�o÷¡
�'�Ý�Cz'X. O�¥È�L¡pÝþ�
� δ1 = 0.1λ, è1�L¡pÝþ�� δ2 = 0.2λ, È
�þÝ!8IpÝ!È�0>~ê!è1�0>
~ê��þ�ã 4 ¥��. ã 5(a), (b) �ZÈCX
è1, ã 5(c), (d) ��ÈCXè1; ã 5(a), (c) �
È�L¡�'�ÝCzéEÜÑ�Xê�K�,

ã 5(b), (d) �è1�L¡�'�ÝCzéEÜÑ�
Xê�K�. lO�(J�±�Ñ, �'�ÝéE
ÜÑ�Xê�K���, ã 5(a), (d) ¥EÜÑ�X
êA�Ø��'�ÝCz, ã 5(b), (c) ¥EÜÑ�
Xê3º�Ú��Ñ����mÛÜ«�Ly�
��'�ÝO�
~�. ã 5(a) ¥�xÑ
Ã8I
��VÕÑ�Xê­�, dã�wÑ, 3�ZÑ�
��NCÚ�Ñ����, k8I��Ñ�Xê�
uÃ8I�¹.

4.3 ÝÝÝ /// ��� ¡¡¡ ��� NNN ÎÎÎ ëëë êêê ééé ÑÑÑ ��� XXX êêê
���KKK���

ã 6 O�
Ý/�¡�NÎº�CzéEÜ
Ñ�Xê�K�. O�¥�UCÝ/�¡�NÎ ab

>�Ý, bc >�E�±� 1.0λ, ü�o÷¡o÷Ý
ëê δ1 = 0.1λ, δ2 = 0.2λ, l1 = l2 = 1.0λ, È�þ
Ý hs = 0.5λ, �NÎåÈ�L¡pÝ ht = 2.0λ, È
�0>~ê ε1 = 5.49 −j0.054, è10>~ê ε2 =

11.20 −j0.36. dã 6 �±�Ñw«, � ab >�Ý
O��, EÜÑ�Xê3�ZÑ��� (º�) NC
²wO�, 3��ZÑ���EÜÑ�Xê� ab

>�ÝO�
~�, ab >���, �ZÑ����
¸�Ä, ab >���, �ZÑ����¸�°. ù´
Ï��8Iº�O��, 8IþL¡�º¡Ñ��
^O�, �8Iº��o÷¡�Ý'�Eé�, ¤
±Ø
º�Ñ���±	�Ñ�XêÌ��É¿
Ø´é�.

ã 7 ��NÎ¥%åÈ�L¡pÝCzé
E Ü Ñ � X ê � K �. O � ¥ δ1 = δ2 = 0.1λ,

l1 = l2 = 1.0λ, È�þÝ hs = 0.5λ, È�0>~

ê ε1 = 5.49 −j0.054, è10>~ê ε2 = 11.20

−j0.36. �±wÑ, 3�Ñ�����NÎpÝ�
�EÜÑ�Xê��, 3Ù¦Ñ����8I�N
ÎpÝCzéEÜÑ�Xê�K�Ø²w. ù´
Ï�Ñ�Å5go÷¡Ñ�!8IL¡Ñ�±9
o÷¡�8I��gÍÜÑ�, Ñ�Å�Â �
3Ã��?, �NÎpÝCzÌÝ�éu�Âål
5ù, CzÌÝé�, ÏdEÜÑ�XêCzØ²
w, �3�Ñ����, �NÎpÝCzé�gÍ
ÜÑ�K���, �NÎpÝ���gÍÜÑ��
r, Ïd3�Ñ����8IpÝ��EÜÑ�X
ê��.

� � � � � � � � � � �� � �� � �� � ��� � � � 	 � � 
� � 	 � 
� � 	 � 
��
� � � � � � �
ã 6 Ý/�¡Îº�CzéEÜÑ�Xê�K�

� � � � � � � � � � �� � �� � �� � �� � � 	 � 
 �� � 	 
 �� � 	 � ��
�� � � � � � �
ã 7 Ý/�¡Î¥%åÈ�L¡�pÝéEÜÑ�Xê
�K�

ã 8 �Ñ
�NÎ��CzéEÜÑ�Xê
�K�. O�¥ δ1 = δ2 = 0.1λ, l1 = l2 = 1.0λ,

È�þÝ hs = 0.5λ, 8IåÈ�L¡pÝ ht =

1.5λ, È�0>~ê ε1 = 5.49 −j0.054, è10>
~ê ε2 = 11.20 −j0.36. dã 8 �±�Ñ�NÎ�
�Czé���ý�EÜÑ�XêK���, �N
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Î�� ϕ = 10◦ �, EÜÑ�Xê3 –10◦—20◦ Ñ
���mk�²wàå; ϕ = 30◦ �, EÜÑ�X
ê3 –50◦—−10◦ Ñ���mk�²wàå; ϕ =

60◦ �, EÜÑ�Xê3 –90◦— −70◦ Ñ���m
k�²wàå, 3Ù¦Ñ����EÜÑ�XêC
zØ�.

