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Abstract Based on the performance evaluation method of traditional imaging optical systems, this study reveals
that the autocorrelation function of the point hologram can be used to evaluate the imaging performance of incoherent
digital holographic adaptive optics (IDHAQO) system. Inspired by the fact that the autocorrelation function of the
ideal white noise function is approximately a Dirac 8 function, we propose that increasing the randomness of the
point hologram can make its autocorrelation function close to the Dirac 8 function and improve the imaging resolution
of the IDHAO system. Accordingly, a practical method which introduces a random phase plate into the IDHAO
system, is proposed and implemented to increase the randomness of the point hologram. The proposed method is
evaluated through numerical simulations and effects of the pixel number and the standard deviation of phase in the
random phase plate on the imaging resolution of the IDHAQO system are investigated. Finally, an optical experiment
is performed in the laboratory to evaluate the proposed method and experimental results demonstrate that the
random phase plate can elfectively improve the IDHAO system's imaging resolution.
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Fig. 3 Point hologram of IDHAQO system with random phase plate. (a) Point hologram (amplitude); (b) autocorrelation
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Fig. 4 Comparison of imaging results. (a) Imaging object; (b) image reconstructed by IDHAO system without

random phase plate; (c) image reconstructed by IDHAQO system with random phase plate

N BE B AT AR 7 A B 55 T DA = AT A B A E
NOGEE RGN HER, Sl B E] A0 BE LA
DA S B 2 Co) i 7 1) s 4 80 T [ A G pR 0 2f I
AP0 225 pms £ G B 8 I B AL AR 07 AR S B3
(o) T 7R 1 42 B B [ AH G pR BRI 2 06 42 55 A
39 pm, [HUL 380 BE HLAE A7 AR IS R S8 A5 (0] 43 B
RRAYER T 6 1%,
AR B S5 B8 FH ) BEATLAR 57 A S B0 T < A
P IEAT 256 X 256 AR, & ME R MG 2 IES
O3 AE L HME N 2, BN 0.6, B T E—EHE AR
(€))

B 5 SR AR 24 05 22 BEHILAH A2 A Y 2R 48 s A AR 45 R

[7) S B0 A ST BT 28 G B AG 43 3 2R 1) 5 i o FH 43
R EGAE A A5 B AR I iR A 4052 56 v B AL A A7
MR S50, % 2R G0 1 BUR PE REHEA T AT S 50

S IEAR U R G Hpob A T S 8 TR
1% 2% BEPLA AL AR K (256 X 256 ) A AL {8
AT LT 5 AR 2% G AR AL ] 1 35 5 2 AU Bt L
FEAL AR #5 AR R ABOLIRI 4 J7 22 43 53 Ry 0.47,0.67 FlI
0.87 B, IDHAO 4t 14 22 1 1F I 4> 3 1] i 45
A& 5 fron . v LLE B, RS04 B R bl A B ALAE
AR 38y 2 1 38 R T 4 7

(a) 0.47;(b) 0.67;(c) 0.8%

Fig. 5 Images reconstructed by IDHAOQO system with random phase plates having different standard deviations.

(a) 0.4m; (b) 0.67; (c) 0.8x

0709001-4



th i

i ot

Bl o R AN B 2R 8 H At O 7 2 BRI Bl AL A Ao
B A AR BT A 2 75 22 (0,800 I i O T e Ae
B BILAR A2 0 F) £ 3R 80 B IDHAO R SE Tk fiE
R R AR A . AL AR 15 = K

[
— M=
2= "=

a=

y=W

B 256 X 256,128 X 128 Fl 64 X 64 i, IDHAO F
LR ZRIE K2 BRI F AR A 6 P, K
6 AT LA H L BEHLA A2 AR A 1 3R 20l 22 R SR o) Bk

B

6
=,

Bl 6 SR ES R B B LB I R G E R BR AR . (@) 256X2565(h) 1281285 (c) 64X 64
Fig. 6 Images reconstructed by IDHAQO system with random phase plates having different pixel numbers.
(a) 256X256; (b) 128X128; (c) 64X64

i oo FICE A ADLSE 5 w] A5 B DL R 458 D) 7R 6
rh (il BEATLAH 7 B RE 9% 42 = IDHAO R 581 1% 43
B2 5 2) BEALAE AL AR A A5 22 AR L[R]3 7 258K
B GRG0 PRGBS T 5 3) Bl L AR 07 B 15 28 40 i ik
Z, RGEARAF I EMGR EW . Z5 LR, 7 IDHAO
F G0 v it B ATLAE 57 Al nT 38 i a5 4 B L Bl AL
HE T AR 155 R G800 43 HE R i 1 R BE B AR AR AR A Y
0 25 FUG R # nT LA RO SN T b 4 BUA
(4 BE B (35 7 2578 FHE T A 9 BE AL 5 15 3K 8K
W 2 BENLAEAL A E08 2 e RUA R T Ok
BRI I A ) Bt AL S O T R T A 4 Y B L
P IR &5 T RGEM B3R . Xt D 55— TETIE 5
TR R A B R, e BB A M
O R BN T 2k P 5 SR, IDHAO 2 46 19 AR 4%
PR, L, /T LAZE IDHAO RS fiifl BA
BER AL T 25 TN 38 2245 32 B0 BB 2 Al ok 42 55

