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Abstract: Aiming at the wavefront detection without an ideal point beacon in the adaptive optical system un-
der the strong turbulent environment, we proposed a method to detect the optical field information of exten-
ded beacons using a Plenoptic sensor. The optical field imaging principle, wavefront phase reconstruction al-
gorithm, and error influence rule of extended beacons were studied. The imaging process of the extended
beacon on the optical field sensor was simplified through the equivalence method, and the optical field im-
ages were rearranged in a specific way. The image cross-correlation and Zernike mode methods were used to

realize the wavefront reconstruction of the 0° field of view. Simulation studies were conducted on error-influ-
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encing factors such as different input aberration coefficients, the number of single-row microlens elements,

and noise. The results show that when the input aberration is less than 6.5 A, the wavefront reconstruction ac-

curacy is about 0.08 L. For the image detector with an image resolution of 1080x1080 and pixel size of 5.5

um, the wavefront reconstruction accuracy is the highest when the number of single row microlens units is

between 40 and 50, and the system noise hardly affects the accuracy. Finally, an extended beacon wavefront

detection system was built to reconstruct the four aberrant wavefronts of 0° field of view by detecting the ex-

tended beacon. The wavefront reconstruction accuracy of the experimental system is about 0.04 A, which

meets the wavefront detection requirements of the adaptive optical system.

Key words: strong turbulence; plenoptic sensor; extended beacons; wave front reconstruction

1 3l

e

3 2 AT i R RS i B B TR A
FTHTRA AR, © )32 T R SCOUI R 38 15 45
TR, IS NG AR 2R GE A i A s AT
T HASE N, HCAS DA 2 52 PR 12 Skt 45 44 i
SRR, ARG B 5-E R S AT SR 1 I
#5441 (micro-lens array, MLA) FfL4%& I i
VR A57 B8 SR 0 AP A B A A ™ F Tl e
AT 114 it D 5o B8 A R Vg 9 A B T R, T LA
A R R BE DN MR ADCEEIR S, (i TT0 ) i
BRZEIE I, I TCIR i B R IS 2 . o T
JE R T AR ISR, AN B AR T
TG UG F R G RS T e . 51
Gt 5 v -ME RS AR AR LU, YEI 15 AR BRI XK
HIFIE S BT I R AR, TESRTm UL T BERS (R AR
H 2R RPRE R R,

1992 4F, N T il e BUR 2 58 09 4R i 0] 2,
AR K209 Adelson E H %11 T 7 WG AL
(Plenoptic camera) . ZIGCEAHMLIE i:f — R BTG
REIRAS S I 4E (5 B, 2007 4, $i il 44
KR BN THOU AP R GBS 4 6
FERLHAE I AL JAR, BTt 1T — B 0 5k mig ez il
#eF——CAFADIS HL¥. #F5E3&] CAFADIS 4
AL 2t A % R e e s 2 30 o T LA AR
MIBE ST, FESR KM T, HAR S B vi-ma e 2 AL ek
s LA g 8O0 T A R AR PR R
2012 4F, B L2 K2 Wu CH SH % AX eIl
S5 R T e, Wit T ORI IRAR, Bl %
P B\ SCIE B S A% JA5 T AT S T e I~ 9 8 iy ik
ARG fff FE 0>, i L3 T AR A B AR L

FTR R SR MPLA CAFADIS AHPLAT 555
i A 2 11

Je A% A TP B RGE B S A AL AR T
B gl B G B FR 81 s 64 7 IX o, 4
AT X SE AR BOR D R B . 7L
Hh, GE B S T IIARSC TSR DT AL,
R B B 0 BRI LA 5~ fLA2 Al
AT AL

2P Rl LR IO G EE Re e o PO D
JERUERR . U B A A DU B AR AR
B ERLY, STARR, Wi AR T O B AR
FRen, ERE R T RS AR A A
IR R A S AR O R Ok E
I TSEAR B, T BHAEL A s B BRI A5 v FLAR
MEIRBIN FHZER . AME bR #L A 2 18] A B S
A B 22 5 3 K ik 2 S AR A S [, 3 Se g
PR Tt

