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�
Jp¤�XÚ�©EUå, ¿¦þ~�XÚ�E,Ý, �©ò� �Åc&ÿEâÚ� �ã�¡EEâ
(Üå5�¤� �·Ü?n�{, �Ñ
:8IÚ*Ð8I�¹e·Ü?n�{�ê��ý(J, ¿�é:8I
�¹?1
¢��y. ¢�L², 3������¹e, ��^¯�?n�{Ã{��÷¿�(J. 3n«ë6r
Ýe, ²·Ü�{?n���1���p°©Odg·A1ÆXÚ���� 5.1, 5.1 Ú 5.0 ���~�� 3.3, 3.2
Ú 3.0 ���. �±wÑ, |^� �·Ü?n�{���ã�²w`uüÕ�¯�ã�?n�{Úg·A1Æ�
�, � �·Ü?n�{3p©Eå¤�+�kXã��A^då.
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1 Ú ó

�íë6Ú"�º���Ï�¬¦\�1å
�Åcu)ÆC, l
��ü$/ÄU©"�º�
¤��þ [1]. þ­V 50 c�, <�JÑ
g·A1
Æ (adaptive optics, AO) �Vg [2], AO �Ñy��
~�
ù
Ï�é¤�XÚ�K� [3,4], k�/U
õ/Ä"�ºXÚ�¤��þ. �duÅcDaì
�D(!C/ºgdÝ±9��£´��mò�
�Ï�K�, AO XÚØUéÅc������, Ù
����8I�,É��í�K� [5]. ù�¤�X
Ú���ã��þ�ké�Uõ��m, í��

���¯?n�Ø. ·Ü?n�{Ò´ò AO XÚ
Ú¯�ã�?n�{�(Ü�p©Eå¤�Eâ.

� � (phase diversity, PD) {3��Ñ�íë
6Ú"�º��Ú\�ÅcÆC�Ó�, �U��
�«¯�?n�{¡EÑòz�ã� [6,7]. ,
,
PD �{��E,, ��±5��A^u¢�5�
¦Øp�+�. C
c5, �X�{ÚM�Y²�
ØäJp, PD �{O�þ��":®Ø2´��
ÙuÐ�´¶, PD Åc&ÿì®²¤�Åc&ÿ
ì���­�uÐ��. �©ò PD Åc&ÿEâ

Ú PD ã�¡EEâ(Üå5�¤� �·Ü?n
�{ (phase diversity hybrid method, PDHM), T�{
|^ PD �{5¢yÅc&ÿ, � AO XÚ�4�
��JøK�", Ó�|^ PD �{é AO XÚ�
���ã�?1¯�?n, ���p©EÇ�ã�.

PDHM ¿©(Ü
 AO EâÚ¯�ã�?n
�{�`:, U
²w/Uõ¤��©Eå, AO
´¯�ã�?n�{�3Xé��(J� [8](~X
3��»"�ºXÚ¥), T�{äké��`³:
Äk, PDHM �±�Ñ AO ����{�í6Ä�
K�, �Øí��
, ?�ÚJp¤�XÚ�©E
Uå, $��±¡EÑû�4�ã�¥¤"��,

[! [9]. Ùg, PDHM |^ AO XÚé�í6Ä
?1Ü©Ö�, U
Jp&D', Uõ¯�ã�?
n�{�Âñ5, \¯O��Ý. 2g, PD ¤I�
�N\���±d AO XÚ¥�Åc��ì�),
ÃIÅcDaì, 1´{ü, ´u¢y, �Ø
��
´Ø�. ��, ��¯�?nEâ, ��:¤�Eâ
�', PD �{æ8ã��!ØI�ë�8I!Ø
�6u�í�ÚOA5; ���_)òÈ�', PD
�{|^VÏ�&E, Or
�å, äk�Ð�Â
ñ5Ú�¯��Ý. Ïd, PDHM 3p©Eå¤�
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+�kXã��uÐdå.
�u PDHM �Ãõ`:, �©òéù«·Ü

?n�{?1�[/ïÄ, �Ñ
Ùê��ý(
J, ¿�é:8I�ï¢�²�, éØÓë6rÝ
e PDHM �5U?1
¢��y.

2 � �{�Ä��n

PD �{�Ä�g�´|^Ó�8I o(x, y) ²
LØÓ�1ÆÏ� {hk(x, y)} ¤¤� k(k > 2) Ì
ã� {ik(x, y)} 5�OÅc� , Ó�­ï8I�,
Ù¤�L§Xã 1 ¤«.

