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 Cq�{ [12]!VºÝ�{Ú�6{ [13] ��{,
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Äu¡�{é»(o÷L¡�£Å?1
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2 Ôn�.�O��{

2.1 ÔÔÔnnn���...

ã 1 �Ñ
üÕ�eÀX�&ÿ¤é©�o
÷¡(�?1L�ÚgL�&ÿ�Ôn�., Ù
£±
��dü�0�¤�¤�©�o÷¡(
�, Ù¥L� (� l) �0>~ê� ε1, �Ñ���
� tan δ1, � 1 �þÝ� Z, � 1 �þ��ý�, 0
>~êP� ε0, gL� (� 2) �0>~ê� ε2, �
Ñ���� tan δ2. U�XÚ (ó4fU�) �(
NL¡u�>^Å (ã¥P� PT), >^Å3L¡
u)��Úò�, ��Ñ�Å�U�XÚ�Â (ã
¥P� P1), 
ß�ÅBLL�0�3gL¡�
��,�q²L�ò��
�U�XÚ�Â (ã
¥P� P2).

ã 1 ©�o÷¡>^Ñ�Ôn�.

3ã 1 ¥, L¡ÚgL¡þ�p$åÏ�o÷
¡, �©æ^pd. (Gaussian) �Åo÷¡5�[
T©�(��L¡ÚgL¡�©ÙA�. æ^þ�
� (RMS) pÝ σ Ú�'�Ý λ ü�Ônþ5L�
pd.�Åo÷¡, ÙõÇÌ�Ý�±L«�

P (kx, ky) =
σ2λxλy

4π
exp

(
−

k2
xλ2

x + k2
yλ2

y

4

)
, (1)

Ù¥ λx Ú λy ©O�o÷¡3 x Ú y ����'
�Ý, kx Ú ky ©O�o÷¡3 x Ú y ���Åê.

2.2 ÑÑÑ���|||���OOO������{{{

3o÷¡z�:�­Ç�»�u\�ÅÅ�

�^�e, Kirchhoff Cq´)Û/¦)>^Ñ�|
�k��{ [19]. Kirchhoff Cqq¡�²¡Cq, �
o÷¡þ?¿�:?�L¡|^T:��¡|5
Cq, Ó�ÏL Fresnel ��Úß�½Æ5O�Û
Ü�²¡���|Úß�|. �é�åÏÅL/
o÷¡, �©��ýÄu±eü�b�: 1) L¡Ú
gL¡o÷Ý��, áuÅL/o÷¡, 3T�/
e Kirchhoff Cq¤á; 2) Ø�Ä>^Å3©.¡
þ�õ­Ñ�Úñ-�A.

éu��üÕX�XÚ, �dó4fU��)
�\�|� E = E0ê, Å¥þ� kin, ó4fU�\
�|±�½�Åå°Ý±�eÀ�ª\��©�
0��L¡, Ü©>^Å���Ñ�
�U��Â,


ß�Å²gL¡���±9L¡�ß��, Ü©
Uþ��U��Â.

�Ä±�Åo÷L¡�>.���µ4«
� V , �â Stratton-Chu È©�§, ?u � r =

(x′, y′, z′) �X�&ÿ¤�Â�Ñ�£ÅrÝ�±
L«�

E(r) =
∫

V

(iωµJG +
ρ

ε
∇G − J∗ ×∇G)dv

−
∫

S

[(n · Er)∇G + (n × Er) ×∇G

+ iωµ(n × H)G]ds, (2)

S ��ì��L¡«����, G �ý�¥���
¼ê, þª1�È©�L«d«� V Sgd�>
6 J!>Ö ρ Ú^6 J∗ �)�>|, 1��È©
�L«3«��>.þdaA�>6!>ÖÚ^
6�)�>|, ò«�SU�-u�>|±ó4f
U��Ë�|�O, Ó��Ä�«�Svkgd�
>ÖÚ^6�3, ¤±1�È©��", (2) ª�±
��

