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Fig. 1. Schematic diagram of ellipsoid window and observa-

tion system.
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Fig. 2. Variation of Zernike coefficients with field of view.
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Fig. 3. Optical path diagram of ellipsoid window optical

system.
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Fig. 4. Variation of Zernike coefficients with field of view after optimization.

244203-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 24 (2020) 244203

PR GG R EIE B AIARE, R TG R 2 A5 R
i, SRR AT B, ARG, AR B2
M. BT REER LS O RGN T T de
&, X RGEALAE R ARV ERREEER,
it PG RTS8 IS R A

BT FHIR) B 38 AR 22 & AR A A T ARTE I S, H:
AT LE S AR T, 7 A RN AR 25 A0 0 1) )62
#2509, Serh TR 140 BATTRIMPLK (MEMS)
A, E 5 R 140 PRS2 B HE I I, A8 5%
MR BN 9.6 mm, 555 2 1962 R G R
T AT R B AR AR A5

9.6 mm

|

= L1 v

5 AR BTk AR A

Fig. 5. Actuator arrangement of deformable mirror.

3.2 ET Zernike BRXRHMLMEEE X

A SE R — Ml A A SR R R
AR 2RI T k. BTGk, /LR
I} AR PR p B A, X2 AR AT A,
MNTTTAT R H3RE G B A Sy il die /1M

TE— Bl F &R B R G, 8 A
RS i A FEL L LT A 5, SRS RO AT
PR WG . RIS B RAE, — R kSl
FEAE A AR SR A Y A .l T A SOR AT 2
140 HonASiE G, AL it 2, 5 B S EORE R
PETBE R, N ARSIt DR e
P, ASSOR BRI 25 7 AT 29 45 T Zernike 22501
KR LA PR B AA, D A Y Zernike
BRARBEHAT AL,

TR, FIWTRRE R A AL 2 R BE A 1K
Y3 17 PR 20, AR SORE LS R G Hir ke 81 UK
LU (SR) et A5 5305 0 3 0 8 pR K, s8R L
(1 5 SRy B L a5 S B e ' Al L o A8 W
SR Y LA SR g1 R OB IT 1 Ul S Br S B AR
R, RIME T8

Rl LBt T AR, SHAR e A R 2
I EPE | 2 AR S A ) — AR R A 3 1 A,
e 2 A5 230 I B PR BRI B 185 H AR R Y
A, BRI R bk B FE (B Y Zernike 4500
FH. TAERAEWNE 6 s,

Create an initial
population

l

Fitness calculation [¢

Satisfy the termination
condition

No

| } }

Crossover Mutation
A 4

Produce a new
population

Selection

End

6 LT IE TR
Fig. 6. Flow chart of genetic algorithm.
1531 Zernike #5701 R AU, T BB H G o AR
TGRS i e T 42 T A8 T4 7 A A T
I T BT R AR AR RDE AR & inAE— g,
P IR o (2, y)

@(m7y) = Z’UiW’L'(xay): (1)

[, n 2GR & IS a8 KL, v e
BRI DB R LR, Wiz, y) RXTEE
BEA i AN BBl e b0 L s i R Y DR R
M PR

— B R H T T B4 i 20 e RO Bl s AR IR B Y
RIS M) pR 21

Wi(z,y)=exp {lnw [\/(:c — )+ (y — yi)2/d} a(}2;

AP, (@, yi) FBILHERER o DIKSh AR AL
d J IR AR SR BR B a5 Z ] A TRL R, o o2 5 0T bR K0

244203-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 24 (2020) 244203

B, w R IBG RS A% A M. SCHE(E 2 X
e FLOR N g AHAR B AKX S A% ) B AR i IR )
i TAER A O R IR AR S LUAE. A SO, i 4
Fr SRS IE R, d B 0.8 mm. i F AP LR A
B 5%—15%, w8 1.5—3.522. BhAbi
HEE, w = 0.06, a = 2.0.

