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( 2012 c 3 � 31 FÂ�; 2012 c 5 � 24 FÂ�?Uv )

?í����ÅrÑ���, O(µ�ÙX�Ñ��¡ (RCS) A5��´�8O�>^Æ�ïÄ9:. ïÄ

�«\\{|>.^�!c��S��S�Ôn1Æ{, JÑ�«ÝN©�{^u?nAÛ�Ûó�. ÏL^�
mu¢y?¿7á/0�nN RCS A5µ�, ¿^�'�~��^�O(5. 3dÄ:þA^T^�é7á/æÆ0
�Ý/ S �*Ø 5 ì?1ê��[, ¼�
*Øì3\�Å� 0.03 m e� RCS Cz5Æ. U?��S�Ôn1Æ
{·^u?¿nNU.ÚæÆáÅá�ïÄ,  á�O±Ï.

'�c: S �*Øì, >^Ñ�, S�Ôn1Æ{, {|>.^�

PACS: 41.20.Jb, 41.20.–q

1 Ú ó

I	Û�Eâ9á�ïÄ©u1�g.�
ÔÏm, åu�I, �3{I!=!{!�Ûd
9F���¯u�I[��×�uÐ. Û�EâÌ
��)X�Û�!ù	Û��. ù	Û�uÐ�p
¸Ï3 20 V 70 c�, �3 20 V 80 c�Û�
EâïÄ�%Åì=\X�Ñ��¡�ïÄ [1].

áÅá��±�6�Ná���Ñ5áÂÝ��
§L¡�>^ÅUþ, ¿=C�9U [2]. {�y®
C�� F-22, F-35 k?ÔÌÅþæ^ØÓa.�á
Åá�, �Ûd� S-37 ÔÌÅÓ��æ^k?�
Û��O�Û�á�.

?í�¥� S /*Øì���Å�rÑ�
��, Ù>^A5®Úå�Å�O<
�À. �
ÏLê�O��{é?í�X�Ñ��¡ (radar

cross-section, RCS) µ���3�½JÝ. $ª�{
�¦��A�º��u\�Å�� 1/10, ÏdO
�]I¦¬�Å�~�O\, é�Å�º�
?í�ù«�º�nN, Ù��þ�¦��Z�D

�·?, é�k]÷vÙO��¦. �[� [3,4]

æ^Á�9$ª�{ FDTD é º7á�/?í
�?1L�'ïÄ [4,5], Ùê��[��þ�3Z
�þ?.

Ôn1Æ{9�«��a�{ØU�(�N
>^Å3nNS�DÂL§, lK�ÙO�°Ý.

éu0�æCO�, þã�{�¯KÓ��3, �
IS	'u0�æC S /*ØìïÄ�úm©z
��.

pª�{¥�S�Ôn1Æ{ (iterative phys-

ical optics, IPO) U
¦)?¿/GnN, T�{
Äkd Basteiro � Burkholder JÑ [5], ^u7á
nN� RCS ¦), ��-<÷¿�(J; �� Fu

Basteiro[6,7] Ú\{|>.^�é�©� IPO �{
?1U?, ÿÐ��±?n0�æÆ�¯K. T�
{dAÛ�ÛÚS�O�üÜ©|¤, Cc5'u
T�{�U?Ì��7S�O�Ü©Ðm, Xæ^
c��S�{!¯��|�OEâ� [8,9]. �©3
®k� IPO �{�Ä:þ, æ^ÝN©�{\�A
Û�Ûó�. ïÄ(JL², U?�� IPO �{�
O(¯$©Û?¿k/ÃæÆÛ�á�� S �*Ø

* ¤Ñ�Å�O¤éÜÄ7]Ï��K.
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ì�.>^Ñ�A5.

2 O��{

2.1 {|>.^�

�7áL¡=�3>6ØÓ, æÆ0��¬Ó
��3>6!^6. �{zd��0��)�^6
�z, ©z [6, 7] Ú\{|>.^�, X (1) ª¤«:

M(ra) = −ηn̂ × J(ra), (1)

ª¥ (ra) ��m?¿:� �¥þ, M(ra) L«
T:�^6¥þ, η �æC�0���{|, J(ra)

�T:�>6¥þ, n̂ �T:{¥þ. Ù¥��{
|L�ª�

η =
√

µ

ε − jσ/ω
, (2)

Ù¥ ε L«0>~ê, µ L«^�Ç, σ L«�>Ç,

ω ��ªÇ. 3ó§A^¥, kþÝ���0� [10]

Ù{|��æ^ (3) ªO�:

η = η0ηs,

ηs = j
√

µr

εr
tan(kt

√
εrµr),

(3)

ª¥ η0 L«gd�mÅ{|, ηs L«��{|',

εr L«�é0>~ê, µr L«�é^�Ç, k L«
gd�mÅê, k = 2π/λ, t L«0��þÝ.

