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Abstract

phase retrieval method based on the digital moiré phase shift algorithm and the Newton iteration algorithm is

To meet the requirement of on-line detection of large gradient phases in machining, a single interferogram

proposed herein. In the simulation, we compared the proposed method with three typical phase retrieval methods
for single interferogram under different phases to be measured. The results show that the proposed method has high
accuracy. We then experimentally measured the large gradient phase produced by a defocused sphere, and compared

our result with the measurement result of mechanical phase shift in the interferometer produced by ZYGO

corporation. The effectiveness of the proposed method is verified.
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(a) Gaussian noise; (b) Poisson noise; (c) salt & pepper noise

4 SEIR Ik

S5k DMN 5 25 78 52 B i F B 09 1F 8 1 R
M DMN ik S RS Z2YGO T340
LS R PEFT X, K6 N ERER,.L N
T VA BR T AR B Sk L AR EE Y 335.28 mm, O &N
101.6 mm; M bl 0 15K i B 5 8% . A2 BN 50 mm,
A4 50 mm, P, HTEMENE, P, NEHENE,
P L I A D ' A3 S A e M v R A ML L
LR 2 R I BT A0, 5 TN S E O™
ESbR TR . AR Py AL AL S S0 iR R B 7E g
BN Py B s B P, W R v T S S0 WG 2 L %
INE 1) 0 PR AH AL 328 37 1 O, BOES A P, Sy
V7 KA B AR A A 0 0o R AT R, FE P
SR ZY GO T #5 ACHe BB B A A5 X 0 o 1 9
KB AL, SR B 7 Ca) FToR, HOEn R

Phase /rad

(a) 250
200
150
100
50
1000 0

200 400 600 800 1000
Horizontal axis /pixel

Vertical axis /pixel
S )
(=1 (=] (=}
S S 3

[e's)
[=3
(=]

267.78 rad, e KAHNIAEEE S 0.6352 rad/pixel . ¥ I
BOEAE R AR YR S8 10 ELE , PR AT I 20 A9 AR T 95 4%
SUAE M LBR T A,

L

Bl 6 Sooh & on E
Fig. 6 Schematic of experimental device
TE Zemax FAFH 5 BEUEL 6 119 52 56 25 & 7 [V
BRI BE7E B 4B AL P, 19 i 400 B AR A, 3 B
rhP AR REAUAR AL 43 AT 5 R AU T V5 L I e R DU 7
5z prA 3 . an & 7 () BF s . 2% B 0 T ) T
AR ZEBN .

Phase /rad
(®) 250
g 200 800
.8 4
2 00 150
=
é’ 800 50

1000
200 400 600 800 1000
Horizontal axis /pixel

B 7 BERTA AL . () SEBRAHAL; (b) JE BAAH AL
Fig. 7 Wavefront phase. (a) Real phase; (b) virtual phase

0504002-6



H

i b

Wb TWESEDTWEEESA
MATLAB &4 FH 2.1 95 iR 19 DMP J5 K
fRSC A 22, 25 R E 8 i, R EKNN
1024 pixel X 1024 pixel, &l 8(a) HrLaAb B 9% SRR
R R S 5 R TR &M 75 L 18] 8(b) A &l 8(a)
ARG TR B M P I SR AR 8 WY X (171 pixel X
151 pixeD) B KA,

W SR SR 11 S I AH 67 22 5 1 UL S 38 Ji K S B 1)
TWEAAL, 5T W ACRE N T ¥ AR AL B HHET L
L 9 T A B 8 (a) 7 HE X I ) DMP J5 2 9
SRR 22 . R R 8 () B S AR A 22 5 i
AN (14 K UL AL R S B 1 R UL AR 5L R R LT IR SR
FI DM J5 3 52 1 1% 1 SR it B 1 T 15 25, 45 310 1Y
PR DX X s SR AR R 25 43 A AR 9 (b) BT

Phase difference /rad

200

400

600

Vertical axis /pixel

800

1000
200 400 600 800 1000
Horizontal axis /pixel

Phase difference /rad

50 100 150
Horizontal axis /pixel

Kl '8 DMP Jy i K fil (4 S e FH A 22 734 o (0 BE AR S0 5 (b) JR df R

Fig. 8 Phase difference between real and virtual phases calculated by DMP method.

(a) Global distribution; (b) partial magnification

Error /rad
0.4

T 50 0.2
2
- 0
% 100 0.2
3
= -0.4
4=
< 150
> -0.6

50 100 150
Horizontal axis /pixel

Error /rad

Vertical axis /pixel

50 100 150
Horizontal axis /pixel

P9 PR IERTHER 2506 . (a) DMP J5# 5 (b) DMN Jrik
Fig. 9 Calculation error distribution of two methods. (a) DMP method; (b) DMN method

B 9 Ca) Hr By iR 22 97 AR Equs 7 0.204 rad, 1%
22 {H Epy 81,097 rad; B 9 (b) 1l Equs N
0.071 rad, iR ZWESH Epn } 0.621 rad, 7 LLEF,
2t DMN J7 g A0 )5 1= 22 I 8GR A BT R T
. XU 25 DMN J7 65K fif A7 3 TR B 1R S Xf
i RE 52 el B S /0N O T B BGE B TAT E
DMN J7 3% AT A 25 B AR R AR CR R R 75 oK A
FIFAE LD i 9 S 81

5 4 1w

G T — Bl DMN i A1 75 % o 1T R B2 A A
FAFTALTT — T R i R SRR R TR AR
00 X bR 3 SR 4 PR B 75 oK . R DMP 7 i Y 2 il
b ST A AR SR i O TR & R O &
BRozMers g0 2 . it 7RI g 05 Sl g, 5

