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1 Ú ó

�m8IZ�¤�XÚ, äáu�«1ÆZ�
¤�Eâ, ó��n�: ¦^õ�ØÓªÇ1åì
²8I, /¤�½�mªÇ�Z�^«��*	
8I�p�^, 8IÑ�1/¤�£Å&ÒÒ�
¹
8IrÝ©Ù¼ê�ã�ªÌ&E, 2òõ
�£Å&ÒÏL� 4ÜS��{��¤IªÌ
�. Z�^«��mªÇTÐÒ´TªÌ��ª
��I, ØÓ�mªÇ�Z�^«�8I�^, ¼
�
8IØÓª��Ie�ªÌ�, 2ÏLFp�
�C�ïÑ8Iã�. ÙXÚ¢y�n«¿ãX
ã 1¤« [1].

�È±5, �íë6Ñ´��1åDÑXÚ,

¤�XÚ�1ÆXÚ5U��Ï�. cÙ´éu
�m8IZ�¤�XÚ, ���í�¸¥�1ÆX
Ú,   l/¡u�1åì²�¥8I, 1åDÑ
´»CKAúp, ��þ�úp [2]. ùÏm1åÅ
cÂ��íë66ÄK�ÛC/, �6Är��
�¬E¤Z�1ÆXÚ¤�ã��ÆC, îK�
¤�5U [3,4].

ã 1 �m8IZ�¤�XÚ�nã

�d�©òæ^3þ1&�\\ë6� ¶
��{, é�m8IZ�¤�XÚ?1ê��[,

O�Ú?Ø�m8IZ�¤�Eâ3�íë6�
^e���¤�(J.

�íë6�A´du�í§Ý��ÅCz�
)�í�Ý��ÅCz, Ù\È�A���íò�
Ç¥y²wØþ!5, l��1å� Cz, Å
cC/ [5,6], é8Iïã��þ�5K�. Ø
^
¢�ÚnØ©Û��{ïÄ�íë6, ê��[�
´ïÄë6¯K�k�Ãã.
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��Ø%¯K��´�[�íë6ÆC� ¶. ®
uÐ
õ«�{�)ë6�A�Å� ¶, ù

�{Ä�þ�d� Åc�L��ª©�üa:

�«´�â�íë6�õÇÌ�Ý¼ê���í
6Ä� ©Ù, ¡� “õÇÌ�ü{”. Ì�ü{
Äkd McGlamery JÑ, ±���
2��A^
ÚuÐ [7].

�íë6�6Ä¦1åDÂ¥� E¤r�
��ÅåÏ, ��Z�^«ã�ÆC, lK��
ïL§¥ªÌ��°(æ8. � ¶nØ´
?n�Å0�éÅDÂK���«k�/Cq�
{ [8,9]. nØ¥òDÑ´» z ©� n ã, rz�ãå
l (∆z = z/n) ¥�íë6é1åÅ� �K�À
���� ¶, Xã 2 ¤«.

ã 2 �íë6�©��.

ê��[� ¶��{Ì�k Zernike õ�ª
{ÚõÇÌ�ü{�, �©æ^O��Ý�¯�õ
ÇÌ�ü{�)ÎÜ Kolmogorov Ì��Å� ¶,

éþ1&���íë6?1�[.

2 õÇÌ�ü{�)� ¶

2.1 õõõÇÇÇÌÌÌ���üüü{{{���)))���   ¶¶¶

õÇÌ�ü{�)� ¶�Ä�g�´ÏL
)¤�Eêpd�Åê�Ý
 a(m′, n′), ,�^
ÎÜ Kolmogorov �í� 6Ä�õÇÌ Φn(k) é
Ù?1ÈÅ, 2?1_Fp�C���ë6� 
¶ φ(m,n)[7,8],

φ(m,n) =
∑
m′

∑
n′a(m′, n′)

√
Φφ(m′, n′)

× exp
[
i2π

(mm′

Nx
+

nn′

Ny

)]
, (1)

Ù¥� ¶��íë6ò�ÇõÇÌ�Ý�

Φφ(κ, z) = 0.033C2
n(z)κ−11/3. (2)

3¼��íë6ò�ÇõÇÌ�Ý Φn(k) �,

I�®��íë6ò�Ç(�~ê Cn2(h), ½ö
�íë6�Z�Ý r0, üö�m�3'XXe:

r0 = 0.185
[

λ2

z+δz∫
z

C2
n(ξ)dξ

]
. (3)