Zernike 22 W0 = 7E B0 8] N AT 7 22 1E A
¢, BT LA ET m I Zernike 22 701 Ak R R B TS
B 2 FE m > Zernike Z2 T R BT n A~ B
IR AN H R Z [B] N7 nox m By AU BEHRAE [ ALY,
M| Zernike Z2 %0 15K 3 #5F HL e 1] 18 e 460 5 R ] 3R
NN

U1 ailp a2 aiz - Aim 1
V2 a1 Q22 @23 -+ A2m C2
U3 | = | 931 G32 33 - A3m | x| €3 |
Un apl Qp2 Gp3 - Anpm Cm
(3)
oy ==y
5 A
V =AC, (4)

Hr vV RIRSh S RS, C o Zernike ZREUERE.
I B A R R AR R BN 140 T /D2 Zernike
Z W I, HAR A58 U AR — 2R e,
FHAE G A 3 LUK H Y Zernike 21020 R %, ]
PAF TR A IR BN 21 e, (A5 A iz R e
RRPER.

4 RS RGAN

£ Code V HEST AL BE G2 E R 5L, IFTE
MATLAB i i bR 5 TRIR A AE 50k, [l
Wil B — RS A R DA TR 25 M. i 3t
T Windows 14X 4B/ (COM) B9 ActiveX
AR, #37 MATLAB 5 Code V Z A HYiE (5. TE4
A ERSEHI R, MATLAB #3158 A9 — 41850808 %
%% Code V; Code V #4422 Wit 3] %) £ i vl A% A5
EES IR, A SR, 1 H & 3% [0 MATLAB.
AW TR, BB L Lk 5

AR SC T 38 AL 55 138 N 5 sREICKE 10 5 SR
BRI T7 A A ARYEITRESIRAEN], 24 SR =
0.8 B, AE2E RGE R UG T i 2 5038 1. AR A
ST E R G PRE DL, 2 SR = 0.7 BHE B E
IR BT AT IR R AT, 36 A TR i 2 oy £l 1

oK, A EUARRE]L, ¥ SR = 0.7 fE 2RS4

BATAE TR, HEHAT =G SO H, X RIGR &
GEAER N 0% 60° A A [ A2 fa A B 1 T HL Ak
35 2—9 T Zernike BIFUREL, 2—16 T Zernike
B R B 140 IR i R AE R R B, W0 0G
FHRERCE R 0, SRIGAERMREN IS N 3D, #1714
&SNS S AR — AR RE, TP BB — R
)38 7 BE PRBIE IR Bk 250, BT 91K L ik
) 0.7. GRS i T B A BN Z AR S A B itf AT
ICAAEL. G55 an1E 7 Fs.

250

200

—— 8 Zernike coefficients
150 - == 15 Zernike coefficients
------ 140 driving voltages

Generations

0 10 20 30 40 50 60
Field of regard/(°)

o7 RS T M

Fig. 7. Optimization generations with different variables.

WRIGE 7 vl LAE H, =ity sCERRE i ISl
T SR = 0.7. 140 MR g5 FAE R 28 LA
Bt 3 3T Zernike A3 R EAGMALICEL. Xt
FELm il IR TR, ka7 1 AT R (Rl 2
J9 1 min. fi4k 15 3 Zernike RECSGHAL 140 K
B R AR L, £ 3 20 200 A ] f
212.3 min /> 3| 28.8 min, ¥/ T 80% LA L.
2.2 T PTIR, 1016 T Zernike £ 0] =F S|
VIG5 22 B 0E FBrfb A, Bt mT DR B4
8 Tl Zernike R0 R B TR M, B KPR EE A 4 A
bR . 8 Tl Zernike 113 R BUAME ML AL AR & &
15 3l Zernike 153X REAE LA EAH L, 134
37 5 09 S 2 Ak st 18] - 28.8 min Y 20> #]
9.8 min, J&FH R ATE I 40%. FeL AL T E
9 8 Tl Zernike F%K, Sk 140 AN IR S EAH L,
S S 0O Rl > T 95% DL L.

Kl 8 SEALSE T RGETE 0°—60°45 1 H AL
L R n) MTF M2k, B3an i i bR, 15601 i
fii (W 3L T Zernike A5 (1 58 A5 A0 AL T 1L LA T
RAFIR 22 MERSUR.