ã 1 � �{¤�L§µã

b�1Æ¤�XÚ´�mØC�5XÚ, �â
4�q,�O½���¦�OnØ(½��8I
¼ê E[7],

E =
∑

k

∑
x,y

|ik(x, y) − ô(x, y) ∗ ĥk(x, y)|2, (1)

ª¥ ik(x, y) �1 k �&ÿìþ�1r©Ù; ô(x, y)
L«8I1r©Ù��Oþ; ĥk(x, y) L«1 k �
1ÆÏ��:*Ñ¼ê (PSF) ��Oþ; ∗ L«ò
È$�.

ĥk(x, y) =
∣∣∣F−1

{
A(u, v) exp[iφ̂k(u, v)]

}∣∣∣2, (2)

ª¥ φk(x, y) �1 k �1ÆÏ�þ�Åc©Ù;
A(x, y) ��»¼ê; F−1{} L«Fp�_C�. �
â Parseval ½nÚòÈ½n, (1) ª�L«�

E =
∑

k=±1

∑
fx,fy

∣∣Ik(fx, fy)

−Ô(fx, fy)Ĥk(fx, fy)
∣∣2, (3)

ª ¥ Ik(fx, fy), Ô(fx, fy) Ú Ĥk(fx, fy) © O
´ ik(x, y), ô(x, y) Ú ĥk(x, y) �lÑFp�C�.
3�©�ïÄó�¥, ·�[^üÌã�5��Å
c� , Ù¥�Ìã�´dÅcÆC��òz��
¡ã�; ,	�Ì´3�¡ã�þÚ\��®�l
������ã�. �¤�XÚ�Ï�ê� 2 �,

- ∂E/∂Ô = 0, �

Ô =
IĤ∗ − IdĤ

∗
d

|Ĥ|2 + |Ĥd|2
, (4)

�\ (3) ª�

E =
∑ ∣∣IĤd − IdĤ

∣∣2/(∣∣Ĥ∣∣2 +
∣∣Ĥd

∣∣2), (5)

ª¥ I Ú Id ©O��¡ã�Úl�ã��lÑ
Fp�C�; H Ú Hd ©O�ü1ÆÏ��1ÆD
4¼ê, �Ò´:*Ð¼ê�Fp�C�. �
(
�)��35!��5ÚëY5, I�|^'u
)�k��£, �EN\�å, =�Kz�{. �
©æ^ Tikhonov �Kz�{5�EN\�å, �
â Tikhonov �Kz�n, 8I¼ê�U�� [10]

E =
∑
f∈F1

K∑
k=1

|Dk|2 −
∑
f∈F1

∣∣ ∑K
j=1 DjH

∗
j

∣∣2
γ +

∑K
l=1

∣∣Hl

∣∣2
+α

〈
Φ−1F{φ},F{φ}

〉
, (6)

ª¥, γ, α > 0, ¡��KzXê, Φ ´�ÿÅc�
k�&E, ����íë6�õÇÌ, 〈,〉 L«SÈ.
æ^�`z�{Ïé¦8I¼ê E ��z�), =
�¦�Åc©Ù φ(x, y), �L«�

φ(u, v) = min−1

φ̂

[
E

(
φ̂(u, v)

∣∣{ik(x, y)}
)]

, (7)

ª ¥ min−1

φ̂
[E(φ̂(u, v)|{ik(x, y)})] L « 3 ® � ë

ê {ik(x, y)} �^�e¦¦� E ������ φ̂.
Ó�, �±|^ (4) ª­ï8I�.

k�S� broyden-fletcher-goldfarb-shanno (L-
BFGS) �{, �;þ�!O��Çp, �~·Ü¦
)�5�Ã�å`z¯K, ´¦)� �Åc&ÿ
¯K��k��{�� [11], Ïd�©|^ L-BFGS
�{Ïé¦8I¼ê��z�), äNL§ëw©
z [1].