^ (2), (3) ª�ép¦�d r0 L«�õÇÌ�
Ý Φn(k)�

Φφ(κ, z) = 0.490r
−5/3
0 κ−11/3. (4)

  �
BuO�, òÅê�¼ê=C��m
ªÇ�, �mÅê k ��mªÇ�'X� k = 2πf ,

�����

φ(m,n) =
∑
m′

∑
n′

a(m′, n′)f(m′, n′)

× exp
[
i2π

(mm′

Nx
+

nn′

Ny

)]
,

f(m′, n′) =
2π

LxLy

√
0.00058r

−5/6
0

× (f2
x + f2

y )−11/12. (5)

2.2 ggg���ÅÅÅÖÖÖ���

d FFT Ì�ü{�)�Å� ¶��{'�
{ü, �B, ��kØv�?. ù«�{�)��
 ¶����mªÇ� fmin = ∆f = 1/L, ��
�mªÇ� fmax = N∆f/2 = 1/(2∆x), ∆f ��
mªÇm�, L �� ¶�º�, N ���:ê,

∆x ���m�, � ¶Ø�¹ (−∆fx/2,∆fx/2)
Ú (−∆fy/2,∆fy/2) ùÜ©$ªÇ©þéA�õ
ÇÌ, l¦� ��ºÝåÏ�)Ø�. Ïd�

°(�[ÎÜ�íë6ÚOA��ë6� ¶,

k7�éé�â FFT Ì�ü{�)�� ¶?1
$ªÖ�.

��5`, Ö�$ª��{kü« [9], �´Ä
k�)��é��� ¶, ,�l¥%Ä���
Ü©, ù��Ü©¥�¹
$ª¤©�A�. ù�
ÒI�é��Ý/½�/� ¶,,�«�{´÷
^ Noll nØV\ Zernike õ�ª, �´ Zernike õ�
ªNy�´���»�� Ø´æ�:�� .

Cc5, é� ¶$ªÖ��g�Å�{Úå
<
��2�'5 [10]. ��g�Å´��±Ï'� 
¶º��A���uÅ. g�Å$ªÖ��Ä�g
�´3Fp�$ªg�Åæ��Ä:þ, é FFT
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{�[�� ¶?1��[Ü, lUõ� ¶�
$ªÚOA5.

$ªg�ÅÖ�{´òFp�Ìpªàm©
��Ü© (0,−fmin) ©� 9 ��°, �n��ã 3,

zÜ©��k¡È��� 1/9, ��:©Ù3	¡
� 8 ��«þ, /¤g�Å��. p ?g�Å (p > 1)

éA�æ�m�� ∆fp = fmin/3p, ù��k��
�Ü©Ò� 32p �Ü©��, Ïd, �\���Ï
f 3−2p, ��L�ª�

φSH(m,n) =
Np∑
p=1

1∑
m′=−1

1∑
n′=−1

a(m′, n′)f(m′, n′)

× exp
[
i2π3−p

(mm′

N
+

nn′

N

)]
, (6)

f(m′, n′) =C · 3−2pr
−5/6
0 (f2

lx + f2
ly),

flx =3−pm′∆fx,

fly =3−pn′∆fy.

ã 3 $ªg�ÅÖ��nã

3Å�� 6.328× 10−7 m, � ¶��� 200×
200, æ�:m�� 0.003 m, � ¶må� 500 m

�ëêÀ�^�e¢y
^Ì�ü{�[ Kol-

mogonov Ì� ¶. ã 4(a) �ë6�Z�Ý r0 =
0.107 m, �» D = 0.6 m �^Ì�ü{�) Kol-

mogonov � ¶�;.ã; lã 4(a) �±w�, �
\g�Å�� ¶�$ª¤© (��) Ø²w, ù´
du FFT Ì�ü{¤�k�Û�5E¤�$ªØ
vy�.

ã 4(b)�3ã 4(a) � ¶Ä:þU\ 4 ?g
�Å���� ¶; lã 4(b) �±w�, U\g�

Å�� ¶�$ª 0 ¤© (��) ®²'�²w, ù
L²U\$ªg�Å�(Uk�Ö� FFT Ì�ü
{E¤�$ªØv.