LED
L1 ysar/
pinhole

LED: light emitting diode

RYM5HEH.
4 FENE KR

TE 52 90 28 $5 A 09 SEOG B A1l 7 R, ool
P8 N B KO T (LED) JE . b KR
635 nm, 4 96 4 15 nm, LED %k % 2 5t 1% 4
L1, B0 B AR s gt FL B, 0 B bRk i3 5 =X
I3 HEF AR (1951 UASF U #D L L B A28 50 pm.,
253k B AG H AR ST AL S 0 O, 28 0 R A i T A 2
M GZ AR AR A PR ZH A AT 06, AR S5O0 5%
CHRL28 D FfE ik B . AGF 3] IDHAO REiH, %
IDHAO R GERALT 0w b T AL Z5 4, Horp—
A IS A M5 L 58 300 mm, 55 — AN I BE
FH sk 2 ]G I i a1 )G IR 4
fn A7 325 WG R &, B 512 X512 MR E LR
MMERB KR/ R 15 pm X 15 pm, TAE T 615 ~

NSNS mirror

BS

L3

APS: atmospheric turbulence phase screen

BS: beam splitter
SLM: spatial light modulator

CCD

7 SLEOLROR B

Fig. 7 Optical configuration of experimental setup

0709001-5



th i

i ot

700 nmiF B, BUR AR FHE B R G BE 40 200 mm
b F TR TR, #8 CCD MIHLS 4B 2 A jik
B 100 mm B L3, LU & CCD i
R4 BB L .

S a2 DS 88 77 A 7/2on il 3w/2
AIARRS o ) s AT LR e AR B AL AR 57 B, 720 % v fin
ABENUR LS . 8 5, {8 FH 5 1Rl D' 1 ) 4% 7 A AH
B , I I 23 [R]85 76 6 B% v 09 /E At & — 1 i
ﬁ?%@ﬂﬁfi%ﬁ’fﬁ9Mﬁ’ﬁy<$)u777]ﬂl3ﬁ$}ﬁﬁ1ﬂffifﬁ/ﬁ
T IDHAO R4, FEXMEM T REZM ST

Relative
intensity

Relative
intensity

0.8
0.6
0.4
0.2

P8 AR A ALAH AR I 5 GE R A B9 T 5 1 B 9 P 5 iy 42 8L ]
(O FL&2 B EAMAL; (D HAR T E s (o) H bR 2 BB RIE : (O H b5 2 8 B AL

Fig. 8 Interferograms and holograms acquired by experimental setup without random phase plate. (a) Interferogram of

pinhole; (b) amplitude of pinhole hologram;

(©)) Relative ey
intensity
0.8
1 0.6
0.4
0.2
(e)

(c) phase of pinhole hologram;

KL B A T80 B DL KGE 3 90 B R A G 4 8 1 dn A
8 Fizn. SRJG A 2 (B G o il 25 7= A B AL AR A, I
539 BEE A 5] 64 AR % 33 B 358 T LA 2 1) S 9] 1 2
SRR BEALA A7 B IDHAO R4, K 9 M7
INBELA AL AR AR R R BB s T I H AR T
WEL UK BT W E A4 88, B 10 iR
R AE G BT B9 0 5 AR, 1B 10(b) AT 10 (o) Jir
7R G35 A i B WL AR £ AR BT S IDHAO R 48 1Y 5
5. MIEL 10 W LLE H . 38 T Bl AL A A7 A fff S 4 = 1
IDHAO R0 A& o BE%

i Phase /rad
2
0
-2
Relative
intensity
Phase /rad
0.8 9
0.6
0
04
0.2 -2

) EH LT3 [ 5 (b) &L 4 B 4R i 5

(d) interferogram of object;

