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Abstract The basic principles of wavefront sensing based on phase diversity (PD) are introduced. And the
phase diversity is extended from monochromatic or quasi— monochromatic light illumination to broadband

spectrum light illumination. Based on lots of computer simulation and analysis, the validation experiment of

to solve the wavefront aberration according to the images collected. The result shows that the difference
Key words

broadband PD technology is designed. The integrating sphere is used as the light source, and the modulation
between wavefront aberration solved by broadband PD and the root mean square (RMS) of interferometric

transfer function (MTF) testing experiment of some optical system is established in the lab. The wavefront of

optical system and the best position of focal plane are calculated by broadband PD technology, and the images

.

collected are restored. Furthermore, the outfield imaging experiment is designed. The broadband PD is applied

periment; modulation transfer function (MTF) testing
=]

than 0.03 mm. The testing precision of broadband PD satisfies the requirement of engineering.
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testing result is less than 0.03), and the difference of focal plane position solved by PD and MTF testing is less

image processing; broadband phase diversity; wavefront sensing; image restoration; imaging ex-

25 [0 i UL I 5 R B 28 o 7 B — A T 5K BB K P RO T B2 bR R . BB 2 A6 s WL 5 SR B A
W 48 5, 0 2 (] AL 0 7K P B A R 55 B B R MR M i o AR T TR A A O AR R A

27 R DL RAE RS ) 5 2 R 5% 0 52 W, 25 8] AR 1L AE B0 R4S BRF Y 30 iy 50 1 A Eb M i 2 ) &5 R A — o B AR
BT, A SEOE RGNS T E R A R P SR . T a8 (B A HLTE B3R 55 10 4 R 1, JC v 1 F b
s B H#A: 2014-11-04; Y 2 f& 20 F5 H #5: 2014-12-15

SR M IS o E-mail: chengq@ciomp.ac.cn

E2WH: HK AP R4(61036015), [E 5 973 11 K1 (201 1CB0132005) . [# % 863 1 %1 (08663NJ090)

EER B R1986—), 5 1 L, DY BEAT 5T 6%, BN 00 2% RGP AT AL B AR D E RGNS B 5 AR B TR
0508001-1



S I S
TE B A 90 A I T B o A 25 5 (PD)BOR TE 2 BE R OL 2% 2 S8 IR R 25 248 A9 B AT AR I B0 A, BRI D7
ZA G0 A T AN S R T L T R — X PR G R R 2 SR AR RO R MR AR R . 5
TR VR e U A R A A T A G 0 D ARG I T B A LU I BOR A O A B B BE AR AR D
it BEE A0S I 5 4 25 D0 A, ELAZ B 1 2 BAiplz iy A% R AR 6 i H A B AR (] Bf 3 T i AR FTBE ALY H A
T 25 6] 75 U U A W R A PE 3. AL, PD AR 732 B T IR 100 A s 2 B e 5 119 % 9 | =5 () ] g O
THE ARG I AR AU P, PD B H AT A 2R G AR BB R K ) — A BT 1]

Xt B €0 B B IR 1 PD AR | P 9 b st 3 TR e (R 2 BE PG 22 AR 2 BT 5 T
U RE A B K A DG LB ) B 50 S BT AILAL LA K 5 ] ) 4 o A 8 — T T 2% W) R A FOI8 K 27
FRAR T A ) TS LA UL 05 LR 2 5 56 T A, SE A UEW] T PD SR X TG 5 AR G R RS I A AT AT R
SR, D2 2R GE I S B BB 2% AR AR AR AN B (0 ' Bl ofi B0 (0 BRI, R SEO6IE I T . B LA, O 178 PD SR
N7 T AR S B rhole o 22 G B PRSI , 5 ORI BOR 5 1 U — AP R

AR SCHs PD H AR B AT A R 2 TG MR ] A 0 O A B HE T A RS TR HLBULO) A SR AL L
T YL PDEOR A I UE SR o BT AR ) £ 128 B K (VTR 1T SR 4 1) [R5, A 9 D% PD H AR gk
A7 0 T PR B0 R e A 8 T2 B ) 0 5 U A, 0 X RE AL A 7 AR i SR 4R 1 TELB, R 98003 PD H R BE AT
PR S R D . SRR, ST PD B AR R AR G 5 R M dn £ T2 B A PR A TR S PR oK