ã 9 O�
8I0>~êCzéEÜÑ�X
ê�K�. O�¥ δ1 = 0.1λ, δ2 = 0.2λ, l1 = l2 =

1.0λ, Ý/�¡Î8I ab >� 4.0λ, bc >� 2.0λ,

8IåÈ�L¡pÝ ht = 2.5λ, È�þÝ hs =

0.5λ, È�0>~ê ε1 = 1.63 −j0.008, è10>~
ê ε2 = 11.20 −j0.36. ã 9(a) �8I0>~ê�¢
ÜCzéEÜÑ�Xê�K�, ã 9(b) �8I0>
~ê�JÜCzéEÜÑ�Xê�K�. dã 9 �

�, ØØ0>~ê�¢Ü½öJÜCz, 3�ZÑ
���NCEÜÑ�Xê�8I0>~ê�O�

O�, 3Ù¦Ñ����EÜÑ�XêCzé�.

� � � � � � � � � � �� � �� � �� � � � � � 	 � 
� � � � 
� � � � 
��
� � � � � 
 �
ã 8 Ý/�¡Î��CzéEÜÑ�Xê�K�

� � � � � � � � � � �� � �� � �� � �� � �� � � 	 
 � � 
 � � � � 
� � 	 � � 
 � � � � 
� � 	 
 � 
 � � � � 
 � � � � � � � � � � � � � �� � �� � �� � �� � �� � � 	 � � 
 � � 
 � � 
� � 	 � � 
 � � � � 
� � 	 � � 
 � � 
 � 
 � � ����� � � � � � � ���� � � � � � �
ã 9 Ý/�¡Î0>~êCzéEÜÑ�Xê�K� (a) 0>~ê¢Ü; (b) 0>~êJÜ

4.4 ÈÈÈ������èèè111���ëëëêêêCCCzzzéééÑÑÑ���XXXêêê���
KKK���

ã 10 ï Ä 
 è 1 � Ý C z é E Ü Ñ � X
ê�K�. O�¥ δ1 = 0.1λ, δ2 = 0.2λ, l1 = l2 =

� � � � � � � � � � �� � �� � �� � �� � � 	 
 � �� � 	 
 � 
� � 	 
 � ����� � � � � � �
ã 10 è1�ÝCzéEÜÑ�Xê�K�

� � � � � � � � � � �� � �� � �� � ����	
 � � 
 � � �
ã 11 È�a.CzéEÜÑ�Xê�K�

1.0λ, È�þÝ hs = 0.5λ, È�0>~ê ε1 = 1.63

−j0.008, 8IåÈ�L¡pÝ ht = 2.0λ, è10>
~ê��Ýk', �U (9) ª½ (15) ªO���. d
ã 10 �±�Ñ, 3Ñ��Cz��� −80◦—10◦

144101-8



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 14 (2012) 144101

�, è1�ÝCzéEÜÑ�XêK���²w,

è1�Ý��EÜÑ�Xê��, 3Ù¦Ñ���
���3�Ó5Æ, �EÜÑ�Xê�Cz��.

ã 11 O�
È�a.CzéEÜÑ�Xê�
K�. O�¥ δ1 = 0.1λ, δ2 = 0.2λ, l1 = l2 = 1.0λ,

È�þÝ hs = 0.5λ, 8IåÈ�L¡pÝ ht =

2.0λ, è10>~ê ε2 = 11.20 −j0.36, ØÓa.
È�0>~êU (17) ªO�. ã 11 w«È�a.
CzéEÜÑ�XêK��5Æ��E,, n^­
��p��, EÜÑ�Xê�Cz��, =Ñ��
3 −70◦—−20◦ �, ZÈéA�EÜÑ�Xê�u
Ù¦ü«�¹.

5 ( Ø

�©$^ FDTD �{, (Üè10>~ê�o

¤©�.úª±9È�0>~ê�.úª, ïÄ

È�CX�o÷/¡�Ùþ�Ý/�¡Î�EÜ
>^Ñ�A5, Ì�©Û
VÕEÜÑ�Xê�o
÷¡o÷Ýëê!Ý/�¡Îëê±9È��è
1�ëê��Cz5Æ. ê�O�(JL², VÕ
EÜÑ�Xê���ëêCz�5Æ�~E,, z
�ëêéÑ�Xê�K�þÉ�Ù¦ëê�K�
Ú��. �,, �©�´æ^�ê.o÷¡5�[
¢S�o÷/¡Úo÷È¡, $^ FDTD �{ï
Ä
To÷¡�8I�EÜ>^Ñ�¯K, 
�=
�u����/, k'O�(J�k�u?�Ú
�¢��y. éÙ¦a.�o÷/¡Úo÷È¡,

X©/9���>^Ñ�¯K�k�u?�Ú�
\ïÄ.
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Abstract

The dielectric properties of the actual land surface and snow deposit are described using the four-component model of dielectric

constant of soil and the dielectric constant model of snow respectively. The actual rough land surface is simulated with the model of

exponential type distribution rough surface and Monte Carlo method, the composite electromagnetic scatterings from the rough land

surface covered with snow and the column with rectangular cross-section above it are studied using the finite-difference time-domain

method, the curves of angular distribution of composite scattering coefficient are obtained, the bistatic composite scattering coefficient

varying with the roughness parameter and dielectric parameter of soil and snow, the geometric parameter and dielectric parameter of the

column with rectangular cross-section are calculated in detail. The characteristics of the composite scattering coefficient from rough

land surface covered with snow and the column with rectangular cross-section above it are also obtained.

Keywords: finite difference time domain, electromagnetic scattering, rough land surface, column with rectangular
cross-section
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