2.2 nØ©Û

S�Ôn1Æ{�nØg��{ã�: �>^
Åì�7áÔN�, Ô¡É>^Å-yò�)>6,

±dÔ¡>6�Ð©>6, |^^|È©�§ [5]

S�O�9¡>6, l%Cý¢�L¡>^6.

�7áÔNL¡æCÛ�á��, Kcã>6�>
^6. T�{3Ôn1Æ{�Ä:þ�Ä�>6�
m�p�K�, ���ý¢/£ãÔny����.

�Ù¦pª�{�', S�Ôn1Æ{O�°Ý²
wJ,, 3nNO��¡cÙäk`³. y®ì¤
��º�nN>^Ñ�O��Ì��{��. S�
Ôn1Æ{O�6§Xã 1 ¤«.

ã 1 IPO �{¦)Ú½ (a) *Øì>^Ñ�¯K; (b) ?��
�¡>^6; (c) ¦)9¡�>^6

1) ?�¡þ�)��>6 J(ra) ���^
6 M(ra), ra ���¡��ü�þ?� �¥þ,

Xã 1(a), (b) ¤«.

J(ra) = n̂ × Hi(ra),

M(ra) = Ei(ra) × n̂. (4)

2) |^Ä�¿Åúª¦ÑnNS9¡þÐ©
>6.

H(rc) =
∫

Sa

J(ra) ×∇G(rc − ra)dsa

+
1

jkη
∇×

∫
Sa

M(ra) ×∇G(rc − ra)dsa.

(5)

3¦^ (5) ªO��, é1��
1

jkη
∇×

∫
Sa

M(ra)

×∇G(rc − ra)dsa I�?1AÏ?n, �Ä�FÝ
�^Ý�L�ª¥äk�Ó��©�Î, ÉO�6
NåÆ (CFD) FÝ� [11,12] g�éu, �©JÑ
�«¡�^Ý���{. éu�¦: 0, �Ù�ë
�1 i :ä�±e'X:

(∇Fj)0 · (ri − r0)j = (Fi − F0)j , (6)

�Ñ� 0 :�ë:�'Xª, �±|Ü¤ Ax = B

� / ª, Ù ¥ j L « x, y, z 3 � � �, K x =

(AT A)−1(AT B). 3¦Ñ¥þ F Ù¦��FÝ��
�^Ý.
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3) æ^^|È©�§�{|>.énN9¡
¡�>6?1S�.

JN (rc) = 2n × Hi
a(rc) + 2n ×

∮
Sc

JN−1(r′
c)

×∇G(rc − r′
c)dS′

c +
1

jkZ
· 2n

×∇×
∮

Sc

MN−1(r′
c)

×∇G(rc − r′
c)dS′

c,

MN (rc) = −ηn̂ × JN (rc), (7)

J0(rc) =

 2n̂ ×
−→
Hi

a(rc) ²«,

0 V«,
(8)

(7) ª1��L«T¡��Ôn1Æ>6, 1��
L«9¡>6éT¡���^, 1n�L«9¡^
6éT¡���^. (7) ª��ü��Ä
¡��
m��p>^K�, ÷*þ£ãÑ>^Å3nNS
õg���y�. S�L§¥í�½Â�∣∣∣∣∣∣∣∣∣∣

1 −

n∑
i=1

JN
i (rc)

n∑
i=1

JN−1
i (rc)

∣∣∣∣∣∣∣∣∣∣
,

n � 9 ¡ ¡ � o ê, N L « S � g ê. � S �
���½í�� (X�u 0.1), �æ^ (9) ª¦)
?���¡þ�Ñ�>|Ú^| [13], Xã 1(c)

¤«.