244203-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 24 (2020) 244203
------ Diffraction limit ------ Diffraction limit
. . — Y § field (0° Wavelength  Weight . . — Y 0 feld (20.00°) Wavelength Weight
Diffraction MTF —.—. x 0 field (0°) 4800 nm 1 Diffraction MTF ----x Ohe . 4800 nm 1
T % 0.7 field (1.05°) 4250 nm 2 T % 0.7 field (21.05°) | 4250 nm 2
Position 1 TV 10 field (L5 | 2700 ! Position 3 T Y10 field (20500 | 2700 !
1.0 ———— 1.0
09r R N P 0.9
TS Jy
0.8} RERE—— 0.8
0.7 1 0.7
=) g
S 06} 2 0.6}
= =
= 05¢ = 05Ff
g 0.4r E 0.4+
= =
0.3} 0.3
0.2 0.2
0.1} 0.1F
4.25 8.50 12.75 17.00 4.25 8.50 12.75 17.00
(a) Spatial frequency/cycles-mm~1! (b) Spatial frequency/cycles-mm~1!

Diffraction MTF

------ Diffraction limit

720 X 0 field (40.00°)

Wavelength Weight

Diffraction MTF

------ Diffraction limit

1 0 field (60.00°)

Wavelength Weight

4800 nm 1 T 4800 nm 1
T % 0.7 field (41.05°) | 4250 nm 2 T_. % 0.7 field (61.05°) 4250 nm 2
Position 5 TV 10 field (41500 | 2700 1 - — ¥ 10 field (61500 | 2700 ™™ 1
1.0 1.0 —
0.9 == """"*‘-m-,.‘*‘m'?-e—-.--:—-;-&,.;.; b'e 0.9 ’-.'""""*'»wcéb“a“:‘e-fé
v
0.8 0.8 F
0.7 0.7}
=) g
2 0.6 2 06}
= =
= 0.5 = 0.5¢F
g 0.4 g 0.4
= =
0.3 0.3
0.2 0.2 F
0.1 0.1}
4.25 8.50 12.75 17.00 4.25 8.50 12.75 17.00
(c) Spatial frequency/cycles-mm—1! (d) Spatial frequency/cycles-mm~1!

8

AN S f (37 B 9 MTF (4]

(a) 0% (b) 20°% (c) 40°%; (d) 60°

Fig. 8. MTF for different zoom positions: (a) 0°% (b) 20°; (c) 40°%; (d) 60°.

RG2S R AT G X HOCPF R AR
oK, st THIT N £+ 60° R R ERIE B
PG ARG B eI RGGIER SN T 10, it
frontaeiticit, Wi g A5 1
M A R ) 3 A SRR R AR I B T T A T 4
FOEB AT 2E. FIHAIE GRS 4t k5 Zernike
FENFAGERE, FH Uz 140 /M 8 4,
(A5 2% SR A7 5 0 P A I ) R R IR
AL BEHET 95% LA . ARl TAE, fitk—
SR Zernike FEX AR H X DG 1k 1803 1 52
Wi, DA T E— A4 i S0 I AR RS2 I %A

THEAT VB IE I ek 5| 1 5L IR
72, IR IERERS AMEOL A RGUHE L I T 5 G Y
e, HABER .

S 3k

[1] Zhang Y Q, Chang J, Dang F Y, Bai X D, Pan G Q 2020
Chin. Opt. Lett 18 072201

[2] Knapp D 2002 Proc. SPIE 4832 394

[3] Xue W H, Wang H, Bao C H, Fan Z G 2017 J. Appl. Opt. 38
1000 (in Chinese) [fE3CE, T8, WHFEK, WEN] 2017 i HYE
2% 38 1000]

[4] Shi Y T, Zhai J L, Chen S Q, Fan Z G 2016 Aero. Weap. 1
51 (in Chinese) [0 %%, 4, BRSFHE, R 2016 fHizs &t
# 1 51]

[5] Zhang Y Q, Chang J, Pan G Q 2019 J. Appl. Opt. 40 965 (in
Chinese) [5KiZ58, %%, WEK 2019 WHDEF 40 965]

[6] Zhang W, Wang D S 2014 Acta Opt. Sin. 34 61 (in Chinese)

244203-6


http://doi.org/10.3788/COL202018.072201
http://doi.org/10.3788/COL202018.072201
http://doi.org/10.3788/COL202018.072201
http://doi.org/10.3788/COL202018.072201
http://doi.org/10.1117/12.486451
http://doi.org/10.1117/12.486451
http://doi.org/10.1117/12.486451
http://doi.org/10.1117/12.486451
http://doi.org/10.1117/12.486451
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/COL202018.072201
http://doi.org/10.3788/COL202018.072201
http://doi.org/10.3788/COL202018.072201
http://doi.org/10.3788/COL202018.072201
http://doi.org/10.1117/12.486451
http://doi.org/10.1117/12.486451
http://doi.org/10.1117/12.486451
http://doi.org/10.1117/12.486451
http://doi.org/10.1117/12.486451
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.5768/JAO201738.0606003
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.3969/j.issn.1673-5048.2016.02.011
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.5768/JAO201940.0601006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 69, No. 24 (2020)