E(r) = −
∫

S

[(n · Er)∇G + (n × Er) ×∇G

+ iωµ(n × H)G]ds, (3)

þª¥ Er �\�>|²L¡¡������
� |, n � ¡ � � { � ¥ þ, � â � | C q ^
� 1/|k| ¿ |r − r0|, ²Lí� [12] ��:

E(r) =
∫

S

[−ikk̂sc × (n × Er) + ikk̂sc

× (k̂sc × (n × Hr))]GdS0, (4)

ª¥ k̂sc L«d¡���*	:�ü ¥þ.
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3 ê�O��é'©Û

3.1 LLL¡¡¡ooo÷÷÷ÝÝÝéééÑÑÑ���|||���KKK���

3.1.1 o÷L¡Ñ�|�ê�O�(J

�
ïÄo÷¡éÑ�|�K�, Äkæ^þ
ã�{ïÄ
üÕX��Â�ØÓL¡o÷Ý�
Ñ�|. 3�ý�L§¥, U�u��>^Å¥%
ªÇ f0 = 5 MHz, �° B = 8 MHz, ó4fU�
�Ý� L = 30 m, U�u�õÇ P = 800 W. À�
X�pÝ H = 20 km, L¡«���� L = 20 km

��/«�, o÷L¡�'�Ý�±� 60 m Ø
C. À�gL¡�²¡, gL¡�Ý� 500 m (e
© Ã A O ` ², � ý | µ Ø C). L � 0 � E 0
>~ê ε1 = 4.0 + 0.03i, gL�0�E0>~
ê ε2 = 8.0 + 0.5i, ã 2(a), (b), (c) Ú (d) ©O�Ñ

L¡þ��pÝ σ = 0 m, σ = 0.5 m, σ = 2.0 m

Ú σ = 5.0 m �U��Â��Ñ�£Å. 3ã 2 ¥,

î�IL«£Å�£Å�cà�m��§� (é
Au�ò), p�I�8�z�>|, �L¡ÚgL
¡þ�²¡��U.:£ÅrÝ E0 ��8�z
Ïf. dã 2 �±wÑ, U��Â�£Å�¹: r

��L¡U.:£Å (¸�3 r = 0 m) ?!L¡
�U.«�£Å (,Å) ÚgL¡U.:£Å (¸
�3 r = 1000 m) ?. ã 3 Ú^
îÊÛ MARSIS

X�&ÿ¤3»(gL�&ÿL§¥¢ÿ��ü
�êâ���y [20], �±wÑ�©��ý(J
Ú MARSIS �¢ÿ�X�£Å­�äk���Ó
�ª³.

é'ã 2 ¥� 4 ~�ý(J�±uyU�
�Â��Ñ�£Åäk±eA:: 1) L¡U.:
£ÅÑy3 r = 0 m ?, gL¡U.:£ÅÑy
3 r = 1000 m ?, ù�nØO����gL¡£
Å�§ò� ∆r =

√
εr · Z = 1000 m ÎÜ; 2) �L

¡ÚgL¡þ�²¡�� (ã 2(a) �/), U��
Â��Ñ�£Åþ5gL¡U.«�ÚgL¡U
.«� (X��e�), L¡�U.«�£Å (,Å)

K�~�f, ��XL¡o÷Ý�O\, L¡U.
:£Å (¸�) ~f, �U.«�£Åm©¯�O
r, `²L¡�U.«�£ÅéL¡o÷Ý�C
z�~¯a; 3) '�ã 2(a), (b) Ú (c) �±uy, L
¡o÷Ý�CzégL¡U.«��£ÅrÝK
���, ã 2(d) ¥, r��L¡,Å�v
gL¡
£Å.