Hs(ra) =
∫

Sw

Jw ×∇G(rc − ra)dsw

+
1

jkη0
∇×

∫
Sw

Mw ×∇G(rc − ra)dsw,

Es(ra) = −
∫

Sw

Mw ×∇G(rc − ra)dsw

+
η0

jk
∇×

∫
Sw

Jw ×∇G(rc − ra)dsw.

(9)

d�X�*ÿ: P (ë�ã 2) �Ñ�>|d (10)

ª�Ñ:

E(P ) = −
∫

Sa

Ma ×∇G(ra − P )dsa +
η0

jk
∇

×
∫

Sa

Ja ×∇G(ra − P )dsa. (10)

RCS úª RCS ½Â�: σ = 4π lim
R→∞

R2 |Es|2

|Ei|2
,

� � , � � Ý e � ü Õ RCS, T ª ¥ � Ñ � >
| Es =�ª 10 ¥� E(P ), σ ~L«�éê/ª,

=�éu�²���©�ê σdBsm = 10 lg10(σ), Ù
Ãþj/ªL«� σdBsλ = 10 lg10(σ/λ2).

ã 2 *ÿ: P ?Ñ�>|O�

2.3 c��S�9§Smu

3^|È©�§S�L§¥, ¤æ^�c�
�S�{�O�6NåÆ¥�ÛªS� LU-SGS

(lower-upper symmetric-Gauss-seidel) �{ [14,15] �
~aq, äNSNë�©z [8]. T�{ö�Ú½�
÷XÅ�DÂ��r9¡��ü�U�½�^S
üS, 3S��L§¥k?1c�S� (SÒl 1

� N ), SÒ'T:����ü�Ù>6æ^S�
�>6, SÒ'T:����ü�Ù>6æ^S�
c>6, ��TgS�(å; ��?1��S� (S
Òl N � 1), SÒ'T:����ü�Ù>6æ
^��S���>6, SÒ'T:����ü�Ù
>6æ^c�S���>6, ÙÝ
/ªX (11) ª
¤«, �¤c��S��©OÚOí�, =� 1 g
c��S�L§(å.

c� :(D + L)Jk+0.5 = V − UJk,

�� :(D + L)Jk+1 = V − LJk+0.5. (11)

IPO �{O�6§ãXã 3 ¤«. é���¡��
m?1AÛ�Ûó�, Ö\\�Å�!4z�ª!
Ñ��Ý�ëê©�O�, ¦^{|>.^�?n
0�¯K, c��S��\�Âñ, �S����
½�°Ý�, ?1e��ÝO�, ¤kÑ��O�
�¤�ÑÑ RCS �, 9¡>6���ÏL©�
�ªÑÑw«.

3 �~�y

ã 4 ���üàm��nN RCS O�(J, A
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Ûº��»� 25.4 cm, �Ý� 76.2 cm, ¡�¿©�
Ý� 9 �n�¡�/²�Å�, \�Å�� 3 cm[8].

T�~ØI�Û, ��Ø^��>^�ý9 RCS O
�(JO(5. lã¥�±wÑ�©O�(J��
©z(JÎÜûÐ, ¿�3\�Å (θθ 4z�ª) �
Ý ò����ÿ, �^�O�(J��C�ª{,

Ñ`u©zO�(J. T�~�L²éuó§¯K,

¡�¿©�Ý� 9 �n�¡�/²�Å�=�÷v
O�°Ý�¦.

ã 5(a) �Ñ
\�>^Å 60◦ � ϕϕ 4ze7
ánN>6��©Ù, lTã�±wÑÙ>6��
��8¥3nNHX56\�Å �?, ��²L
�g��, 3nN�$� �×�~�. ã 5(b) �
ØÓS��ªeí�Âñ�, F-B �©z [8] �
ö�c��S�{(J, G-J �pd-ä�'S�(
J. ��`²�´, �©vkæ^tµÏf, ÙÂñ
��©z¿Ø��Ü, �E�©z [8] Âñ�
Ý��.

ã 3 IPO �{O�6§ã

ã 4 7á�nN RCS � (a) θθ 4z; (b) ϕϕ 4z
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ã 5 9¡>6�ã9S�Âñ{§ (a) 9¡>6©Ù; (b) ØÓS��{Âñ{§

æ^�» 12 cm, �Ý 12 cm üàm��nN
IO�~é¤mu^��0�O��¬?1�y,

\�Å�� 3 cm. éþã�.?1¡�¿©, ��
ê� 1202 �n�¡�, ��uz²�Å� 16 �n
�¡�, �.9��¿©Xã 6 ¤«.