D FOE NG R G TC R SR O T Y
T, ASSCHE T 5 a4 Hh Tl A
fRAR B 0°9 Y T ARG BATE . I SF sk dar
PIRAE R IR, R e PG T E B HE
B, XHHEF A 89 XRS5 2 2% BRSO AR O
B3, DIRBGH AT ARPRBEE S B, IFH] Zernike £
AGEEAPAT . Fem, W 07 B RS B
IRUE R 207 AR R i AITPERE .

2 ¥ RATH R AR

2.1 RGN BF L

P IRAGAR I B AP S —A
e BRI e s Z AR P O L i A 2
MRICLIEAR N . AT iE



55

B, S5 ORI N T RS AR AT T AW T 1211

(= Wz i TNV S IE /NS R aNIbBIR771ESEES
WA Y75 AR B IR . P07 SR
it R s

il (x’)’) = An(xyy)ej‘f’"(’"—") S 1

A, (o) Y5 R EIE Y EH L AR A T T Y
IRWE 2T, pu(x, y) JH9 32 it LR MR B4 RIS (540 A

JeO LIS G L WIBE . SO B 5 A
BRI GRALRE, WA 1 Frs . Horp, YrBa #R 1Ry
ovjs WOBBIRES RN fura, TROBBERES 9 HLA7 T
TR dyia, t(u, v) YIBIR R0, 6505, 1)
BRI E 00 A o DGR TP B A i
1T, 5 S IO B A S f i, PRI e 7 ol
BEBLFES A R, T REECAEE . B
B AT e T X R A T OLR A &

(AT, D BRFLAR Y A bR DR AR AR S 1) X5 i

fo o dw o fan
K1 Ot RS aE
Fig. 1 Structural diagram of the light field sensor
SR G YR AR ST A8 AT ST A6 - T 21 14
AR S5-F- T J A R

/2K fa +s5s—-2Md
té”’N(s, 1= f tz(u,v)rect(u al MLA)rect(

dMLA

JAU LA

K3 (M N)ERGE BT RITHI L EAR S o FFiX
L7 DX A (R B A 4l — IR e B e
18, R g

t5(s,1) = Z MV (s 1) 4
M.N

DRI S E T X SRR A E S, Y7 F
34 Foy; 5B B I0H F A Py Z RN 2 T
LIPS $:w

Foij FMLA . 5

22 SIpE RIS R
eI R R E S IR R | 35
L A R AR, T T 2 e 2 R X 7 s

ARSI EE /7o ARk 2o e
d,
(AXins AVin) = == 6
JSobj
w
(Axmax’A max) =3 5 > 7
Im) = S o
d 2
N, gradient — ( N;LA) 8

Horpr, 20(6) R RBUZAIFRIK L, (Axmin, AYmin) N 5
G e e i B A e A d /AT AR B EE o 5K
(7)j‘7£jj?’§7ﬁ[%%%ijjita (AxmaXvAymax)j‘j%\/‘bF}T‘ﬁE

I2k fon ,m(ﬂ +i)
R) = [ nee e dxdy, 2
obj
o sS=Mdyia 1=Ndia
v+ t:iszMLA ) ejZT{( Uain (u—Mdyy0)+ s (V*NdMLA))dudv,
MLA
3