3 ê��ý

�Í1�m�u�í�Z�m�, �íë6
Cq� “È(” � [12]. Ïd, 3ïÄ�íë6é
"�º¤��K��, �±¦^��½õ���
u"�º1Òþ��Å� ¶5�[�'«S�
�íë6�A. du�íë6Ì�d$ª¤©�
¤, pª¤©¤Ó'~é� [13,14], �©¦^c 65
� Zernike õ�ª5�[÷v Kolmogorov Ì��
í� ¶. ��í��Z�Ý r0 � 10 cm, "�º
�» D � 1.5 m, �K²£ (piston) Ú�� (tip-tilt)
�����í� ¶Xã 4 ¤«, Ù�¸� (PV) �
� 3.54λ, þ�� (RMS) �� 0.37λ, ã 5 �Ñ
�
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[�*Ð8Iã�, æ�:ê� 256 × 256. λ �¤
�XÚ�ó�Å�, ©¥ λ � 0.63 µm, N\l��
�� PV �� 1λ, ·�æ^ λ ��Åc�ü , 5
ïþ�����.

:8I�¹e, �ý(JXã 4 ¤«. ã 4(a)
�Ã���1ÆXÚ, =û�É�XÚ (Diffrac-
tion Limited System, DLM) ¼��8I�, Ù�p
°� 2.2 ���; ã 4(b) �Ñ
 CCD þæ8��
�¡ã�, =Ø²L?Û?n, ¤�XÚ���8
Iã�; ,	æ8�Ìl�ã�, |^ PD �{�

 �{?1ã�¡E, ���(Jw«uã 4(c);
|^ PD Åc&ÿEâéÆCÅc?1&ÿ, ,�
|^ AO ?14���, 4� 6 g�¤�ã�X
ã 4(d) ¤«; 3 AO 4����Ä:þ¦^ PD �
{?�Ú?1¯�?n, ¤�ã�w«uã 4(e).
�±wÑ, du����, ��æ^ PD �{?1¯
�?nJ±���(�(J; AO ���¤��þ
k
²w�Jp; 
3 AO ���Ä:þ2|^�
 �{?1¯�?n, ¤��þk
?�Ú�Uõ,
¤�1���p°d 2.4 ���~�� 1.4 ���.

ã 2 �K²£Ú�����í� ¶ ã 3 �[�*Ð8I

ã 4 :8I�¹e��ý(J

ã 5 *Ð8I�¹e�?n(J

ã 5 �Ñ
*Ð8I�¹e��ý(J, ã 5
¥� (a), (b), (c), (d), (e) ©O´ DLS ¤�8I�!
�¡ã�!^ PD ?1¯�?n¤�ã�!² AO
��¤�ã�Ú|^ PDHM ?n���ã�. �:

8Iaq, ��æ^ PD ?1¯�?n¿ØU��
n��(J; ² AO ���, ¤��þk
�½�
Jp; ����ã�2² PD ?n¤��þk
²
wUõ. ·�|^¤�ã���©�[8Iã��
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'Ý5�½¤�ã���þ, ã���'Ý½Â�

R =
∑

m

∑
n Am,nBm,n

(
∑

m

∑
n A2

m,n)1/2(
∑

m

∑
n B2

m,n)1/2
, (8)

ª ¥, Am,n Ú Bm,n © O ´ ã � A Ú ã � B

¥ (m,n) :��Ý�. ã 5(a), (b), (c), (d), (e) ÊÌ
ã��ã 3 ¤«8Iã���'Ý©O� 0.9918,
0.9665, 0.9814, 0.9888 Ú 0.9942, ��, |^ PDHM
� � � 8 I ã � ² w ` u ü Õ � ¯ � ã � ?
n�{Úg·A1Æ��, ¿`u DLS ¤��
8Iã�.

4 ¢�ïÄ

�
�y�ý(J, ·��ï¢�XÚ, Ù1

´ã�¢Ôì¡©OXã 6 Úã 7 ¤«. ¢�XÚ
d8I!Åc� N�Ü©Ú¤�XÚ 3 �Ü©
|¤. 8IÜ©d He-Ne -1ì! �¡ P!w�
Ôº L1!�� SF Úßº L2 |¤. w�Ôº�ë
ê� 40/65, ����»� 15 µm , ßº L2 ��å
� 200 mm. He-Ne -1ìÑÑ�1å²L �¡,
±B�y1å� ���� LC-SLM ��Ï~1
¶��²1. ����ußº L2 ��¡þ, ^5�
[Ã¡�?�8I. Åc� N�Ü©æ^��ª
>Ï��¬�m1N�ì (LC-SLM) 5\1�ÿ�
�ÚN\l���, ¿é�ÿ��?1��. ¤�
Ü©dV�Üàßº L3 Ú CCD �Å|¤, ßº L3

��å� 200 mm, CCD �Åæ^�´ Cascade:650,
��º�� 7.4 µm×7.4 µm.