ã 4 õÇÌ�ü{�[ Kolmogonov Ì� ¶ (a)�\g
�Å�� ¶; (b) \ 4 ?g�Å�� ¶

3 A«~���íë6�.

� í ë6� Z � Ý r0, ´ � N
� ¶ �
[�íë6rÝ� �ëê, ��µ½ë6´
ÄK�1Æ¤�XÚ�ã�©Eå�Ì��â,

� Cn2(h) �pÝ©Ù���', �Ò´`æ^Ø
Ó� Cn2(h) �.�±�[�íë6�ØÓ�¹.

8c��~��´ Hufnagel-valley, SLC-Day,

Greenwood ��íë6�.. Ù¥ Hufnagel-valley

�íë6�., ©�rë6�. HV21 Úfë6�
. Modified HV21. HV21 Ì�^uxU�íë6�
r�, Modified HV21 K´~^����..
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rë6�. HV21�

Cn2(h) =5.94 × 10−53(21/27)2h10 exp(−h/1000)

+ 2.7 × 10−16 exp(−h/1500)

+ 1.7 × 10−14 exp(−h/100). (7)

fë6�. Modified HV21�

Cn2(h) =8.16 × 10−54h10 exp(−h/1000)

+ 3.02 × 10−17 exp(−h/1500)

+ 1.9 × 10−15 exp(−h/100). (8)

�kÒ´ SLC-Day �íë6�., d�.Ø
=3 3500 m pÝ�� Hufnagel-valley ²;�.
�q, ��Ù¦�.�[�Ñ
pÝ3 3000 m

±e��íë6ò�Ç(�~ê Cn2(h) �Cz.

SLC-Day �íë6�. Cn2(h) ©Ù�

Cn2(h) =



0 0 m < h < 19 m,

4.008 × 10−13h−1.054 19 m < h < 230 m,

1.300 × h−15 230 m < h < 850 m,

6.352 × 10−7h−2.966 850 m < h < 7000 m,

6.209 × 10−16h−0.6229 7000 m < h < 20000 m.

(9)

ë6ÌΦn(k)kéõ«�., XKolmogrovÌ!
TatarskiiÌ !HillÌ !Green-TarazanoÌ !Frehlich

Ì!Von Karman Ì�. ù
Ì´�â�aØÓ
ëê^�e¢S�íë6½¢�¿�[ë6�¢
�ÿþêâÚO?nÚnØ©Û�I����. Ù
¥k
ë6Ì=·^u£ã�½�¸e��íë
6�åÏ5Æ, k
ë6Ì´Ï�nØ©Û�I�
d°(Ì{z���CqÌ. k
ë6Ì¦+'
�°(�Ã{^unØ©Û, �,ù´Ï��íë
6���~E,. ù
Ì¥·�æ^8cú@�?
��� Von Karman Ì. =

Φn(k) = 0.033C2
n

exp(−k2/k2
m)

(k2 + k2
0)11/6

, (10)

ª¥, Cn2(h) ´�íë6ò�Ç(�~ê; k ´�
mÅê; k0 < k < km, km = 5.92/l0, k0 = 1/L0, Ù
¥ l0 Ú L0 ©O�ë6�SºÝÚ	ºÝ, ë6�
	ºÝ L0 ���*ÿ:�pÝ, ë6SºÝ l0 �
�� 1—10 mm.

d d, ·� n Ü
 HV21, MHV21, SLC-Day

A«~���íë6�., ©OÀJ Kolmogorov

õÇÌ¼êÚ Compensated Von karman õÇÌ¼
ê, æ^õÇÌ�ü{, (Ü
g�ÅÖ�Ån,

± 500 m ����� ¶´»ã, �[
 0—20 km

´»ã�o� ¶, Ùn���ãÚ��� Ì
Ýã�ã 5—10. 3Ó� HV21, MHV21 ½ö SLC-

Day ¥,��.e, ù
ã�Ø�q, 'X3 HV21

e, =¦�kõÇÌ¼êu)Cz, ù
ã�*d

ØÓ, ù´Ï�3ê��[�íë6�, Ú\
�
ÅEê¼ê, ù�Ð��ý
�í¥ë6õC��
¹, k|u�Y��m8IZ�¤��ý�¦.