RS ) e R P AR AR 20 (8) S P RAE R
I, Nyradiend 4 G R 142 DA 1 DU 904 11T 9 R R 20
o WOREGRIN 825 PR A S S
P RILEES7RIIE 0L ST
23 FHUEY RBIRCIARIGRE
MAEARC G G SRR ] 2 CR2 11 W00 ) R
TR B A 2 T, AR A SRR RO
()57 5 B T A AR A - T, T 4 95 i A7 7 i A
BN, POz BE R 51 2R A I R A T SR b e
A, B A B JR A X N A TR 55 T UM
7T LA R ED LI A
S CE A BURHEL, 526 1% G X AT Y AL
YEH, BAT IR AL RERIE Y — R 51 5 T 55800
— A HAR, FROYITT T D, PRl R A5 A
SRR AT T X SRR, I A
BOEAARY RAF ARSI R A SEA B . ik
EE 3 BUAR B 206 6 TR AR B /0N, 1 F X3
F9 0 R P 477 1) R BB AL, #f TR B i — A A R
B WY 5w R AR R R O L,
YU 49 75 DX 38T (Poing Prypoind) FI1H) 5 T Y
JE (hy hy) BT AN

(hxpoim’ hypoinl) =2Lx (Axmina Aymin) > 9

(hyshy) = 2L X (AXinax, AYmax) - 10



1212 HREDES (PP

17 %

R BEGE B PR 1) B — 1T A m A oE B
JG, A3 (6) FIAT (7) AT UG 2 B A E A
RPUEZ IR F:

deMLA m
=—=X(A mimA min 5
2%y 2 (AXmins Aymin)
11

(Axmax s Aymax) =

BHACALTL (10), AT AT
(s Tty) = ML X (Ao, AYuin) - 12
AR (12) A9 57 - TR 43 mox m A (]
FE%LX(Axmin’Aymin)Eg%jj‘%IXiﬂi, %ﬁ%[z‘iﬂi
B RN F BAE B Ta] B, 1] 3 AW 7 S T S5 44
WA F XA R E= K

T T
; [
I |\
e e —— ‘ ‘ __________ _”_ _‘ N -
|| L |
] H \
- ¥,
- — :
Jo j Jo j Jura Svia

(@)

(a) Ideal wavefront imaging

. 1 |
T L
f MLA f MLA

Sor So
(®)
(b) Disturbed wavefront imaging
K2 s HbE g R
Fig. 2 Principal diagram of light field imaging for point

targets

K3 WS 205 1 X SRR B A
Fig. 3 Equivalent diagram of object plane and multiple ob-

ject square sub-regions

TEAERUSR R, Tol R R A, BT 957 51X
S ' R A7 B A IR T 4% 8 P T, 904 T =2 ) A

RHE S, R E 0 TOZ B A i T A PRI 25 1 X 3
IR SOERE, HOCREZ M EA T & 408
P DL ) R RO S ) g F AR A e A2 I v Y
AR ER A

b
fMLA ﬁﬂLA

K4 §AFOERE R
Fig.4 Schematic diagram of extended target light field

fobj fobj

imaging
3 Y RAGHK AT EEH &

3.1 KETRERBETE

TE A bR 2B 26 AF T, 97 H AR & Hh D6
32 BUAHTR] B it T2 0 2 RO L AR, RIY7 1
DX 38 & HE RO Y BR) 11 A8 9 HEA SR 7 1 A
FR SRR AR . W07 1 XU AR i
AR BE SR T 1] B AR A M - S B A
AP PEAR I, 7R A

M X d,

SMN(xy) = ———T2 4 AS (xy) , 13
obj
NXxd

SMV(x,y) = =T+ AS(x,y) 14
obj

2 (13). 2 (14) H SN (e, y) HLS PV (e, ) 5311 2
x J7 ) F y J7 ] B AR R BB BE AT o 255 A
S — TN LA T 0] B AL RER BRI, 28 0 it
TG RERRE B AR AL, M| N 277 X I
1 ol i B oA B AR T, IR 09 B AT
F—IEN 0o AR B 1142 Jey A7 B AR A%
T IXIG A X A, W) AT AR 2 1 i i
JRrFRASE B 1) BT AT O R e A [ e 4 s 4 2
IR XA X A7 o R PRI BT 1 IX
3 ] — {7 45 2R AR I SR HE B 2 18RI 9 7 X
S, PR T A SR ) 1 X e BTG B FLA O I A
BB AR, WAl 153 219 RS hn e KR, e 5
CRZ P& DL IR R B/