(e) amplitude of object hologram; ({) phase of object hologram

5 45 7

TE5r T IDHAO £ 48 i3 it 38 iy BE il 1, R
JA BRI A A E RO VE Y 2R G P RE L IR R
i Y Bt ML A7 AR O 2R 4 1) s 4 2 TR B ML AL , 1 T 4
B ARG G S PR R AR 0 R B P S
UG E T iz AR IO 52 BE LR A7 A B S5 B 65 4R S
IDHAO R 581 BUR 53 985 FRAT 55 e 19 BUAZ o i
KA AR W HET R T B %,

i IDHAO £ 461 1E it i 1% 22 B, R 9 4
SNSRI ol SN S RS A T = S e
SEBRAY R SCULI L Bk IDHAO R G 15 KX
TR A SE R H AR S R4 BEARE. B,
IDHAO RG24 WA BESE K 1 E 4 B & 1)

KA BT LLZABOAR H ATALRESE I T 6 vl T R 8
U AR 2SR G AR WS O . A E ARz
SR A % BRI 2 — 2P R W IDHAO &
GEHY I ] 23 e . o] £ 8 R 48 Y I ) 23 B R 4l
J& H AT IDHAO AR HZEH I Tr 12—

TR AR G A () R AR LI Dl o AR
ARG ER R R GG 2P RO, LIBGE R4
MY R . A SO IDHAO R 58% JH BEPLAH
(ORI 1R oy SNESNE O VI A R o SY S RS
G BRI BSCHE AT K L v R R E T A R R G I R O B
APPSR R G AR B AR T — FORT R B
o T 4 B B ARG BRBOTE A2 R G ST R
B PIE & & 15 A9 oA 2540 R BEHLAR A2 0 %07 A
G I B R WA B ST BT R B8 A A O

0709001-6



b

Fig. 9 Interferograms and holograms acquired by experimental setup with random phase plate.

(1]

(2]

(3]

[4]

Relative
intensity

0.8
0.6

0.4
0.2

Relative
intensity
0.8
0.6
0.4
0.2

¢ intensity

Relative
intensity
Phase /rad

0.8

0.6

0.4
0.2

Relative
‘ 2 Phase /rad
0.8

0.6
04 |
0.2

Ko BENLAR G ARG RGERER T W E L m TWE G R 2B E . @FL TR (b FH L4 B R H
(O 5 FL &2 B EAMAL; (D BAR T E s (o) H AR 2 B BRI : (O B b5 2 2 B

pinhole; (b) amplitude of pinhole hologram;

(c) phase of pinhole hologram;

(a) Interferogram of

(d) interferogram of object;

(e) amplitude of object hologram; (f) phase of object hologram

Relative
intensity

F10 ARERXT L. () AR B AR (b) AR INAR A2 AR R S8 AR 5 (O MR GG & 40 &

Fig. 10 Comparison of imaging results. (a) Imaging object; (b) image reconstructed by experimental setup without

random phase plate; (c) image reconstructed by experimental setup with random phase plate
BRI ESH22 3T AK L e oR B T 2 A B R O 2 )
e AR —Fh T8k

2 % X #

Osten W, Faridian A, Gao P, et al. Recent advances
in digital holography [Invited] [J]. Applied Optics,
2014, 53(27): G44-G63.

Zhang T. Phase-shifting digital
holography[J]. Optics Letters, 1997, 22(16): 1268-
1270.

Yamaguchi 1,

Cuche E, Bevilacqua F, Depeursinge C. Digital
holography for quantitative phase-contrast imaging
[J]. Optics Letters, 1999, 24(5): 291-293.

Schnars U, Falldorf C, Watson J, er al. Digital
holography and wavefront sensing [ M]. 2nd ed.

(5]

(6]

7]

(8]

0709001-7

Berlin, Heidelberg: Springer, 2014: 39-68.
Hariharan P. principles,
[M]. 2nd ed.
Cambridge: Cambridge University Press, 1996.
Clemente P, Mori Y,
Single-pixel digital holography with phase-encoded
illumination[J]. Optics Express, 2017, 25(5): 4975-
4984.

Optical holography:

techniques, and applications

Martinez- LLeon L, et al.

Brooker G. Digital spatially incoherent
Fresnel holography [J]. Optics Letters, 2007, 32
(8): 912-914.

