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1 Ú ó

/°¡�µ¥�8I>^Ñ�°(ï��O
���´IS	ïÄ�9:, Ù¥°¡þéE8I
�Ñ�A5O�3�¯+�äk­��A^
É
�2�'5, XÛ¯�O(/O�Ù>^Ñ�A5
��´>^+�ïÄ�J:.

�O�/°¡�µ¥�8I>^Ñ�A5�,

Ø=��Ä8I�/°¡g��Ñ�, 
���
Ä8I�/°¡�m��p�^, 8c¦)T¯
KÌ���{Ì�©�ê�{Ú)Û{üa. ©
z [1,2] ¥A^2Âc��S��{ (GFB) O�

��°¡þ��éE8I�>^Ñ�A5, ¿
A^ÌÈ©éT�{?1
\� [3,4]. ©z [5] ¥
ïÄ
���C°¡þåÏéE8IéEÜÑ�
A5�K�, ©z [6] ¥(Ük��{�«�©)

{ (FEM/DDM) ïÄ
���°¡þéE�$�
8I�EÜÑ�. n�Ñ�¯K�¡, ��K|3
cÏ�ó�¥JÑ
O���7á90�°¡þ
n�éE8IEÜÑ�A5�¯�ê��{ [7,8],

��
ûÐ��J. ê�{�,O�°Ýp, éo
÷¡�8Ivkëê��, �É�uO�þ�O
��m, ØUO�>�º�¯K, 
¢S¯K¥°
¡�éE�º�Ï~��, ÏdI�A^)Û{
5?1ïÄ. Xu Ú Jin[9] JÑ�«V���Jl
{ (bidirectional analytic ray tracing, BART), ±O�
E,>�º�n�¡8IÚo÷¡�¸�EÜ>
^Ñ�9X�Ñ��¡ (RCS); Ôn1Æ{ (PO) �
AÛ1Æ{ (GO) ��A^uïÄ°¡þ8I�>
^Ñ� [10−14]. ,
þã�{vk�Ä°¡�ä±
98I�c>7��^, ÏdO�(JØ
O(.
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PO/GO+SBR+MEC. A^ PO/GO[15] O�
��7
á°�¡þn�8I�º¡��, A^���a
{ (SBR)[16] O�>^Åõg��, ¿A^��>6
{ (MEC) O�8I�>�7� [17,18], Ó�^I/
Å [19] �O²¡Å\��Ø<��äo÷¡Úå�
>�û�. ÏL�yk�ê��{(J?1é'�
y
�{�O(5.

Ü¤�»X� (SAR) ¤�Eâ3�a!8I
©a�£O�+�äk2��A^. ©z [20] ¥ï
Ä
��o÷¡�¤�, Zhang Ú Tsang[21] ò SAR

¤�EâA^u8I&ÿ, �´8c'u��°
¡þn�8I�¤�ïÄé�. �©l°¡�8
I�ï���ª SAR ¤�?1
XÚïÄ. Äk
é°¡þá�N�éE8I?1n�¡�ï�, A
^ PO/GO+SBR+MEC �{O�����°¡þé
E3ØÓªÇ!ØÓ\��Ý\�Åì�e��
�Ñ�>|ê|, �ª(Ü|¤��{�� SAR

¤�(J. TïÄ3¬^9�¯+�þäk­��
A^d�.

2 ��Ñ�|�O�

°¡þéE8IÉX�ì�Xã 1 ¤«. Ù¥,

θi Ú ϕi �\�p$��� �, θs Ú ϕs ���p
$��� �.

x

y

 θi
 θs

ϕs

z

↩ϕi

ã 1 °¡þéE«¿ã

3>^Ñ�¯K¥, �8I�º���u>^
Å (3�ÅÅã, �¯8IÏ~ÑU÷v) �Å�
�, >^Å�8I��p�^Ò¥yÑ “ÛÜ” A
5, ¿�ÔN�/G���'. d��Ñ�ü�m
��p�^²wü$, 8I�z�Ü©Õá/Ñ�

Uþ, Ùþ�aA|��ûu\�Å
�Ù¦Ü©
�Ñ�UþÃ'. ù�Ò�A{z
aA|�O�,

Ó��{z
�¦��«Ñ�|ÚO� RCS ¤?
1�ÔNL¡Ñ�È©, pªìC�{�{ü5�
´Äuù�¯¢. �A^)Û�{, ©¥A^n�
¡��[8I�¢S|µ, ã 2 �éE�n�¡�
�..