ã 5 0—20 km HV21 ë6�. Kolmogorov Ú Compensated
Von karman õÇÌ�n�� ��ã (a) Kolmogorov õÇ
Ì¼ê; (b) Compensated Von karman õÇÌ
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ã 6 0—20 km HV21 ë6�. Kolmogorov Ú Compensated Von karman õÇÌ���� ÌÝã (a) Kolmogorov õÇÌ¼
ê; (b) Compensated Von karman õÇÌ

ã 7 0—20 km MHV21 ë6�. Kolmogorov Ú Compensated Von karman õÇÌ�n�� ��ã (a) Kolmogorov õÇÌ
¼ê; (b) Compensated Von karman õÇÌ

ã 8 0—20 km MHV21 ë6�. Kolmogorov Ú Compensated Von karman õÇÌ���� ÌÝã (a) Kolmogorov õÇÌ
¼ê; (b) Compensated Von karman õÇÌ
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ã 9 0—20 km SLC-Day ë6�. Kolmogorov Ú Compensated Von karman õÇÌ�n�� �� (a) Kolmogorov õÇÌ¼
ê; (b) Compensated Von karman õÇÌ

ã 10 0—20 km SLC-Day ë6�. Kolmogorov Ú Compensated Von karman õÇÌ���� ÌÝã (a) Kolmogorov õÇ
Ì¼ê; (b) Compensated Von karman õÇÌ

4 A«~���íë6�.e�8I
ï(J

ê��[ 32 × 64 (�� T /�måU�e
�m8IïL§, �ÑUº�K�, æ^pd
1å�§DÑ, Å� 6.328 × 10−7 m, � ¶��
� 200 × 200, æ�:m�� 0.05 m, � ¶må
� 500 m �ëêÀ�^� [11−13], ¦^õÇÌ�ü
{�[3ØÓ�í�.¥þ1&��í6Ä�^
é8IZ�¤��JK�, �ý8Iæ^Z�^«
��çx�mqIÛÜã. ï(J'���L 1

Úã 11—14.

ã �  ï � þ � µ d ë ê æ ^ d ÷�
� (Strehl) O K, Strehl � ´ ü ã � r Ý © Ù p
�'Ì�8�z(J, Xúª¤«, �ïã�
rÝ©Ù I(f) �8Iã�rÝ©Ù O(f) �Ó,

= I(f) = O(f) �, Strehl �� 1, �Ò´`, Strehl

���C 1, `²ïã��8Iã���q, KX
Ú�¤��þ�Ð.

Strehl

=

∣∣∣ ∫∫
O∗(f)O(f)dfxdfy

∣∣∣2∫∫
O∗(f)O(f)dfxdfy

∫∫
I∗(f)I(f)dfxdfy

.

(11)

( J L ², Kolmogonov Ú O 5ÆÚ ? � �
� Von karmen ÚO5Æe�[��íë6� ¶
é�m8Iïã�o�5`, Ñ´�±�É�ã
��þ, ù´Ï�� 4Ü�^ [1] �(J. üöä
N'�©Û, Von karmen õÇÌe�ÊHÐu Kol-

mogonov õÇÌ, Von karmen õÇÌØØ´ HV21

�., �´ Modified HV21!½3 SLC-Day �í�
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.¥, ý�Ü°ï� Strehl '��u 1, ùL«²
4Ü� ?n, ïã���Ø¬Éë66ÄK�.

� Kolmogonov õÇÌe HV21, Modified HV21 �
.½ö SLC-Day �.¥ý�Ü©ïã� Strehl

'��u 0.9, �êÜ©ïã� Strehl '�3 0.6

��. ±þO�(Jw«, æ^4Ü� Eâ, �í
ë6é�m8IZ�¤�XÚ�¤��þK�3
��É��S, ïã�äk£OUå.

ã 11 8I�©ã

ã 12 HV21 �íë6�. Kolmogorov Ú Compensated
Von karman õÇÌ�8Iïã (a) Kolmogorov õÇÌ
¼ê; (b) Compensated Von karman õÇÌ

ã 13 MHV21 �íë6�. Kolmogorov Ú Compen-
sated Von karman õÇÌ�8Iïã (a) Kolmogorov õ
ÇÌ¼ê; (b) Compensated Von karman õÇÌ

ã 14 SLC-Day �íë6�. Kolmogorov Ú Compen-
sated Von karman õÇÌ�8Iïã (a) Kolmogorov õ
ÇÌ¼ê; (b) Compensated Von karman õÇÌ
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� 4ÜEâ [1] �¶gÂæ^õ�1ÆU
�4Ü�, �Ø�g�� Ø�, ���4Ü��
^, I�n�½n�±þ�1ÆU�?1O�. 3

�£Å&Ò/¤��4Ü�  (Triplet), ·�ÏL

¦Ù'��ØÙ¥�� �. � 4ÜEâ��
1ÆnÜ�»¤�¥�Ø�í6Ä�'�Eâ,

3�m8IZ�¤�Eâ¥���éÐ�U?�
$^.