Rosen ], Siegel N, Brooker G. Theoretical and

experimental demonstration of resolution beyond the

Rosen ],

Rayleigh limit by FINCH fluorescence microscopic
imaging[J]. Optics Express, 2011, 19(27): 26249-
26268.



h | b4 bl

[9] Katz B, Rosen J, Kelner R, et al. Enhanced incoherent digital holography based on spatial light
resolution and throughput of Fresnel incoherent modulator [ J]. Acta Physica Sinica, 2018, 67:
correlation holography ( FINCH ) using dual 064202.
diffractive lenses on a spatial light modulator (SLM) HaB, EER, 7y, 2. ETasEDEEH &0k
[J]. Optics Express, 2012, 20(8): 9109-9121. AT HCFE 4 B RRBEOCEEE [T]. W44, 2018,

[10] Kashter Y, Rosen J. Enhanced-resolution using 67(6): 064202.
modified configuration of Fresnel incoherent [19] Ji T, Zhang L, Li W, et al. Research progress of
holographic recorder with synthetic aperture [J]. coded aperture correlation holography[J]. Lasers &
Optics Express, 2014, 22(17): 20551-20565. Optoelectronics Progress, 2019, 56(8): 080005.

[11] Kelner R, Katz B, Rosen J. Optical sectioning using T, skik, M, 5. AEM T A LR A oG 2 B A
a digital Fresnel incoherent-holography-based confocal IR T, WMot 56w 7%, 2019, 56(8):
imaging system[J]. Optica, 2014, 1(2): 70-74. 080005.

[12] Nguyen C M, Muhammad D, Kwon H S. Spatially [20] Kim M K. Adaptive optics by incoherent digital
incoherent common-path off-axis color digital holography[J]. Optics Letters, 2012, 37(13): 2694-
holography[J]. Applied Optics, 2018, 57(6): 1504 2696.

1509. [21] Kim M K. Incoherent digital holographic adaptive

[13] Wan Y H, Man T L, Tao S Q. Imaging optics [J]. Applied Optics, 2013, 52 (1): All7-
characteristics and research progress of incoherent A130.
holography[]J]. Chinese Journal of Lasers, 2014, 41 [22] Guo X L, Wan Y H, Man T L, er al. Correction
(2): 0209004. characteristics of wavefront aberration in incoherent
TEL, WRIe, BZE. JEH T 28 ARG R K& digital holographic adaptive optics [J]. Chinese
ozt R L] . T EEOG, 2014, 41(2): 0209004, Journal of Lasers, 2014, 41(11): 1109004.

[14] Weng J] W, Yang C P, Li H. Self-interference R, AELS, WXk, F. EHTHFE2EAE
incoherent digital holography by compressive sensing MOGF IR IE SR (). P EEOG, 2014, 41
[J]. Acta Optica Sinica, 2016, 36(2): 0209001. (11): 1109004.

HEX, B, . ATHIEMTRZSBNE [23] Unnikrishnan G, Joseph J, Singh K. Optical
g ECmE L], ks, 2016, 36(2): 0209001. encryption by double-random phase encoding in the

[15] Zhang W B, Liu Y F, Li D Y, et al. Incoherent fractional Fourier domain[]]. Optics Letters, 2000,
digital holographic microscopic imaging based on 25(12): 887-889.

Michelson interferometer [ J]. Chinese Journal of [24] Mogensen P C, Glickstad J. Phase-only optical
Lasers, 2017, 44(3): 0309001. encryption[J]. Optics Letters, 2000, 25(8): 566-
FROOR, XK, ZEAERE, S BT IR s E I T AR 568.

B AEA T AT 2 B R Mg L] . RO, 2017, [25] Rivenson Y, Stern A, Javidi B. Single exposure
44(3): 0309001. super-resolution compressive imaging by double phase

[16] Zhou H Q, Wan Y H, Man T L. Adaptive imaging encoding[J]. Optics Express, 2010, 18(14): 15094~
by incoherent digital holography based on phase 15103.
change [J]. Acta Physica Sinica, 2018, 67 (4): [26] Vijayakumar A, Kashter Y, Kelner R, ez al. Coded
044202. aperture correlation holography-a new type of
JRZE5E, T B L, WK B . T AR A AR o AY AR A T4 incoherent digital holograms [J]. Optics Express,
FaRAEM K], YWH¥H, 2018, 67(4): 2016, 24(11): 12430-12441.

044202. [27] Vijayakumar A, Kashter Y, Kelner R, et al. Coded

[17] Zhao ZC, Yang X F, Xu T X, et al. Point spread aperture  correlation  holography  system  with
function of incoherent digital holography based on improved performance[J]. Applied Optics, 2017, 56
spiral phase modulation [J]. Acta Physica Sinica, (13): F67-F77.
2018, 67(1): 014203. [28] Jia P, Zhang S J. Simulation and fabrication of the
O, R, YPRIE, S SE T R AH A7 0 Y atmospheric turbulence phase screen based on a
FHTFEE S REEWII[]]. YWH¥EMK, 2018, fractal model [J]. Research in Astronomy and
67: 014203. Astrophysics, 2012, 12(5): 584-590.

[18] Bai Y H, Zang R H, Wang P, et al. Single-shot

0709001-8