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

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


 � � 
 
 �

 � � 
 � �

ã 2 U��Â��ØÓL¡o÷Ý�Ñ�£Å (a) σ = 0 m; (b) σ = 0.5 m; (c) σ = 2.0 m; (d) σ = 5.0 m; L¡�'�Ý�
± 60 m ØC, gL¡�²¡
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� � � � � � � � � � � � � �� � � � 	 � 
 � � � �
ã 3 MARSIS gL�&ÿX�3»(gL�&ÿL§¥
¢ÿ�ü�êâ

3.1.2 o÷L¡Ñ�|�nØ©Û
�©}ÁlüÕX��Â£Å�A:Ú Gaus-

sian �Åo÷¡�ÚOA�\Ã5nØ©ÛL¡
o÷ÝéÑ�|�K�. üÕX��Â�´o÷¡
é\�Å���Ñ�£Å, éu��Ñ�, \�Å
¥þ kin ÚÑ�Å¥þ ksc ÷v

ksc = −kin. (5)

ò (5) ª�\ (4) ª, ,�²L¥þ$��±��L
¡Ñ�|�L�ª:

Esur(r) = − ik
e ikr

2πr

∫
S0

[kin · n(r0)]

× Erê · e ikin·r0 dS0, (6)

ª¥ S0 �o÷L¡��, Er �L¡��|.

b½o÷¡�p§ z ÷v©Ù z = f(x, y), ò
\�Å�Å¥þ©)� kin = (kx, ky, kz), @oÑ
�|3 r ?�£ÅUþ�Ý�±L«�

Psur(r) =k2η
e i2kr

4π2r2

∫
S0

[(
∂f

∂x

)2

k2
x

+
(

∂f

∂y

)2

k2
y + k2

z − 2
(

∂f

∂x

)
kzkx

+ 2
(

∂f

∂x

)(
∂f

∂y

)
kxky

− 2
(

∂f

∂y

)
kzky

]
Er e ikin·r0 dS0. (7)

du\�Å¥þ�©þ kx Ú ky 3 xoy ²¡� 2π

�ÝSäkVÇþ��©Ù, Ó��Ä�·�^p

d.�Åo÷¡5��¢S�o÷L¡, þ��p
Ý σ 5L�p§ z �ÚOA�©Ù, (ÜÙõÇ�
Ý�L�ª (1) ª, �±��pd.o÷L¡Ñ�
|3 r ?U6�Ý�ÚOÏ"��

Psur(r) =k2η
e i2kr

4π2r2

∫
S0

k2
zEr e ikin·r0 dS0

+ k2

(
σ

λ0

)2

η
e i2kr

2π2r2

∫
S0

(k2
x + k2

y)

× Er e ikin·r0 dS0, (8)

ª¥1���L¡U.«��Ñ�|, 1���L
¡�U.«��Ñ�|. ÏLTª�±wÑ, e�
±>^Å\�Å�ØC, Ó�Ø�Äo÷¡åÏC
z
Úå�È©��Cz (¯¢þù«Cz´Ø�
�Ñ�, �e©), @oU.«��£ÅØ�o÷¡
�o÷Ý�Cz
Cz, 
�U.«�£Å (L¡
,Å) �Xo÷Ý
¤�g��5ÆO�.

�
ê�©Û'�L¡o÷ÝéÑ�|r
Ý�K�, ·�©O¦ÑL¡U.«��²þU
þ Psur-nadir, L¡�U.«��²þUþ Poff-nadir

ÚgL¡U.«��£ÅUþ Psub-nadir, ½Â²þ
Uþ�

P =
1
N

N∑
n=1

Pn, (9)

Ù¥ N �á3T«��lÑ�ê8.