244203

(7l

(8]

[15]
[16]

(17]

[FKIE, AR 2014 Y6244 34 61]

Li H Z, Huang C C, Zhang Y Q, Niu Y J, Song D L, Chang J

2017 Infraed Laser Eng. 46 11 (in Chinese) [ZfiiHs, ¥ K%,

JKIZER, AL, KKK, H7E 2017 L0HMSHOE TR 46 11]

Chang J, Liu L P, Cheng D W, Zhao N 2009 J. Infrared

Milli. Waves 28 204 (in Chinese) [# 7, XIHj#:, Pl 3, i

2009 ZLAMS 2K FAR 28 204)

Chang J, He W B, Feng S L 2011 J. B. Inst. Techno. 31 333

(in Chinese) [#ZE, M, IR JE 2011 A6 RT3 TR 242440 31

333]

Song D, Chang J 2013 Optik 124 2455

Morgan D, Cook L 1996 US Patent 6018424

Chen C 1997 US Patent 6091548

YuJ Q, Chen S Q, Dang F Y, Li X S, Shi X T, Ju L, Wang

H, Xu X M, Fan Z G 2020 Opt. Commun. 463 125121

Wang C, Zhang X, Wang L J, Qu H M, Wang C 2013 J.

Infrared Milli. Waves 32 260 (in Chinese) [T, 581, TR,
B, T 2013 204N 52K AR 32 260

Dong B, Li Y, Han X L, Hu B 2016 Sensors 16 1414

Li D X, Lu Z W, Sun Q, Liu H, Zhang Y C 2007 Acta Phys.

Sin. 56 5766 (in Chinese) 7R, FHRE, FhiR, X1E, tkaH

2007 PyH2E4R 56 5766

Sun J X, Sun Q, Li D X, Lu Z W 2007 Acta Phys. Sin. 56

3900 (in Chinese) [fM4ri, FhiR, 2R R, PRI 2007 #)3E

i 56 3900]

(18]

(19]

20]

21]

(22]

23]

[24]

244203-7

Crowther B, McKenney D, Mills J 1998 Proc. SPIE 3482
4861

Guo A L, Zhu H D, Yang Z P, Tang S W, Xie X L, Zhu J Q
2013 Acta Opt. Sin. 33 11 (in Chinese) [F8EM, RUELR, W%
-, FEHLRE, §12408, ARHENR 2013 SbF 33 11

Lu J G, Li Q, Wang H, Cao Y J 1997 Principle of Genetic
Algorithm and its Engineering Application (Xuzhou: China
University of Mining and Technology Press) p8 (in Chinese)
(4, 290, T, W—5 1997 A5 R B J L TR R
(TR A ) 4583

Wang C 2014 Ph. D. Dissertation (Beijing: University of
Chinese Academy of Sciences) (in Chinese) [F i 201418124
g3 (A ERE B S))

Yang H F 2008 Ph. D. Dissertation (Changsha: National
University of Defense Technology) (in Chinese) [#%£1& 2008
FE2AA0E S (KD BB AR KRS

Zhou R Z, Yan J X, Zhao D Z, Cao D Z, Yu R 1996 Adaptive
Optics (Beijing: National Defense Industry Press) p320 (in
Chinese) [JA{ A, [aIHHE, BA, ERH, AT{5 1996 H &N
Se2 (st EB T AR 553203)

Zhou R Z, Yan J X 1996 Adaptive Optics Theory (Beijing:
Beijing Institute of Technology Press) p371 (in Chinese) [J&{~
TR 1996 HIEERDGF IS (bnt: Jbst B TR % kL)
371