ã 7 �T7ánNæÆ0��O�(J, Ù�
�{|' ηs = 0.0797 − j0.0050, ��ê�7án
N�Ó. ü«4z�ªe�©O�(J�©z [10,

16] ÎÜûÐ, �y
�§Sé0�æÆnNO�
°(5.

ã 6 üàm�7ánN�.9��«¿ã (a) üàm��
nN; (b) ��

ã 7 0�æÆnN RCS � (a) θθ 4z; (b) ϕϕ 4z

ã 8 �k/Ã0�æÆnN� RCS é'(J,

“case1” ��ª{O�7ánN(J, “case2” �
�^�O�7ánN(J, “case3” ��^�O�
nN0�æÆ�(J. lã¥ case1 � case2 �

�é'wÑ, �©é7ánN�O�(J��ª
{(J [5] ÎÜ4Ð, “case2” � “case3” ��é
'L²3ü«4z�ªeæÆ0�þ�ü$Ù
RCS �.
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ã 8 k/Ã0�æÆnN RCS � (a) θθ 4z; (b) ϕϕ 4z

4 S �*Øì>^Ñ�©Û

éu S �*ØìnN(�ÔN, duÙ¡��
m¬�pñ	, ÿIéÙ?1�Û?n.

4.1 ÝN©��Û�{9�y

ÝN©�{�äN���: r?¿nNO��
3n� X , Y , Z �I��©¤ Nx, Ny, Nz �©, K
/¤ Nx × Ny × Nz �ÝN. ò®¿©Ð�AÛÔ
N��¡�©��éAÝN¥, P¹���ÝN?
Ò. AÛ�Ûö��, k�äÝN�ÝN�m�ñ
	'X. X�ÀK�äÝNS,¡�´Ä� “�À”

ÝN��, XJØ��, KlT¡�¥%u�Ñ�
��7,Ú�¤TÝNS�¤k¡þØ��; X
J��Ú “�À” ÝN��, KI�?�Ú�ä “�
À” ÝNS�¤k¡�Ú�����¹. Eþã
L§, �¤�Ûó�, T�{�� ~oO�Ñ�.

ã 9 �,. S �*Øì�Û(Jã, ã 9(a) L« S

�*ØìnN¡��é?�¡þ,�ùÚ¡��
À�¹, nNÉÚ«����«�, 7Ú«��Ø
��«�. ã 9(b) � S �*Øì9¡�m��Û(
J, ÉÚ«����«�, 7Ú«��Ø��«�,

lã¥�±wÑ�©§S�Û(J�(.

4.2 7á/æÆ0� S �*Øì

�u��^�O� S �*Øì RCS �O(
5, �O��/*Øì, ©Oæ^�^�Úû�

^� Feko éÙê��[. ã 10 �Ñ
O��.
«¿ã9�.¥©¡!?Ñ�¡þ�° 11 cm!
p 8.4 cm ��/, ?Ñ�¡R�ål� 43.6 cm, ¡
���¿©�Ý�� 9 �n�¡�/²�Å�.

ã 9 , S �*Øì�Û«¿ã (a) ?�¡��9¡ñ	'
X; (b) ¡�ñ	'X

O��¸: ö�XÚ� Win-Xp, CPU .Ò P4

3.0G, S� 2 G. O��Ý��� 0—50◦, T�Ý
�Û�¯a«�, O�m�� 1◦, >|4z�ª�
θθ 4z, \�ªÇ�� 10 GHz. O��mÚO�
]�é'XL 1 ¤«, Ù¥ IPO L«DÚ�
Û�{?n�Û, oÑ��� 3.45 Å�, AÛ�
Û�m�Ó 2.6 Å�; IPO-B L«æ^ÝN©�
{?n�Û, O�oÑ��� 2.1 Å�, AÛ�Û
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�m�Ó 1.25 Å�; Feko æ^ MLFMM �{\
�O�, Ñ��� 6.4 Å�. é'�±wÑ, æ^
Ý N © � { ? n � Û, � , S � Ó ^ ¬ Ñ k O

\, �oÑ�%²w~�, ����{� 48.1%.

ù«�Çþ�J,3�º�(�nNO��¬�
\²w.