L 1 �íë6�.e�8IA«~��ïã� Strehl (J

�íë6�. Kolmogorov õÇÌ¼ê Compensated Von karman õÇÌ¼ê

HV21 Strehl = 0.5556 Strehl = 1

MHV21 Strehl = 0.4805 Strehl = 1

SLC Strehl = 0.0506 Strehl = 1

5 ©Û�(Ø

ê��[ 32 × 64 (�� T .�måU�e
�m8IïL§, �ÑUº�K�, æ^pd
1å�§DÑ, Å� 6.328 × 10−7 m, � ¶��
� 200 × 200, æ�:m�� 0.05 m, � ¶må
� 500 m �ëêÀ�^�e, ¦^õÇÌ�ü{
�[3ØÓ�í�.¥þ1&��í6Ä�^.

ï(J'���L 1. (JL²: Kolmogonov

ÚO5ÆÚ?��� Von karmen ÚO5Æe�
[��íë6� ¶é�m8Iïã��'
�, o�5`Ñ´�±�É�ã��þ, ù´Ï�
� 4Ü�^�(J. üöl�* Strehl ê�þ
äN'�, Von karmen õÇÌe�ÊHÐu Kol-

mogonov õÇÌ, Von karmen õÇÌØØ´ HV21

�., �´ Modified HV21!½3 SLC-Day �í
�.¥, ý�Ü©ï� Strehl '��u 1, ùL
«²4Ü� ?n, ïã���Ø¬Éë66

ÄK�. � Kolmogonov õÇÌe HV21, Modified

HV21 �.½ö SLC-Day �.¥�Ü©ïã
� Strehl '��u 0.9, �êÜ©ïã� Strehl

'�3 0.6 ��. ±þO�(Jw«, æ^4Ü�
 Eâ, �íë6é�m8IZ�¤�XÚ�¤
��þK�3��É��S, ïã�äk£O
Uå.

�?�Ú©Û Strehl ê��É�Ï�, �m8
IZ�¤�Eâ¥� 4Ü�{�,U
�Øü
1å�1§�, �ØU�ØZ�^«Û�5�K
�. =1å3�íë66Äe, Åc�Å�� Ø
�©Ùe??Cq��, d�ü1å�Z�1�Ñ
yaq�N¤£�y�, ù��Ø�U
3� 4
Ü¥�Ø. �eÅc� Ø�??Ø��, =Z�
^«ÑyÛ, � 4Ü�{Ã{k��Øë6K
�. �±��eò�m8IZ�¤�Eâ$^ué
$�8I�*ÿ, Z�^«É�rë66Ä�é¤
��þ�K�òØ��À.
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Simulation for space target interference imaging
system distorted by atmospheric turbulence∗

Liu Yang-Yang† Lü Qun-Bo Zhang Wen-Xi

( Academy of Opto-electronics, Chinese Academy of Sciences, Beijing 100094, China )

( Received 24 August 2011; revised manuscript received 10 October 2011 )

Abstract

Interference imaging system for space target has close relation with atmospheric environment, and atmospheric turbulence distur-

bance distorts terribly the wavefront phase of any transmission optics launched from any optics system. In the space target interference

imaging system the phase-closure-principle is adopted, in order to eliminate possible effects of atmospheric turbulence on the target

image. Based on the power spectrum method and the Fourier transform method, the numerical simulation of wavefront phase screen,

which is distorted by atmospheric turbulence conforming to the statistical rules of kolmogonov model and modified Von Karmen model,

is respectively implemented. Various images by several different phase-screen models on the interference imaging system are obtained.

Simulation results show that, with the advantage of adopting phase-closure-principle, the possible effects of atmospheric turbulence

imaging can be eliminated basically.
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