P Fysith, 2 ORI Y RS PRI E T R 5 13
(G| [Zi(1)  Zo(1) Zin(1) |
dn{ G2 | 2.2 z.2 Z,(2)
: : : Lo A
Gum) | _| Zim)  Zo(m) Zi(m) | |42
\ G, |7] z,()  Z,(D) Z,() || :
l Gy(z) Zly(z) Z2y(2) Zky(z) Ak
6ml lzym) zym) - zym)]
R . . 10
‘ | O
ER o
G=7Z-A |, 20
EEF 3B

K5 §RAOLSEG R RER
Fig. 5 Schematic diagram of extended target light field im-

age recombination

LG E AL, 05 I H B AL R0
Ak s e A A A XN 5 B A A o 8 I A%
i, WO E AT XSRS % UG (s, 1),
FrM B E LT XIREEON L, (s, 0), BT I KA

Ly(s,t) = Ioo(s—As,t = Ar) 15

P (As, AR IR R A L B A2 1. X2
7 PG P (S E AR S5

Ioo(s,0) % Ly(s,0) = IS [Loo(5,D]1T [y (5,0)]} =
IS Loo(s, 018 Uoo(s — As,t = AD]'} =

I Mo o(&,migo(&,m) e AErAmy =

lioo(&, | 6(s — As,t=Ap) 16

Hd i o(&,m) 42 Loo(s, O A ST AR e, A S KIS
F1Ay U (A5 B s 79 WS PR 10 i 7%, XA DG LB
e R -0k T LAAS B A% 5 (As, AR, TR
PRI B i % 2 6T 1 D' PR 11 48 Je o Y~ 2 bR
Fh B2 AR AR, 2 TOE G R R AR, AT H =X
(17) F5 H TARL A AR Al i S0

_ As(x,y)dmia

AS (x,y) - 17
obj
At(x,y)d
Asy(x,y)zw : 18
obj

3.2 SRETNEER

Zernike BECIE R F G R A AT AL AR
Tr i, R 5 22 BAT B i D AT
BRI R LN N

PR G 7N IAS 0 B A5 I8 A1 A Rk S5 8
i, B AS (e, ) FTAS (x, ) 345, FEFE Z 2o k il
825V — b0 I TR A0 B A, JE R A RO
PG 22X I R0 20 (20) ATALLF A8 fe
A=Z"-G |, 21

KPR Z BIEREZ 1) SGSAERE . A Zernike
L 15 A AT LAAS B4 A — AR A% 22 1 40 A 1 1
Zernike 23RN A5 228 KR,

AW (p,6) = Zklzn’JAm U 22

n=0 m=0
K A, ZRWRIEERE, U, FonE—MIH
— AR ZE I ATE DL . KA FEIE A 2 A 45 PSR
e R B T A (22), AT LIS 2GR
AN IR ZZ A AW (x,y) o B, il (23)
H AT LA

2
wmzfAmm). 23

33 HERE

P ERBEEMSEUNGE 1 s, R R5%
TSR, X o3 PR AR 637 UG 45 SR AT 5 .
Kl 6(a) Ao HEai ) B AR EUR, K 6(b) Sk Tofg 2
o HER O R

®1 MERREGHEY

Tab.1 Structure parameters of simulation system

(Unit: mm)
e 1
B ik AN 8.503
LY kgl 1000
HiEHAITHRE 0.1
OB AR 11.76
PR &5 T8 6
1BIERAF 0.0055




1214 D

(330

17 %

0
n= 200
N= 400
Illllé 600
. 800

"I = | )
0 94 189 283 378 0 200 400 600 8001 000

(@ ()
(a) Target image (b) Light field image

K6 HERBOLT ISR

Fig. 6 Simulation results of light field imaging of resolu-

tion plate

SR ™ JR A5 A g i S 0, XoF LA
B 2R, G EE T A, 18] 7~181 10
R LI T R 7R 5 1 22 A AT E AR5

&

0 025 0.50 0.75 1.00

0 025 050 0.75 1.00
(@)