�Ä��ý|µ���, ·�ÀJ\��Ý�
>^Å�Å�°Ý� 1/10 ��U.«�, =\�
�Ý3

θ =
1
10

× arctan

( 1
2
· L

H

)
≈ 2.7◦ (10)

�«���U.«�, Ù¥ L �L¡�ý«��
�, H �X�pÝ. ��L¡ÚgL¡þ�²¡�,

L¡U.«��£ÅrÝ� P0, ÀJ P0 �8�z
Ïf. ã 4 �Ñ
 Psur-nadir, Poff-nadir Ú Psub-nadir

�L¡þ��pÝ σsur �Cz'X (L¡�'�Ý
� 60 m �±ØC, gL¡�²¡).

l ã ¥ � ± u y ± e 5 Æ: 1) 3 þ � � p
Ý σ < 3 m �, L�U.«�£ÅÚgL�U
.«�£ÅrÝ�±@�Ø�L¡o÷Ý�Cz

Cz, � σsur > 3 m �, L�U.«�£ÅÚg
L�U.«�£ÅrÝ�XL¡o÷Ý�O�

eü, Ó�eüÌÝÅìO�, ù� (8) ª¥È©�
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�Cz�'é; 2) 3þ��pÝ σ 6 3 m �, L¡,
ÅrÝ�Xo÷Ý�O\
¯�O�, ª³þ´�
g��'XCz. Ó�·�5¿�, � σsur > 4.5 m

�, L¡,ÅrÝ�LgL¡£ÅrÝ, l
��
gL¡£Å�L¡,ÅùX, ù�ã 2(d) �ÎÜ.�� � � �� � � � � � � � �� 	

ã 4 L¡ÚgL¡Ñ�|�L¡o÷Ý�Cz­�

3.2 gggLLL¡¡¡���ooo÷÷÷ÝÝÝéééÑÑÑ���|||���KKK���

æ^�L¡o÷Ý�Ó�ê�©Û�{, ·
�ïÄ
gL¡o÷ÝéÑ�|�K�. �Ä�
/e©.¡�o÷Ý�/L� [6,8], ·�À½gL
¡��'�Ý� 60 m ¿�±ØC, gL¡þ��
pÝ σsub �Cz��� 0—3 m, ã 5 �Ñ
�L
¡þ��pÝ©O� 0 m (²¡)!1 m Ú 3 m �,

gL¡U.«�£ÅrÝ�gL¡o÷ÝCz�
­�ã. lã 5 �±uy±e5Æ: 1) �L¡o
÷Ý� σsur = 0 (²¡) �, gL¡U.«�£Å
3 σsub 6 1 m ��SÄ��±ØC, σsub > 1 m, g
L¡£Å�XÙo÷Ý�O\
~�. p�'�n
^­�, � σsub = 0 �, =gL¡�²¡�, gL¡
U.«��£ÅÄ�Ø�L¡o÷Ý�Cz
C
z, ù�ã 2 Úã 4 ��(ØÎÜ; 2) ©O*	z
^­�, �±uygL¡Ñ�|rÝ�XÙo÷Ý
�O\
~�, o÷Ý��, ~��ÌÝ���.

3.3 000������>>>AAA555ëëëêêêéééÑÑÑ���|||���KKK���

3.3.1 þ�0�>�ÇéÑ�|�K�
�þ�0���E0>~ê©O� 4.0 + 0.01i

Ú 4.0 + 0.1i, e�0�� 8.0 + 0.5i, ÏLùü«
ØÓ�0�5�	þ�0��>�Ç�CzéÑ

�|�K�. ê�O�(JXã 6 ¤«, ã¥p�
I�Lé£ÅõÇ�éê����. dã 6 �±
wÑ: 1) ùü«�¹e, L�U.:£ÅÚgL�
U.:£Å¸�Ñ�ß��, ©OÑy3 r = 0 m

Ú r = 1000 m ?, L¡Ñ�|rÝÄ�Ø�þ�
0�>�Ç�Cz
Cz; 2) �Xþ�0�>�Ç
�O\, gL¡Úå�£ÅrÝ~f, ù´du>
�Ç�O\Úå0�¥�D�>6O�, ��>^
Å30�¥DÂ��ÑO�. l�ý(J�±íä,

