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target (rs) =

∫
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∫
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M (n)
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×∇g(rs − r′s)ds

+
∫

target

J
(n)
t (r′s)

×∇g(rs − r′s)ds, (1)

E(n+1)
sea (rs) =

Z0

jk
∇×

∫
target

J
(n)
t (r′s)

×∇g(rs − r′s)ds, (2)

ª¥, n �S�gê; k �gd�m�Åê; Z0 �g
d�m�A�{|; Ht �8I¡�?�Ñ�^|;

Esea �°¡¡�?�Ñ�>|; Jsea, Msea ©O�
°¡¡��>6�ÝÚ^6�Ý; Jt �8I¡��
>6�Ý; �âÄ�¿ÅCq, ¡��>^6�Ý
�d¡��cgÑ�>^|O� (n = 0 �=�\
�>^|).

�JpO��Ý, ��â8I��Ü©o÷Y
¡ål�ØÓ?1©|, 2æ^¯��|Cq?1
8I�o÷°¡mEÜõgÑ��\�O�, ã 1

�8IÚo÷¡¡��©|«¿ã.

ã 1 8I9o÷¡¡�©|«¿ã

8I9o÷¡¡��©|�º��� D!©
|mål R 9>^ÅÅ� λ I÷v±e�|Cq
^�:

D <
√

Rλ/2, (3)

��, �X8I�o÷¡©|mål�O\, ©|
º�O\, =8IeÜ9ÙNCo÷¡«�©|�
�, 8IþÜ9�?o÷¡©|�o.

b½8I¡�| m ¥%�I� rm, rmi �Ù

¥¡� i �¥%�I, � M �¡�; o÷¡¡�
| m′ ¥%�I� rm′ , rm′j �Ù¥¡� j �¥%�
I, � M ′ �¡�, K¯��|Cq�ü�>^6S
�{���

H
(n+1)
t (rmi) ≈

∫
target

J
(n)
t (r′s) ×∇g(rmi − r′s)ds

− exp[jkk̂ · (rmi − rm)]

× jk
exp(jk|rm − rm′ |)

4π|rm − rm′ |

×
∑

j

{
k̂ × J (n)

sea (rm′j)

+ k̂ × [k̂ × M (n)
sea (rm′j)]/Z0

}
× exp[jkk̂ · (rm′j − rm′)]∆sj , (4)

E(n+1)
sea (rm′j) ≈− exp[jkk̂ · (rm′j − rm′)]

× jk
exp(jk|rm − rm′ |)

4π|rm − rm′ |

×
∑

i

Z0k̂ × [k̂ × J
(n)
t (rmi)]

× exp[jkk̂ · (rmi − rm)]∆si. (5)

ª ¥, k̂ � Å ¥; ∆s � ¡ � ¡ È. � � æ ^ ¯
��|Cq�, é8I¡�| m �o÷¡¡�
| m′ m��g�p�^, �I?1 M + M ′ + 1

g ö � (� ¹ à Ü ! = £ 9 © � �), � � u �
� S � O � � � MM ′ g ¡ � é ö �; � A /,

e 8 I ¥ % l Y ¡ � p, T �{ \ � � J ò �
²w.

2.2 ooo÷÷÷¡¡¡©©©«««���¿¿¿111���{{{

8I�o÷¡EÜ>^Ñ�O�L§¥, �â
8I¤3� �éo÷¡��k��º�. ��
yO�(J�°ÝÚk�5, o÷¡��«��º
�Ï~IA�u8Iº�, EÜÑ��O�þE�
�, ÏL?�Úæ^¿1�{JpO��Ý. Ó�
ÏLæ^o÷¡©«�õ?§¿1�ª, é8I�
ØÓ©«o÷¡m�EÜõgÑ�©O?1S�
O�, |^ MPI ¿1�Æ3züÚS�m?1Ó
Ú9é8I¡�>6�Ý?1êâ��, ~�¿1
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ã 2 o÷¡©«�¿1O�«¿ã

© z [16] £ ã 
 ¿ 1 S � � { � ä N O
� Ú ½, T O � Ú ½ é � © J Ñ � ¯ � � | C
q � ü � > ^ 6 S � { Ó � · ^. O � Ú ½
Xe:

1) o÷¡«���. du8Ig��ñ	, 8
I�o÷¡�r�õgÑ�«�Ï~ u8I
�*ÿ���ý, ,�ýo÷¡«��Ñ��z
��, o÷¡��«���\��Ýk', �â
>^Å\�� 9�Ý(½o÷¡��«��
��.

2) o÷¡©«y©. éu m �?§�¿1O
�, ò���k�o÷¡y©¤ m �©«. �â�
|�O�Å5U, o÷¡��æ^Ø����©«
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3) © « S � O �. é o ÷ ¡ � © « � 8
I m � E Ü Ñ � © O æ ^ Ø Ó ? § ? 1 S �
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4) ÓÚ9êâ��. 3zÚS�O��, 3?
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EÚ½ 3), 4) ��Âñ, Ü¤�?§�Ñ�O�(
J, �¤O�.

3 O�(J

3.1 ��� MLFMM (((JJJ���'''���

Äk, é�{°Ý?1
�yO�, é'êâ
� MLFMM O�(J, �yé��7á²��û�
No÷¡, \�>^Å�²¡Å.

�,o÷¡��åÏpÝ�©O� 0.02 m

Ú 0.13 m, ���é0>~ê�� (1, 5×106), ¦Ù
��A5�û�N�C (�C 90◦ \���k�½
Ø�). �ý�IX�:½Â�k�o÷¡«�¥

%, 7á²�>�� 0.2 m, ²�¥% u (−3 m, 0,

0.11 m), ?uo÷¡þ�, �>²1u y ¶, Xã 3

¤«. O��>^ÅªÇ�� 10 GHz, 4z� VV

Ó4z.