ã 2 éE�n�¡��.

2.1 pppªªªÑÑÑ���ÅÅÅnnn

pªÑ�Ì��)±eA«Ñ�Ån, ù
Å
n�|Ü/¤E,8I� RCS A�. ù
Ån�
): 1) º¡��; 2) L¡ØëY5�Ñ�, X>�!
$�Úkà; 3) L¡�êØëY5�Ñ�; 4) ÷1
Å½ÒK>.�7�; 5) 1ÅÑ�; 6) ]/«��
Ñ�, XnN!�¡�Ún¡�; 7) �p�^Ñ�,

Xõ´»U\½¿üÑ�¥%�m�õgÑ�.

2.2 AAAÛÛÛ111ÆÆÆ{{{

GO {´�«pª (½"Å�) Cq, §^²;
���+5`²Ñ�ÅnÚUþDÂ, Ïd, q�
¡���1Æ{. ���{ü�pªCq�{, §
^u?nV­�­L¡�Ñ�´�Ð�, �§ØU
^u©Û²�9ü�­L¡>^Ñ�¯K, ��5
`, Ì�A^AÛ1Æ�{¥���1ÆA5, ±
BJlÚ(½>^Å���´».

2.3 ÔÔÔnnn111ÆÆÆ{{{

PO {¦^Ñ�NL¡�aA>6��Ñ�N
����Ñ�
, ÏL²;� Stratton-Chu úª¦
)Ñ�|. �¼�L¡>^6, Ôn1Æ�
e�
Ä�b½: 1) L¡�­Ç�»�Å��'v
�;
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2) L¡>^6=�3u�\�Å��ì²�«�,

�ì²L¡þ�>^6Ó\�:?�8IL¡�
��Ã��²¡þ�>^6k�Ó�A5.

3²¡Å\��¹e, �â Stratton-Chu �§,

ÔNL¡�«Ñ�|���O�úª�

Es(r) =
jk
4π

e−jkr

r

∫
S

s × (Ms(r′) + η0s × Js(r′))

× exp[jkr′ · (s − i)]ds′, (1)

ª¥, i Ú s ´\���Ú*	���ü ¥þ, η0

�gd�mÅ{|, S L«8IL¡�ì²Ü©,

Ù¦ëê�½ÂXã 3 ¤«.

z

o

x

φ

θ

y

i

↽↪↪↼ φθrP

R

r′
sd

S

s

ã 3 8IL¡>^Ñ�«¿ã

Js(r′) Ú Ms(r′) L« S þ�>^6¥þÌÝ,

Ù¥�� Ïf®²�©lÑ5, ¿�¹3�ê�
¥. Js(r′) Ú Ms(r′) 3ü�Ä�Ôn1Æb½�
^�e, �â���n,

Ms(r′) = E(r′) × n,Js(r′) = n × H(r′), (2)

ª¥, E(r′) Ú H(r′) ´8IL¡þì²Ü©�o
>|Úo^|. 3Ôn1ÆCq�^�e, 8IL
¡�o|�±@�´\�|Ú GO ��|�Ú, =

E(r′) =Ei(r′) + Er(r′),

H(r′) =Hi(r′) + Hr(r′),
(3)

ª¥, Ei(r′), Hi(r′) Ú Er(r′), Hr(r′) ©O�\�
|¥þÚ GO ��|¥þ.

2.4 ������>>>666{{{

�
?�ÚU? PO �(J, �Ä�8I�c
>�7�, Michaeli[18] JÑ
��>^6�Vg.

Michaeli @�>��7�´>���>^6¤�,

¿±��>^6�\Ë�È©�±O�?¿��
�Ñ�|. é>�� C �?¿3>, §��«>�
7�|�L«�

Ed =
jk
4π

e−jkr

r

∫
C

{
η0s × [s × J(r′)]

+ s × M(r′)
}

ejks·r′
dl, (4)

ª¥, J(r′) = Ie(r′)t Ú M(r′) = Im(r′)t ©O´
��>�>6Ú^6, t ´ C ���ü ¥þ, s ´
*	���ü ¥þ, r′ ´l�:�>�þ,:�
»�¥þ, dl ´÷ C �l�Oþ.