ã 10 �/ S �*Øì�.«¿ã

lã 11 �±wÑ, 3 0—40◦ ��S IPO O�
(J� Feko (JÎÜ�Ð, �°(ýÿ S �*Ø
ì RCS �g¸��.  40—50◦ O�(Jm©Ñy
�É, �ÏXe: IPO �{´�énNSÜ RCS ?
1µ�, Ýþ{´é��nN�S	L¡?1O
�, 3\�>^Å�� 40◦ ±�, d*Øì��Ü
�þL¡�)�º¡Ñ�¬ÓâÌ�/ , d�ü
«�{�(J�É¬�\²w, �^�O�(J�
�NÑù�Czª³. ���`²�´, y�k?
Û�ÔÌÅ�?í�þæ^î\Å��ª�O, 3
ù«�¹eX�u��&ÿ>^ÅØ�Uì��
*Øì	L¡, Ïd��{�UNyÑéy�ÔÅ
¥*Øì RCS µ��O(5.

L 1 O��m�]é'

S�/Mb S�/% CPU �m/h CPU �m/%

IPO 15 6.9 3.45 54

IPO-B 22 10 2.1 32.8

Feko 220 100 6.4 100

�©À��0�á�A5�: á� 1 ��é^
�Ç µr = 1.01 − j1.07, �é0>~ê εr = 13.73

− j0; á� 2 ��é^�Ç µr = 1.29 − j0.57, �
é 0 > ~ ê εr = 9.72 − j1.08[17]. T á � · ^
u 8—12 GHz ª���, æ�þÝ�� 2 mm, Ù
��{|'d (3) ªO�, ©O� 0.2837 − j0.1026

Ú 0.25 − j0.0675.

ã 11 S /*Øì RCS �

ã 12 � æ Æ Ø Ó 0 � � / S � * Ø ì 3
Ø Ó ² ¡ � RCS  � ã (θθ 4 z � ª), case1

�7ánNO�(J, case2 �æC��{|'
� 0.2837 − j0.1026 0��nN, case3 �æC��
{|'� 0.25 − j0.0675 0��nN. l(J�±
wÑ, 3�����Ý��e, 0��¦*Øì�
±$ RCS Y², �¦�pÅ¸wÍü$, �Ø�3
²w�p¸. d	��wÑ, 3ü«ØÓ�4z�
ªeþ�3������Ý��S¦�æC0�
*Øì� RCS �LyÑÑ�þ,�y�.
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ã 12 æÆØÓ0� S �*Øì RCS � (a) ýw�²¡; (b) ô�²¡

5 ( Ø

�©ïÄ
·^uk/ÃæC0�?í�*Ø
ì�S�Ôn1Æ{, Ì�(ØXe.

1) 3 IPO �{Ä:þÚ\{|>.^�; æ^
c��S��{Uõ
O�Âñ5; Ú\ÝN©�
{�ÛEâ)û
 S �*Øì¡��pñ	9K
��¯K, Jp?n�Ç; ÏLeZ�~�y
�
^�O(5!p�59½5.

2) é,. S �*Øì?1ê��ý, Ù RCS

(J�Ýþ{O�(JÎÜûÐ, O��m��
Ù 32.8%, S��Ñ�� 10%; éæÆØÓ0�� S

�*Øìê��[, (JL²ÜnÀJ0��wÍ
ü$*Øì RCS.

3) U?�� IPO �{��O(/µ�?¿n
N>^A5, �k/ÃæC0�*Øì�nN¯�µ
�Jø
kå�O��{Úóä,  á�O±Ï.
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Abstract

As one of strong scattering sources of planes, assessing accurately the characteristic of radar cross-section (RCS) about inlets

is still hot in investigation into computational electromagnetics. An iterative physical optics method, which an impedance boundary

condition and forward-backward method are added to, is studied and a box-segmentation method of blanking off is proposed. It can

compute accurately the electric magnetic current distribution on the wall and the RCS. What is more, by developing a kind of software

which can be verified by the relevant examples, the RCS characteristic of any metal or dielectric cavity can be evaluated. On this basis,

using the software, the numerical simulation about the metal/coated medium S-diffuser with rectangular shape is carried out, and the

RCS variational regulation of diffuser under an incident wave length in 0.03 m is obtained. The improved iterative physical optics

method is applicable to the design of any cavity and the study of coating absorbing materials, therefore the design cycle is shortened.
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