(a) Aberration wavefront (b) Reconstructed wavefront

K7 RO E R A

Fig. 7 Simulation results of astigmatism wavefront recon-

15
1.0

- 05
0
-05
-1.0
-15

0 025 0.50 0.75 1.00

struction

1.00 15 1.00

0.75 10 o75
05

0.50 0 050
-05

0.25 _10 025
15

0 025 0.50 0.75 1.00

@) Aberratlon wavefront (b) Reconstructed wavefront

K8 B AR A LA
Fig. 8 Simulation results of defocusing wavefront recon-

struction

FHE )7 MR 2% (RMS) PEM I Al B R 22 K
/N, RMS BEAUTT

15
RMS = JZ(AM@—Am(i»Z : 24
i=3

K, Aec VR EHEIFH | R0 R Au)
FRFHAIE | R 2R R B BAR 2N 0 (1 FE
AL AT 2ZE RMS (HUN3E 2 Fis .

ST I AR 22 AR I LA, X 4 R
ZETERR R 22 BB C RS Rt S5 A
[ P R A T L A

1.00
0.75
0.50
0.25

0

0.25 050 0.75 1.00 0.25 050 0.75 1.00
(2) (b)

(a) Aberration wavefront (b) Reconstructed wavefront

(SN P GG SRR S

Fig. 9 Simulation results of coma wavefront reconstruction

I| N

025 0.50 0.75 1.00 025 0.50 0.75 1.00

(@) Aberratlon wavefront

10 =g A By A,

Fig. 10 Simulation results of three-lobe wavefront recon-

(b) Reconstructed wavefront

struction

2 BEBREMNMMEEFE RMS RE
Tab.2 RMS error of the reconstructed wavefront cor-

responding to each aberration

B HHIEHTEZERMS (L)

15k 0.0893

Bk 0.1102

B 0.0576
= 0.0758

1825 Z B0 /N R T i R, T 11 CR
P LI P EL 7R Sk 4 TR 25 78 AN a5 22 Z B0t
UL AT 2 RMS 22112k, Il 15 RS 0)
WRTE AR IEL N0.08 A, Hirfgs | 22 =l
1525 Z B0 7. 7.54, 6.5, PR ER AR
AT b 1 IR A S 21 L, Dk i R AR 25 0
Ko WAL AE MR I X R AEhR A 3

G AR O S SR T BRI - X SR 22 5
Gy B G Ay BER R HORFEEL . R AR
SE S ER I ZR I, S5 5% PR B0 AT IX S 1%
FHCRE PR — AR, 5 — Ak S
AN 12 R ERSTHESE 1080x1080 Hif iy Ak
LA 545 25 1) I i o A 5 2 B 9 A as % o ot
Btk th<l . A 12 AT LB Y, a0 e
BAE 40 ) 50 AN ZEATI, PRI AR R

USRI S AE TAER 277 AR B, 5] 13

BRI | ETR A R B2 K3



55

B, 55 SRR R R AS AR AT T EN T 1215

N L AR ZEAE PRI PR 1) B AR TS 25 1
A LA R LT 2 R 00 3R e ) H RS 2, ik
W R G A B P A RE T

1.0
08}~

=06

n

Z 04}
02}t f
O h L L L L

0 2 4 6 8 10

Zernike phase difference coefficient

K11 4 FME 22T AR 22 B 1R 22 R B A2 it £
Fig. 11 Curves of wavefront reconstruction errors for four
types of aberrations varying with aberration coeffi-
cient