http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3390/s16091414
http://doi.org/10.3390/s16091414
http://doi.org/10.3390/s16091414
http://doi.org/10.3390/s16091414
http://doi.org/10.3390/s16091414
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.1117/12.322022
http://doi.org/10.1117/12.322022
http://doi.org/10.1117/12.322022
http://doi.org/10.1117/12.322022
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3390/s16091414
http://doi.org/10.3390/s16091414
http://doi.org/10.3390/s16091414
http://doi.org/10.3390/s16091414
http://doi.org/10.3390/s16091414
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.1117/12.322022
http://doi.org/10.1117/12.322022
http://doi.org/10.1117/12.322022
http://doi.org/10.1117/12.322022
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3390/s16091414
http://doi.org/10.3390/s16091414
http://doi.org/10.3390/s16091414
http://doi.org/10.3390/s16091414
http://doi.org/10.3390/s16091414
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/aos201434.1222006
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3788/IRLA201746.0418001
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.3321/j.issn:1001-9014.2009.03.011
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.15918/j.tbit1001-0645.2011.03.019
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.ijleo.2012.08.013
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.1016/j.optcom.2019.125121
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3724/SP.J.1010.2013.00259
http://doi.org/10.3390/s16091414
http://doi.org/10.3390/s16091414
http://doi.org/10.3390/s16091414
http://doi.org/10.3390/s16091414
http://doi.org/10.3390/s16091414
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.5766
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.7498/aps.56.3900
http://doi.org/10.1117/12.322022
http://doi.org/10.1117/12.322022
http://doi.org/10.1117/12.322022
http://doi.org/10.1117/12.322022
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.1117/12.322022
http://doi.org/10.1117/12.322022
http://doi.org/10.1117/12.322022
http://doi.org/10.1117/12.322022
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://doi.org/10.3788/AOS201333.0311001
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 24 (2020) 244203

Aberration correction for ellipsoidal window optical system
based on Zernike mode coefficient optimization”

Liang Dian-Ming?  Wang Chao "% Shi Hao-Dong!  Liu Zhuang?
Fu Qiang?  Zhang Su'  Zhan Jun-Tong!?  Yu Yi-Xin?
Li Ying-Chao!  Jiang Hui-Lin Y

1) (National and Local Joint Engineering Research Center for Space Optoelectronics Technology,
Changchun University of Science and Technology, Changchun 130022, China)
2) (State Key Laboratory of Applied Optics, Changchun Institute of Optics, Fine Mechanics and
Physics, Chinese Academy of Sciences, Changchun 130033, China)
3) (School of Science, Changchun University of Science and Technology, Changchun 130022, China)
( Received 17 June 2020; revised manuscript received 28 July 2020 )

Abstract

The traditional window of high-speed aircraft is hemispherical, and the aberration produced by such a
window is constant. However, the hemispherical window is difficult to meet the requirements of a high speed
flight of aircraft. Aspheric windows are usually used to replace hemispherical windows to increase the
aerodynamic performance. However, the aspheric window will introduce dynamic aberrations that fluctuate with
the change of scanning field-of-view (FOV), which becomes the key issue of the development of optoelectronic
imaging systems for high-speed aircraft. For the ellipsoidal window optical system with scanning FOV of +60°,
an aberration correction method in large FOV combined with the static correction and non-wavefront-sensor
adaptive optical correction is studied. In the initial optical structure design, the types of system aberration are
reduced and the fifth-order Zernike aberration is eliminated during initial aberration correction, thus, the
number of the subsequent adaptive optimization control variables is reduced. According to the characteristics of
the deformable mirror, the driving voltage of the driver is generally taken as a variable of the genetic algorithm.
However, when the deformable mirror used has many units, too many variables will directly lead the
optimization speed of the algorithm to greatly decrease. So, according to the aberration characteristics of the
ellipsoidal optical window, using the conversion matrix between the Zernike polynomial coefficients and the
voltages of the deformable mirror driver, the optimization variable is reduced from 140 driver voltages to 2—9
Zernike stripe polynomial coefficients in number. Finally, the genetic algorithm based on Zernike model is used
to control the shape of the deformable mirror and correct the residual aberration. Taking 2—-9 Zernike mode
coefficients, 2—16 Zernike mode coefficients and 140 driver voltages as the variables of genetic algorithm
respectively, the optimization generations of genetic algorithm under different variables are obtained. The
simulation results show that the optimization speed of each typical scanning field of view is increased more than
95% by changing the variable from 140 driver voltages to 2—9 Zernike mode coefficients, and the imaging
quality is close to the diffraction limit. This optimization method can not only correct the aberrations caused by
the special-shaped optical window, but also compensate for the error caused by processing and aligning the
optical system.

Keywords: aspheric window, Zernike polynomials, deformable mirror, genetic algorithm
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