2 PDHEARBEIEFA
2.1 BEXGERELPDEA
PD 5 A T B 2 /0 A8 T A3 6T AR E BR3P A 8 T 2 T TE AR R AR A 25
Ve T AR A A 22, 40 0 Sk £ T 3 T R AR R L P Y R P KR
(%) = o, y)# Py, (x,y) + n,(x,y) (1)
Aof k FOREE R (E=1.2), i, £ k8RR, o(x,y) TR KM BIRAK, Py, 85 kHEN 5D
JEPREL, n, TR kEIE BN TR« R B RIE R
P 8 B Il 2 B0 T 0, 07 5 A2 B 2% 3R G0 1 S TR eRIOTT 238 Sy ot i eR Y 1 AE G D
01 (w,0)= P(x,y) @ P(x,y), ()
K Plo,y) RoRGIE R EL, 0, NGB R E, B Py, MO A5 e, @ /R A M G I2 AT o G oA 4K
P(x,y) Al K™ H

P(x,y)= A(x,y)expfi[d(.y) + ¢, ()]} » (3)
A, y) AR R R, dloy) ARFIDIAR, &, (x,y) M E MBS AL, Plx,y) AT LIS N Zernike 22 35 X Y
A, Bp

blx,y)= Za,Zf(x,y) ; ()

A @, TR { W Zernike REL, Z.(v,y) FH i T Zernike KT .
FEHE T, PSSR 6 Zernike 26 30020 4% 2000 3 4 30T LA 78 D FR 50 1M B o 1150 T AL 70 51 R 5
PSR 9 — 21 T8 A A0 A 03 PR 190 i R e 38 S A 019092 6 R
DIV 5 8 7 A T ALV A R B R
EQ.0)= 5 3 3 [0w)0,,)~ 1) + T|0w)] 5)

A O@w) « I,w) 53 A o(x) « i, (x) AR HL 28 3 | 46 5045 5 585 35 Tikhonov 1E U I, AT LUAT &% 45 5 4400 1
T 2 MR A8 , y 3R A B OE T IR
Zat — ROV HET BB 5 AR M B AR TC O PO sR AL, AT Rkl

0508001-2



S I S

E(a,u) {Z[II @[]~ } : (6)

I FH R R 22 75 B A0 e 1 AR R Al I /NI Zernike 280, ] DL — 25 5 R B Ak oK Bk, R B I TR RS
2.2 faz'c PD AR

X B PG A SR T R, B LS OGS N 2 TR, Jeie 2 i 2 s A RO R
AL AT LLFRZ 0 580615 o Bt 2% R G002 7™M T 622 19, B S5 3R 40 R U 65 325 5 11 1] SR
P R4, U R A 06 Z (8] AR A T B, 4% B B S 0 i B, 5 O3 A oS04 R o S0 A B O Y AR YT
PREICINACEE (9 &, HLG 2% R G0 BT AR AT DA SR IR R0 H AR 5 5 635 i 9 R R B R TE X1, /B h

1 (W)0 4y (1) = 1, ()0, ()
’0TF] u | +‘0TF2 )|.

i(x,y) = 0(x,y)# Py (x,7,A) )
A Py FoR TOLIE S REL,
Sny f‘" WP g (2,7, A)dA (8)
P P(a,x,A) AP A BB I Y T R BRI, w(A) J2 I I A AU ()1, B O = i 3fe R
w(A)=PQ)TAV(A), )

A P R BEWDEIRAOE I RER 0 A0, 7(A) 2 R GERDEHEE S, VL) SR & 9 618 i S bk %L

e O el WY (= il i /S QTR o DR B RE B R N D B o 1 g NS W D i B T
fﬂ?fﬂﬂ%ﬁﬂﬁ%iﬁ%ﬂﬂﬂjﬁﬁﬂﬁ e

Hy b3 o A R R RS R SR AR AUE I T () IR 35 BEIC IR 40 70, i il LKE #6056 e 5650 PD
&ﬁ%ﬁ%ﬂﬁﬁ)‘ﬁﬁ%PD&ﬂio TESE PR TRE AR, 2[R B 3 53 A0 4 45 2 A R W), 0 G i >R Ao 1] i JC v G BR 240
3 T LA AR i SRS JEE MR 3 2 18] R, o0 Ao 81 i A 9 R I R AR St

i AR ORI BA S I, w5 B 1 AR 3 Y R N A O TE SR A UE M, WUITE SE G TE [ yine Ay ] BT FE
P, SRAETRIBE R [ Ay = A /(M = 1), 000 (10) 2 19 B3 T8 280 AT LA A6 S ki iy T8 2

zw JPa(xy. 1) (10)