��� � �� �� � ��� s t

i

入射方向

面 �观察方向

掠绕射线� 	 

面 �
ã 4 3Ñ��AÛ(�

ë�ã 4 (J�L«\�Ú*	��3 xy ²
¡�ÝK) ¥�k'½Â, Ie(r′) Ú Im(r′) �L�
ª�

Ie(r′) = (I f
1 − I f

2), (5)

Im(r′) = (M f
1 − M f

2), (6)

ª¥, I f
i = Ii − IPO

i , M f
i = Mi − MPO

i (i = 1, 2).

I1 =
2j

k sinβ′
1/N

cos(φ′/N) − cos[(π− α)/N ]

×
{sin(φ′/N)

η0 sinβ′ t · Ei +
sin[(π− α)/N ]

sinα

× (µ cot β′ − cot β cos φ)t · H i
}

− 2j cot β′

kN sinβ′ t · H
i, (7)

IPO
1 =

2jU(π− φ′)
k sinβ′(cos φ′ + µ)

[ sinφ′

η0 sinβ′ t · E
i,

− (cot β′ cos φ′ + cot β cos φ)t · H i], (8)

M1 =
2jη0 sinφ

k sinβ′ sinβ

(1/N) sin[(π− α)/N ] csc α

cos[(π− α)/N ] − cos(φ′/N)

× t · H i, (9)
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MPO
1 =

−2jη0 sinφU(π− φ′)
k sinβ′ sinβ(cos φ′ + µ)

t · H i, (10)

Ù¥, Nπ�	3� (N > 1); Ei Ú H i ´ O :?�
\�>^|; U(x) ´ü ��¼ê (é x > 0 � 1,

é x < 0 � 0), α = arccos µ = −j ln(µ+j
√

1 − µ2),

cos γ =σ · s = sin β′ sinβ cos φ + cos β′ cos β,

µ =
(
cos γ − cos2 β′)/sin2 β′.

2.5 õõõggg������|||OOO���

éuvkõg���Ñ�(�, PO+MEC �O
�ÒU���Ð�pªCq(J, �´éu�3õ
g���(�, üX� PO+MEC ÒØU�Ñ�(
�(J, 7L�ÄÙ¦O��{ (X SBR �).

3pª�¹e, >^Å3ÔNL¡u)���,

�ÌAÛ1Æ��½Æ, Ïd�±r>^Å��w
��^^���+, Xã 5 ¤«. UAÛ1Æ�n
©OJlz�^\���»¡

∑
A þ���+, �

�ù^��+3Ñ�NS²Lõg���2g£
��»¡, =����+lmÑ�N��. 3��
JlL§¥, du4z�ª!n9�Ñ!*ÑX
ê!� ¢��Ï��K�, I�éz���?1
|r�l, ��23�£��»¡þ���+þ?
1�¡È©5¦Ù�«Ñ�|. z�^��+��
«Ñ�|�¦Ñ±�, 2r¤k��+�Ñ�|¦
Ú, =�o�Ñ�|, ùÒ´ SBR �{�Ä��n.

x

y

z

∑A↼xa↪ ya↪ ↽

o

ã 5 ��Jl{«¿ã

2.6 III///\\\���ÅÅÅ

�~�<��äo÷¡Úå�>��A, æ^
I/\�Åì�. °�o÷¡Ó+^ z = f(x, y) L
«, \�¥þ ki = sin θi cos ϕix + sin θi sinϕiy −

cos θiz. I/\�|L�ª� [20]

ψinc(x, y, z)

= exp[−ik(cos θiz − x sin θi cos ϕi

− y sin θi sinϕi)(1 + w)] exp(−t), (11)

Ù¥, t = tx + ty,

tx =
(cos θi cos ϕix + cos θi sinϕiy + sin θiz)2

g2 cos2 θ0
,

(12a)

ty =
(− sinϕox + cos ϕoy)2

g2
, (12b)

w =
1
k2

[
(2tx − 1)
g2 cos2 θi

+
(2ty − 1)

g2

]
, (12c)

g ���I/Å°Ý�ëê.

3 �±$Ä SAR ¤�

¤�Eâ´ÏLÿþNõ�ÝÚªÇ�Ñ�
|5¼��½«���[&E��{. Xã 6 ¤«,

�üÕÅ1X�3¤�«�þ���±$Ä, �»
� R0, pÝ� H . X� ��I�� � ϕ �¼
ê R(ϕ) = R0 cos ϕx + R0 sinϕy + Hz.