1.0

0.8

-
-
Sl
-

0.6

RMS (V)
o
S

10 20 30 40 50 60 70 80
Number of microlens elements
P12 P R 2 B GA B ST R AR A £
Fig. 12 Wavefront reconstruction error varying with the

number of microlens elements

1080 1080 pm
810 810
> 540 > 540 [
270 270
0 0
0 270 540 810 1080 0 270 540 810 1080
X X
(@) (b)

(a) Salt-and-pepper noise image

K13 RIS DL IR
Fig. 13 Light field images under different noises

(b) Gaussian noise image

#=3 TREEETHERNRRE
Tab.3 RMS error of the reconstructed wavefront for

each aberration under different types of noise

(a2 ER MR T Y AR 25 T BT R R AR 2
RMS(V) RMS(A)
15 0.0850 0.0932
B 0.1213 0.1151
f-v 0.0587 0.0606
= 0 0.0723 0.0731

3.4 SCINUENE
K14 % ETR I R G gE MR =, K15 N
TE SR 5 F5 0 I AR R 4

14 SLERGELEH
Fig. 14 Structural diagram of experimental system

Fig. 15 Experimental system

LR RGATHIS RN 4 PR,
R4 RGLEHBSY

Tab.4 System structure parameters (Unit: mm)

e ZHE
ESBiib/AREES 12
VBRI 560
MBIt A42 0.3
WO GEAERE 14
PRI 5 3

B R 0.0029

SLEG R GRS, MBS A
B AOCRI N B AR B Eh fR it A Thn g . &2
F GG MY 1 I G 23 B R PR, 1B
TP AR A — VR R A B, an1E] 16 FroR
17 Bt B h i R



1216 REYEE (FP3ES0) %17 %

0 0.6 0
06
200 04 200
04
400 02 400 0.2
600 0 600
800 02 g0 -0.2
-04 -04
1000 1000

o

0 200 400 600 8001 000 0 200 400 600 8001 000
(@) (b)
0 (a) Astigmatism 0 (b) Defocus
0.3 0.3
, rei - 200 02 200 0.2
- | 400 0.1 400 0.1
” 600 ?o , 600 0
lgl 16 ﬁﬁ?%*ﬁ&ﬁ‘{mﬂﬁbﬁ 800 Ol2 800 -01
. . . e -02
Fig. 16 Resolution board and detection area 1000 -0.3 1000 03
0 200 400 600 8001 000 0 200 400 600 8001 000
(c) Come (d) Three lobe

18 4 R G2 A 4
Fig. 18 Reconstruction results of four kinds of aberrant

wavefronts

4 % %

AR SCEE X it AL FR BT T H & WOGSE R G
PR 15 B G0l R ) X, B — A T e

Lo HWOEE eSS B 0P MBI T AR o, DRI T
S EMBCEIME R R R T T
B 7 AR 02 XA PR M2 e o i AR B A T 2859

SRR 2E BT HEA TR A, 3R 5 4*4“%] WS B ST N 2 4 1 Uk T T RS AR
A2 RMS FE I HT5% 22 RMS, &1 18 14 A e n e L PN b

R

SGRERIAR, 0 LEISRTARRA 6 sunm sttt AR 0,081, Wik T
U AALRECAEO.AEAT, R FUERDLE i o 50 IO WU . 36 14

RABCHRM AR - TEHCH 1080x1080, 12 7C R~ 5.5 um (&4
*R5 JLMBENERKARE R ES, 615 B s vh BR800 45 B T KA 40
Tab.5 RMS errors of reconstructed wavefronts 2| 50 2 8] B my R kS B s, R gl L
&2 MABERMSO)  AARHTZERMS () AL PR R ERE E . , SR AR AR A
o 02449 00436 Kl 22 45, 8 i R R AE RS 0o /Y 4 Fh &
ik 0.3464 00532 ZEPCHTBEATE A . SR AE IR, R GEN AT A
o 0.1061 00308 K5 RE 29709 0.044, FEATE /L H & NG R GE R I
=t 0.1060 0.0306 ARG s
B3 3Ck:

[1] BABCOCK H W. The possibility of compensating astronomical seeing[J]. Publications of the Astronomical Society of
the Pacific, 1953, 65(386): 229-236.