ã 6 ¢�1´ã

ã 7 ¢Ôì¡
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¦^c 65 � Zernike õ�ª5�[ D/r0 ©O
� 5, 10 Ú 15 ��í�Å� ¶, Xã 8 ¤«. §
�� PV Ú RMS �XL 1 ¤«.

ã 9 �ã 11 ©O�Ñ
3ØÓë6rÝe�
¢�(J, 3zÌã¥, l��m©O´ DLS ¤�
�ã�!�¡ã�!^ PD ?1¯�?n¤�ã

�!² AO ��¤�ã�Ú|^ PDHM ?n��
�ã�.

L 1 ØÓë6rÝe�í�Å� ¶� PV Ú RMS �

D/r0 5 10 15

PV/λ 1.4640 2.4127 3.5444

RMS/λ 0.2472 0.4280 0.376

ã 8 �Å� ¶ (a) D/r0 = 5; (b) D/r0 = 10; (c) D/r0 = 15

ã 9 D/r0 = 5 ��¢�(J

ã 10 D/r0 = 10 ��¢�(J

ã 11 D/r0 = 15 ��¢�(J
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3²·Ü�{?n���8Iêâ¥Ñy

K�, ù
êâ´vk¿Â�, Ïd3ã�w«�
�ÿ, ·�òù
��Kê�êâD�". �

Bu'�, ·�én«ë6rÝe DLS ¤¤�8
I�!AO ������8I�Ú|^ PDHM �
�8I��Ý�?18�z, ¿�ÑÙ�¡ã, X
ã 12(a), (b), (c) ¤«.

n«ë6rÝe, DLS ¼��8Iã���p
°þ� 5.0 ���. |^ PD Åc&ÿEâéÆC

Åc?1&ÿ, ,�|^ AO XÚ?14���, 4
� 6 g�, n«ë6rÝe¤�ã���p°©O
� 5.1, 5.1 Ú 5.0 ���; 3 AO ���Ä:þ2|
^ PD ã�¡EEâ?1¯�?n, ¤�1���
p°©O~�� 3.3, 3.2 Ú 3.0 ���, ¤��þk

?�Ú�Uõ. du PD ã�¡EEâ�±Or
8Iã�¥�mªÇ$u¤�XÚ��ªÇÜ©
�é'Ý [15], Ïd, PDHM �±¼�du DLS �
8I�.

ã 12 n«ë6rÝ DLS ¼��8I�!AO ������8I�Ú|^ PDHM ��8I���¡ã

5 ( Ø

�©{ã
 PDHM �Ä��n, ©Oé:8I
Ú*Ð8I�¹e·Ü?n�{�5U?1
ê
��ý. �é:8I, 3ØÓë6rÝeé PDHM
?1
¢�� y. D/r0 ©O� 5, 10 Ú 15 �,

² PDHM ?n���1���p°©Od AO
XÚ���� 5.1, 5.1 Ú 5.0 ���~�� 3.3, 3.2
Ú 3.0 ���. (JL²: PDHM ¿©(Ü
g·
A1ÆEâÚ¯�ã�?n�{�`:, AO´¯
�ã�?n�3X(J�, ·Ü?n�{äké�
�`³, PDHM �±�Ñ AO ����{�í6Ä
�K�, �Øí��
, ?�ÚJp¤��©Eå.
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Abstract
In order to improve the resolution of an imaging system and make the system as simple as possible, the wavefront sensing and the

image post-processing using phase diversity are combined to form a new method, i.e., phase diversity hybrid method, in this paper. The
performance of this method is simulated for a point source and also for an extended source. An experimental platform is built based on
a point source. The experimental results demonstrate that the acceptable results cannot be achieved by using single post-processing for
large aberration. The full width half maximum of the light spot descends from 5.1 pixels, 5.1 pixels, and 5.0 pixels which are corrected
by adaptive optics to 3.3 pixels, 3.2 pixels, and 3.0 pixels respectively. We can see that the quality of the image processed by phase
diversity hybrid method is much better than that restored by post-processing method or corrected by adaptive optics only. It has a great
potential application in the filed of high resolution imaging.

Keywords: high resolution imaging, phase diversity, hybrid method
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