DÚ� SAR ã��±ÏLeª¼� [21]:

CΓ (r0) =
Nk∑

m=1

Nϕ∑
n=1

E(km, ϕn)E∗
o

× e−2jkm|R(ϕn)−r0|, (13)

Ù¥, E(km, ϕn) ���Ñ�>|, E∗
o �ë�&Ò,

©¥Ú�� 1, Nk Ú Nϕ ©O�ªÇ��Ýæ�:
�ê.

R

H

ã 6 SAR ¤�«¿ã

�X�¥%ªÇ� f0, éA¥%Å�� λ0. ©
¥�ýëê�: R0 = 1732λ0, H = 1000λ0. ��Ñ
�>|ÏL1�!¥0��)Û{O�. ªÇ�°
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� 0.5f0—1.5f0, Ú�� 0.02f0, � �� 0—360◦,

Ú�� 1◦, éAæ�:�ê� 18411.

4 �ý(J

4.1 PO/GO+MEC+SBR ���OOO(((555���yyy

±°¡þá�N�~. (Ü�AkÛ{, ^ä
k Pierson-Moskowitz (PM), °LÌ [20] ��Åo÷
¡�[¢S°�¡. n� PM ÌäkXe/ª

WPM(kx, ky)

=
a0

2(k2
x + k2

y)2
exp

(
− βg2

(k2
x + k2

y)U4
19.5

)
× cos2(tan−1(ky/kx) − φv)

π
, (14)

Ù¥, °¡�L¡��� h2 =
a0U

4
19.5

4βg2
, U19.5 �

L p Ý � 19.5 m ? � º �, ~ ê a0 = 0.0081,

β = 0.74, ­å\�Ý g = 9.8 m/s, φ ´3 xoy

¡Sd x ¶���_��=��	��/¤�
Y�, φv �Lº�, � φv = 0 �º��L x �
� �. © z [8] ¥ 0 � 
 � « O � ° ¡ þ 8 I
�ê��{ —– 2ÂDÕÝ
²¡S�95�
��{ (G-SMFSIA/CAG), A^�©��{�©
z ( J ? 1 ' �. \ � ª Ç � 1 GHz, ° ¡ þ
�º � � U19.5 = 5 m/s, º � φv = 0, ° ¡ º
� Lx = Ly = 10λ × 10λ, á�N>�� 2λ, I
/Åëê g = Lx/4, A^ØÓ�{��� RCS X
ã 7 ¤«, ã¥Ó��Ñ
Ø�Ä>�7�� (Ø
\ MEC) �O�(J. dã��, �éuØ\ MEC

��(J, \ MEC ��Ñ�Xê��Cuê�{
�(J, §��m��É�Ny
á�N8I�c
>7�.

ã 7 °¡þ�á�N RCS (a) ϕi = ϕs = 0◦; (b) ϕi = ϕs = 30◦

L 1 O��m (ü � s)

G-SMFSIA/CAG PO/GO+SBR+MEC

V 4z 2269 176

H 4z 2258 173

dã 7 ���©�{� G-SMFSIA/CAG �O
�(JÎÜ�éÐ, �y
 PO/GO+SBR+MEC �
{��(5. ^ÊÏ�<O�Å (CPU: 2.5 GHz, S
� 2 GB) ?1O�, ü«�{¤I�m�L 1. é'

(JL²3�yO�°Ý�cJe, )Û{�O�
�Ý���¯uê��{.

4.2 °°°¡¡¡þþþ888III SAR ¤¤¤���

�Ä°¡þá�N� SAR ¤�, ¥%ªÇ
� f0 = 1 GHz, °¡þº�� U19.5 = 5 m/s, º
� φv = 0, °¡º� Lx = Ly = 100λ0 × 100λ0, I
/Åëê� g = Lx/4, á�N>�� 10λ0. °¡¿
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©n�¡�oê� 318402, á�N¿©� 11148 �
n�¡�, A^ PO/GO+SBR+MEC �{O���
Ñ�|êâ, üÕX�ëê�1�!¥��ëê�
Ó.