A w()\ )=PA)TANVA) -
Ve G YR PR Py, M EESE AR R L a2 i R A e A5 3 G 3 B 6 2 4% 8 pR B
0. ACARNITEMN B 5K E o, BIKE 58 6 1% PD H AR 19 94 0 FEE AR E A X B B 5k PDEER . W]
L EVE RO R R E b R A Zernike Z B, [R5 -2 0kl B OOR SV, D0 2] —
MY Zernike R, B FHZ A R BAUE F F w(A) , B AT 20— 2540 g2 15 2] 58635 09 59 2 R 2
2.3 KK RHEKEE
TE WA R AE SR W 1) BE BRI, T A T — S /N B A X ] rA——A+A)‘—|XT5?JL%IZI§5(E’ AR v it}

| 2
ST A R f&fﬁﬁ\{ﬂzkm Ao - %ﬁszﬂ—%%@x;@wam
20+ AA

M = . 11
pogaed] T 20 A o

i REBRE M ART w207 LA 2

20 + AL
DYy (12)
— S, 1
AN _ 2(p-1)
S w+1 (13)
WL, 7 EE/D PR XA E N ST R InE /T 5%, B 7HE03)xH, w=1.051T14%
AA)‘<0049

0508001-3



A R S

3 SEOLHE PD EAR AT B ALy 1

AR 3 A R AE M, X FE G T PD B AR A A S BE AT O A0 AT o 3 FEORE R RE BIL AR 0 45 S I B D'
T W 10 g 2 VR S ASEAUL O B A R L N 1 BT o 5 L3 B e R T S I B IR OBHDIG PRG35 RE R 23 A 1Y L IR O B
BRI 28 G0 2 T A 0 (0 22 1, Ho oD K 632.8 nm, £E 1 R 2000 mm , S i AR 222 mm, 50 #5415 00 R
P9 wmXx9 wm , I SR A A T IETGORT B AR KR A RSE 2 128 pixelx 128 pixel,

BB AT B R A N 6 % 1 L R 400~1100 nm, BB AR K OR BE SR B Y 4 BT 45 58 R A
AN <343 nm o HE I, BT BT T ] KR FE R BR T PD SR Y i 50K B2 o AR 4R PD BOR i 5 A% B Y
Zernike R B0, F # TP R R AL, 2 Lucy—Richardson(LR)& % ¥ 17 BMG B IR, i Jm PR & R B 5 IR in K%
F AR AL R B2

1.0
» 0.8}
] |
Qo
£ 0.6
g |
E 04}
Q
g L
0.2t
% 500 700 900 1100
Wavelength /nm

B S0 E CCD YT i )
Fig.1 Spectral response of CCD
S RGBT VAR 25 X T iR (RMS)2E Rom o 1T & i % 5 I 4 TG % AR AU AR B, 3 B 5] A
T EMR A5 5 IR A58 R Pk 8 42 2 2 AR 5T 5 DE AN J7 125 - S5 A0 AR DL (SSIM)™ ., SSTM J7 12 DA [ 45 2H Bt 1) £
JE PR 5 R A5 B S5 A A5 B SO G R ST T BE X B RE R 3 s v W AR S R Y J vk R RLEE A
JH MSSIM R o FEA R B PR BRI T, 96 0615 PD 5 AR B i 808 B X 2 R EM% 5 TR U6 B S B9 AH 1) F2 B
Mz 1.
T 1 AN [ SR 1) 0 B T S PD AR B e SRS 8 R PR R AL

Table 1 Calculation precisions and similarities by broadband PD technology with different sampling intervals of wavelength

Sampling intervals of wavelength /nm RMS values of calculation precision /A MSSIM values
5 0.0008741 0.9989
10 0.0009473 0.9937
15 0.001218 0.9875
20 0.001890 0.9803
25 0.002349 0.9725
30 0.003174 0.9604
35 0.004336 0.9487
40 0.005548 0.9363
45 0.007931 0.9240
50 0.01193 0.8904
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Table 2 Comparison of Zernike coefficients and RMS values in three groups of experiment

Coefficients /A

Zernike item

No.1 No.2 No.3
7, 0.5179 0.5403 0.5521
Zs -0.1282 -0.1196 -0.1314
Zs -0.0807 -0.0946 -0.0959
Z; 0.0610 0.0415 0.0397
Zs -0.0195 -0.0338 -0.0323
Zs -0.0307 -0.0418 -0.0295
RMS;. /A 0.0673 0.0677 0.0701

P 5 =20 508 25 00 op JR ok A5 T PR A R R R T L
Fig.5 Comparison of original focal images and restored images in three groups of experiment
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Table 3 Comparison of Zernike coefficients and RMS values in two groups of experiment

Coefficients /A

Zernike item

No.1 No.2
7, 1.49 1.47
Zs -0.0648 -0.0603
Zs 0.0956 0.1022
Z; -0.0650 -0.1076
Zs -0.1122 -0.0829
Zs 0.0796 0.0841
RMSs. /N 0.0748 0.0779
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Fig.6 Comparison of original focal images and restored images in two groups of experiment
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