XJUYO�þ�0��>�Ç, gL¡�£Å¬
UY~����L�£Å�v, ù�X����

gL��&ÿUå.� � � �� � � �� � � � � � � � � � � � � �� � �� � �� � � � �

ã 5 gL¡Ñ�|�Ùo÷ÝCz�­�

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

ã 6 þ�0��>�ÇCzéÑ�|�K�

3.3.2 þ�0��é0>~êÑ�|�K�
�þ�0��E0>~ê©O� 4.0 + 0.03i

Ú 8.0+0.03i, e�0�� 8.0+0.4i, ÏLùü«Ø
Ó�0�5�	þ�0���é0>~êéÑ�
|�K�. ê�O�(JXã 7 ¤«. dã 7 �±
wÑ: 1) �Xþ�0��é0>~ê�O\, dL
¡Úå�Ñ�£ÅOr, �Ï´þ�0>~ê�O
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\��L¡é>^Å���Xê�O�, l
¦L
¡Ñ�|Or; 2) �Xþ�0�0>~ê�O\,

gL¡Úå�Ñ�£ÅrÝ~f, �±lü�¡5
©Û�Ï: Äk, þ�0�0>~êO�, ��L¡
��ÅOr, ß�Å~f; Ùg, þ�0�0>~ê
O�, ��>^Å3gL¡þ���~f. ±þü
�¡Ï���Ó�^¦�gL¡Ñ�£Å��f.

l�ý(J�±wÑ, ÅìO�þ�0��0>~
ê, gL¡�£Å¬Åì~����L�£Å�v,

�þeü�0��0>~ê�C�, gL�£Åò
��.

� � � � � � � � � � � � � � � � � � � �� � �� � �� � �� � �� � �� � � � � � 	 � � � 
 �� � � 	 � � � 
 �� 
�� ����� �� �
ã 7 þ�0���é0>~ê�CzéÑ�|�K�

4 ( Ø

�©�é�ºÝ©�0�o÷¡Ñ�¯Kï
á
Ôn�., æ^ Stratton-Chu È©�§Ú Kirch-

hoff Cq�Ñ
�[o÷¡Ñ�|��{. lnØ
í�Úê��ýü��¡©Û
L�o÷¡Úg

L�o÷¡é>^Ñ�|�K�. ���Ñ
©�
0��>A5ëê (0>~êÚ>�Ç) é©�o
÷¡Ñ�|�K�, ¿é(J�Ñ
©Û. Ì�(
Øk±eA:.

1) 3�½��S (�©��~´ σ 6 3 m), L
�U.«�£ÅÚgL�U.«�£ÅrÝØ�
L¡o÷Ý�Cz
Cz, �l�Nþ©Û, L�
U.«�£ÅÚgL�U.«�£ÅrÝ�XL
¡o÷Ý�O�
eü, Ó�eüÌÝÅìO�;

L¡,ÅrÝ�Xo÷Ý�O\
¯�O�. Ó�
�Xo÷Ý�O\, L¡,ÅrÝÅì�LgL¡
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Investigation on the characteristics of electromagnetic
scattering from large-scale rough surface of

layered medium∗
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Abstract

A physical model for the electromagnetic scattering from large-scale rough surface of layered medium is established. Stratton-

Chu integral equation and Kirchhoff approximation are adopted to calculate the electromagnetic scattering field. The Gaussian random

rough surface is selected to simulate the actual rough surface of layered medium. The scattering echo is detected with a single-station

nadir-looking radar sounder. The effects of surface and subsurface’s roughness on the scattering filed are examined both theoretically

and numerically. The effect of upper layer’s electric properties (permittivity and conductivity) on the scattering field is also investigated

and some analysis for the numerical results is presented.

Keywords: electromagnetic scattering, layered medium, rough surface, kirchhoff approximation
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