[2] SPRANGLE P, TING A, PENANO J, et al.. Incoherent combining and atmospheric propagation of high-power fiber
lasers for directed-energy applications [J]. IEEE Journal of Quantum Electronics, 2009, 45(2): 138-148.

[3] CAMPBELL H I, GREENAWAY A H. Wavefront sensing: from historical roots to the state-of-the-art[J]. EAS
Publications Series, 2006, 22: 165-185.


https://doi.org/10.1109/JQE.2008.2002501
https://doi.org/10.1051/eas:2006131
https://doi.org/10.1051/eas:2006131

% 5 1 B, S5 ORI N T RS AR AT T AW T 1217

(4]

(5]

(7]

(8]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

(22]

(23]

[24]

R, RS, M4, . OB BRI T SN0 B v — MR P AR I & 1 S o3 A (1], o BE 5 (30,
2023, 16(1): 94-102.

ZHU Q Y, CHEN M R, LU H J, et al.. Analysis of influence of diffraction effect of microlens array on Shack-Hartmann
wavefront sensor [J]. Chinese Optics, 2023, 16(1): 94-102. (in Chinese).

Eifpsh, AT, B R GG TR A ENDE RGN ], FEE S (FIE), 2023, 16(4): 843-852.
WANG H M, QUAN J N, GE B ZH. An adaptive optics system suitable for near-ground imaging[J]. Chinese Optics,
2023, 16(4): 843-852. (in Chinese).

KO J, DAVIS C C. Comparison of the plenoptic sensor and the Shack-Hartmann sensor[J]. Applied Optics, 2017,
56(13): 3689-3698.

ADELSON E H, WANG J Y A. Single lens stereo with a plenoptic cameralJ]. IEEE Transactions on Pattern Analysis
and Machine Intelligence, 1992, 14(2): 99-106.

RODRIGUEZ-RAMOS M J, CASTELLA F B, NAVA P F, er al.. Wavefront and distance measurement using the
CAFADIS cameral[J]. Proceedings of SPIE, 2008, 7015: 70155Q.

LV Y, ZHANG X ZH, MA H T, et al.. Large viewing field wavefront sensing by using a lightfield system[J].
Proceedings of SPIE, 2013, 8905: 89052T.

JIANG P ZH, XU J P, LIANG Y H, et al.. Plenoptic camera wavefront sensing with extended sources[J]. Journal of
Modern Optics, 2016, 63(16): 1573-1578.

ESLAMI M, WU CH SH, RZASA J, et al.. Using a plenoptic camera to measure distortions in wavefronts affected by
atmospheric turbulence [J]. Proceedings of SPIE, 2012, 8517: 851708.

WU CH SH, DAVIS C C. Modified plenoptic camera for phase and amplitude wavefront sensing[J]. Proceedings of
SPIE, 2013, 8874: 887401.

WU CH SH, KO J, NELSON W, ef al.. Phase and amplitude wave front sensing and reconstruction with a modified
plenoptic cameralJ]. Proceedings of SPIE, 2014, 9224: 92240G.

WU CH SH, KO J, DAVIS C C. Determining the phase and amplitude distortion of a wavefront using a plenoptic
sensor [J]. Journal of the Optical Society of America A, 2015, 32(5): 964-978.

WU CH SH, KO J, DAVIS C C. Plenoptic mapping for imaging and retrieval of the complex field amplitude of a laser
beam[J]. Optics Express, 2016, 24(26): 29852-29871.

WU CH SH, KO J, DAVIS C C. Complex wavefront sensing with a plenoptic sensor[J]. Proceedings of SPIE, 2016,
9979: 99790Y.

WU CH SH, KO J, DAVIS C C. Imaging through strong turbulence with a light field approach[J]. Optics Express,
2016, 24(11): 11975-11986.