ã 8 ¤«�Ø\ MEC �ØÓ4z\�Åì�
e°¡þá�N� SAR ¤�, ã 9 ¤«�\ MEC

���¹, ã�þd 300 × 300 ���|¤, ���

�� (−40 dB—0 dB). ã¥�±�ß/w�á�N
 uã��¥
. ÏLé'��, \ MEC ��¤
�(J²w`uØ\ MEC ��(J, � VV 4z
��¤�(J`u HH 4z��¤�(J. ?�Ú
y²
 PO/GO+SBR+MEC O���Ñ�|êâ|
�O(5, Ó�(JL²8Ic>7��^é SAR

¤�(Jäk²w�K�.

ã 8 Ø\ MEC �°¡þá�N¤�(J (a) VV 4z; (b) HH 4z

-15
-15

 15

 15

-10

-10

 10
 -40

 -30

 -20

 -10

 0

 10

-5

-5

 5

 5

0

0

-15
-15

 15

 (b) (a)

 15

-10

-10

 10
 -40

 -30

 -20

 -10

 0

 10

-5

-5

 5

 5

0

0

ã 9 \ MEC �°¡þá�N¤� (a) VV 4z; (b) HH 4z

2.8 m

1.6 m

6 m

ã 10 éEnÀã

O � ° ¡ þ é E 8 I � SAR ¤ �, é E
� ± À � E , 8 I, ° ¡ � ì � X � ë ê �
� Ø C, é E � n À ã � ã 10. é E º �
� 6 m × 1.6 m × 2.8 m, � ¿ © ¤ 9046 � n �
¡�.

ã 11 éEØÓ^�«¿ã
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� � �� � � � �
� �

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

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

ã 12 °¡þéE¤�

ã 11 ¤ « � é E � Ø Ó ^ � � � « ¿ ã,

VV 4zÅ\��¹eéA�¤�(JXã 12

¤«, ����� (−40 dB—0 dB), ¤�¤I��
O��m� 48650 s, Ù¥O���Ñ�|êâÑ
¤ 45400 s, ¤�Ñ¤ 3250 s. dã 12 ��, ØØ
éE^�XÛCz, A^�©�{þU��éE
8I�ß�ã�, ã¥U
�Ù/*	éE�(
�, y²T�{éE,(�8I�U����ûÐ
�(J.

5 ( Ø

XÚ/ïÄ
��°¡þn�8I�ï�!
Ñ�O�9 SAR ¤�Eâ. (Ü PO, GO, SBR

Ú MEC, JÑ
�«O���°¡þ7á8IÑ
��)Û�{, A^ÙO�
°¡þá�N�V
ÕÑ�Xê, ¿�ê��{(J?1
'�. (J
L²T)Û{3�y°Ý�cJe, !�
�þO
��m. A^T�{O�����Ñ�|êâ, (
Ü SAR ¤��{O���°¡þá�N��, (
JL² VV 4z��¤�(J�Ñ`u HH 4z�
�¤�(J. Ó�(JL²c>7�é°¡þ8I
� RCS 9 SAR ¤�þäk²w�K�.

��O�
 VV 4zÅ\��°¡þéE8
I� SAR ¤�, (JL²ØØéE^�XÛCz,

A^�©�{þU
��éE8I�ß�ã�. T
ïÄ¤J3°��a9°¡þéE��¯8I&
ÿ�£O�+�þäk­��A^d�.
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Abstract

The electromagnetic (EM) scattering computation and the synthetic aperture radar (SAR) imaging of three-dimensional conduc-

tor object located on ocean surface are studied. The EM scatterings of object, ocean surface and the interaction between them are

computed based on the geometric optic, the physical optic, the shooting and bouncing ray. The method of equivalent current is used

to calculate the diffraction by object edges. The shadowing effect is also included, and the tapered incident wave is chosen to reduce

the truncation error. The Pierson-Moskowitz random sea surface is generated by using Monte-Carlo method, and numerical results are

provided to validate the approach through the computation of radar cross section for cube and ship objects located on ocean surface.

The backscattering electric field data of different frequencies and angles are computed quickly by using this approximate method.

Combining the backscattering data and SAR images technology, the images of cube and ship located on ocean surface are obtained.

The method introduced in this paper has important theoretical significance in realistic ocean remote sensing and detection of military

targets located on ocean surface.

Keywords: physic optic/geometric optic, shooting and bouncing ray, method of equivalent current, synthetic aper-
ture radar imaging
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