ã 3 ²��o÷¡�EÜÑ�*ÿ«¿ã (a) :��*
ÿ; (b) � �*ÿ

ã 4 �Ñ
7á²��ØÓo÷¡åÏ��
� RCS �:��Cz�(J, Ù¥o÷¡���
�� 6 m × 0.6 m, o÷¡��º�� 0.2 �Å�,

o¡�ê�� 20 × 105. ü:ü?§O��m�
� 4.7 min (æ^ 11 ?§¿1O� 91 ��Ý:�
Ñ� 38.5 min).

��, du7á²��o÷¡m�¤��¡�,

ã 4 ¥3��*ÿ���Sþk���EÜ�g
Ñ��z, EÜ�gÑ��z���o÷¡åÏ
O\~�; �Ù� MLFMM O�(J��ÎÜ,

= RCS ���9�C 90◦ \��� ���, ÙÌ
�Ø�5uo÷¡g�ÍÜÑ���Ñ.
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ã 5 �Ñ
7á²��o÷¡EÜ RCS ��
 ��Cz(J, Ù¥o÷¡����� 1 m×1 m,

\���� 30◦. ��, R�u7á²��o÷¡|
¤��¡�¶�*ÿ� (0◦ � �NC) Ñy RCS

¸�, ��©�{O�(J� MLFMM (JÎÜ�
Ð, = RCS ���� (−5 dBm2 ±e) Ø���, T
Ø�Ì�5uo÷¡g�mÍÜ9>÷Ñ��
K�.

ã 4 7á²��o÷¡EÜÑ��:�� RCS '�
(a) 2 cm åÏ; (b) 13 cm åÏ

ã 5 7á²��o÷¡EÜÑ��� � RCS '�
(a) 2 cm åÏ; (b) 13 cm åÏ

3.2 ¿¿¿111OOO������ÇÇÇ

é þ ã 7 á ² � � o ÷ ¡ � E Ü Ñ � ¯
K, © O æ ^ Ø Ó ? § ê ? 1 ¿ 1 O � (� 4

� CPU , z CPU � 6 Ø AMD8425HE ?nì, Ìª
� 2.1 GHz), L 1 �Ñ
ØÓ¿1?§e 21 ��
Ý: RCS �O�Ñ�9éA�¿1�Ç.

��, L 1 ¥ 12 �9±e¿1?§êéA�
¿1�Çþ� 90%±þ, ��X?§ê�O\Ñk
ü$, ùÌ�Ï�é,��½5��EÜÑ�O�
¯K, ?§mÏ&9ÓÚ�Ñ�Ä�ØC, �¿1
?§êOõ�, ü�?§�O�þò~�, ?§m
Ï&9ÓÚ�Ñ�¤Ó'òO\, ¿1�Çòü

$. �¼��Z�O��Ç, ü�?§éA�o÷
¡©«��I�±3�½5�±þ.

L 1 7á²��°¡EÜÑ�O�¿1�Ç

¿1?§ê O�Ñ� /s ¿1�Ç /%

1 4900.68 —

2 2453.48 99.9

3 1666.19 98.0

4 1248.65 98.1

5 1003.21 97.7

6 859.15 95.1

8 651.12 94.1

12 450.79 90.6

22 291.81 76.3
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4 Y¡8IC|EÜ RCS �ÿþ�y

�?�Ú�yT�{�k�5, 3EÅ³Y
¡mÐ
ÿÁ�y, ÿþL§¥æ^*ÿ/iU
��ÌÅå°Ý� 13◦, ó�ªÇ� 10 GHz, 4z
� VV; Y¡�²·, º��� 1 m/s; 7á²�>�
� 0.6 m, eàlY¡ 0.1 m, Xã 6 ¤«. �ýO�
æ^�Ó�G�ëê, ��Ä*ÿU���ã��
K�.

ã 6 EÅY³S²��Y¡EÜÑ�Á�«¿ã

ã 7 �Ñ
R�7á²�8I�Y¡C|E
Ü RCS O��ÿÁêâ�'�, Ù¥*ÿ� �
�� 0◦, \����� 10◦—80◦.

��, ²��Y¡EÜ RCS k��9�°�
¸�, ùÌ�5uüö�¤�¡��õg���
z; �3�\��eÙ RCS k�½�åÏ, ùÌ�
dud�Y¡Ñ��z�é�� (���X\��
~�O�), üömEÜÑ��z�é~�, ü

´�zZ���Ü¤ RCS ¥y�½åÏ.

ã 7 ²��Y¡EÜ RCS ÿþ�O�(J'�

5 ( Ø

�©æ^¯��|Cq�ü�>^6S�{,

O�
8I�o÷Y¡�EÜÑ�. æ^o÷¡©
«�õ?§¿1S��{, Jp
O��Ç. 3©
Û
ü�>^6S�{éÑ�(J�K���, u
yT�{?§mêâÏ&þ��, ¿1�Ç�p.
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Abstract

A new fast far field approximation algorithm is introduced to calculate the composite scattering characteristics of rough surface

and the target in near field, by using the reduced-order electromagnetic current iteration method. Also we use the multi-process parallel

algorithm to reduce the simulation time and analyze the influence on the results of the reduced-order electromagnetic current iteration.

The calculated results by the algorithm described in the paper and the results obtained by the multi-level fast multi-pole method

(MLFMM) are in good agreement, so the effectiveness of the algorithm is verified. At the same time, the use of tank to carry out the

measurements of near-field complex scattering between the targets and rough surface shows that the test results and the calculation

results are very consistent.
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parallel algorithm
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