WU CH SH, KO J, DAVIS C C. Using a plenoptic sensor to reconstruct vortex phase structures[J]. Optics Letters,
2016, 41(14): 3169-3172.

WU CH SH, PAULSON D A, RZASA J R, et al.. Comparison between the plenoptic sensor and the light field camera in
restoring images through turbulence[J]. OSA4 Continuum, 2019, 2(9): 2511-2525.

KO J, WU CH SH, DAVIS C C. Implementation of a rapid correction algorithm for adaptive optics using a plenoptic
sensor[J]. Proceedings of SPIE, 2016, 9979: 997900.

HU J T, CHEN T, LIN X D, et al.. Improved wavefront reconstruction and correction strategy for adaptive optics system
with a plenoptic sensor [J]. IEEE Photonics Journal, 2021, 13(4): 1-8.

E & RRIBA T RO AT A 5 B AAT R D). KA h EBREB K FOC R IS PR, 2022.
WANG ZH CH. Research on plenoptic wavefront sensing technique of free space laser communication under strong
turbulence[D]. Changchun: Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences,
2022. (in Chinese).

LARDIERE O, CONAN R, CLARE R, e al.. Performance comparison of centroiding algorithms for laser guide star
wavefront sensing with extremely large telescopes[J]. Applied Optics, 2010, 49(31): G78-G94.

NOLL R J. Zernike polynomials and atmospheric turbulence[J]. Journal of the Optical Society of America, 1976,
66(3):207-211.


https://doi.org/10.37188/CO.2022-0176
https://doi.org/10.37188/CO.2022-0176
https://doi.org/10.37188/CO.2022-0176
https://doi.org/10.37188/CO.2022-0176
https://doi.org/10.37188/CO.2022-0176
https://doi.org/10.37188/CO.2022-0176
https://doi.org/10.37188/CO.2022-0230
https://doi.org/10.37188/CO.2022-0230
https://doi.org/10.37188/CO.2022-0230
https://doi.org/10.37188/CO.2022-0230
https://doi.org/10.37188/CO.2022-0230
https://doi.org/10.37188/CO.2022-0230
https://doi.org/10.1364/AO.56.003689
https://doi.org/10.1109/34.121783
https://doi.org/10.1109/34.121783
https://doi.org/10.1117/12.789380
https://doi.org/10.1117/12.2035212
https://doi.org/10.1080/09500340.2016.1162336
https://doi.org/10.1080/09500340.2016.1162336
https://doi.org/10.1117/12.943038
https://doi.org/10.1364/JOSAA.32.000964
https://doi.org/10.1364/OE.24.029852
https://doi.org/10.1364/OE.24.011975
https://doi.org/10.1364/OL.41.003169
https://doi.org/10.1364/OSAC.2.002511
https://doi.org/10.1364/AO.49.000G78
https://doi.org/10.1364/JOSA.66.000207

1218 $E%#($ﬁi) 175

EEEN:

B (1999—), B, ILRHEDT A, 1 ;oH(1964—), B, HIMEKHFEN, WF
H A A, 2021 4 F K E I T RF3K 3¢ 0, A R, 2007 4F T o E R
g 2EAr, BN FOL ARy 2 e G R B LA S P BRI 5
BB, E-mail: 329952674@qq.com IRAFE A2, 322 O %
U WO S Y B AR L O
N AL T RIS . B-mail: guojin

(@ciomp.ac.cn



mailto:329952674@qq.com
mailto:guojin@ciomp.ac.cn
mailto:guojin@ciomp.ac.cn

	1 引　言
	2 扩展信标光场成像原理
	2.1 扩展信标光场成像的数学描述
	2.2 光场传感器的特性参数
	2.3 等效法扩展目标光场成像模型

	3 扩展信标波前重建算法
	3.1 波前斜率梯度的计算
	3.2 波前位相重建
	3.3 数值仿真
	3.4 实验验证

	4 结　论
	参考文献