DMP J7 % 8 5L i J7 25 RO A bR 07 325 2R A7 LA, B
5% 25 J7 AR 2 U A AE B BE AR A2 R A T
T B A B R T R A O . IR O TR
TIAS T6) G /I8 RIS [] 288 2 1 Tl A% Wt 75 X6k AS [ i AH
TR ARG BE 5 ) 0 LSS5, R PR TR R R X T
SR ARG BEA —5E 0, DMN J7 ¥ B 5K Al A B Tl e
PG M TR B, SRR SE R L, Y T A A
W E g A M 267.78 rad, K L B E N
0.6352 rad/pixelf , 2 DMP J7 ¥ 3K i i 16 S e 75
B, HR 25 7 AR 80,204 rad, iR 22 A E
H}1.097 rad; 2233 DMN J7 255K fi, Hoii 22 05 ¥4
/N A 0.071 rad, IR EESEIW /NN 0.621 rad, 1y
T HoA 3 FhoJ7 5 M 45 8 I S AL A T
WA, P75 90 PR 585 0 45 Ui B DMN
Tk BB R AT,

0504002-7



h | i bl
0220001.
%} £ X ® [10] Servin M, Marroquin J L, Cuevas F J. Fringe-

[1] ShiT, Yang Y Y, Zhang L, et al. Surface testing follower regularized phase tracker for demodulation of
methods of aspheric optical elements [J]. Chinese closed-fringe interferograms [J]. Journal of the
Optics, 2014, 7(1): 26-46. Optical Society of America A, 2001, 18 (3): 689-
Vi, B, SkAR, 4. ARBRTDEE TR 0 Y K 695
WA ], hEYES, 2014, 7(1): 26-46. [11] Servin M, Marroquin J L, Quiroga J A. Regularized

[2] Bruning ] H, Herriott D R, Gallagher ] E, et al. quadrature and phase tracking from a single closed-
Digital wavefront measuring interferometer for fringe interferogram [J]. Journal of the Optical
testing optical surfaces and lenses [J]. Applied Society of America A, 2004, 21(3): 411-419.
Optics, 1974, 13(11): 2693-2703. [12] Kulkarni R, Rastogi P. Phase unwrapping algorithm

[3] Fei L H, Lu X X, Wang H L, e al. Single using polynomial phase approximation and linear
wavelength phase retrieval method from simultaneous Kalman filter[J]. Applied Optics, 2018, 57(4): 702-
multi-wavelength in-line phase-shifting 708.
interferograms[J]. Optics Express, 2014, 22(25): [13] Feng L, Zeng Z G, Wu Y Q. Optical surface
30910-30923. measurement using phase retrieval hybrid algorithm

[4] Zhang W P, Lu X X, Fei L H, et a/. Simultaneous based on diffraction angular spectrum theory []J].
phase-shifting dual-wavelength interferometry based Proceedings of SPIE, 2013, 8911: 891111.
on two-step demodulation algorithm [ J]. Optics [14] Hao Q, Ning Y, Hu Y. Interferometric testing of
Letters, 2014, 39(18): 5375-5378. aspheric surface [J]. Metrology & Measurement

[5] Zeng YN, Lei H, Chang X Y, et al. Phase retrieval Technology, 2018, 38(1): 1-8.

with one interferogram by reflecting off-axis HE, TWF, SRR BT T A A9 AR Bk A R
microscopic interferometry [ J]. Chinese Journal of (0], #HEA, 2018, 38(1): 1-8.
Lasers, 2015, 42(9): 0908006. [15] Tian A L, Liu T, Liu J, et al. High precision
ROMEAE, EE, WET, & T EMBMT SRR wavefront reconstruction technology for single
PR T R A AR R (1], TP E O, 2015, 42(9): interferogram[J]. Infrared and Laser Engineering,
0908006 2015, 44(4): 1203-1207.

[6] LiuD, Yang Y Y, Tian C, et al. Study on phase M e, XUhs, XUG1, 4. Fui T 4 o1 i e R

retrieval from single close fringe pattern with high W EESE AT, 40586 T/, 2015, 44(4):
precision[J]. Chinese Journal of Lasers, 2010, 37 1203-1207.
(2): 531-536. [16] Takeda M, Ina H, Kobayashi S. Fourier-transform
XA, MR, M, % SEERRESESTY method of {ringe-pattern analysis for computer-based
B A R A ], b EEOE, 2010, 37(2): 531- topography and interferometry [J]. Journal of the
536. Optical Society of America, 1982, 72(1): 156-160.

[7] QiuX, Zhong L Y, Li BB, et al. A rapid spatial [17] Massig J H, Heppner J. Fringe-pattern analysis with
carrier-frequency phase-shifting method based on the high accuracy by wuse of the Fourier-transform
orthogonality of diamond diagonal vectors[J]. IEEE method: theory and experimental tests[J]. Applied
Photonics Journal, 2017, 9(3): 1-9. Optics, 2001, 40(13): 2081-2088.

[8] LinJ X, Ma X, Li S P, et al. Four-step spatial [18] Munoz-Maciel J, Lecona-Pena F G, Castillo-Quevedo
quasi-phase-shifting technique for phase demodulation C, et al. Phase recovery from a single interferogram
from a single carrier fringe pattern [J]. Laser & using multiple Fourier transforms[J]. Proceedings of
Optoelectronics Progress, 2017, 54(1): 011203. SPIE, 2006, 6292: 62920D.

MRERHT, S, 24P, 4. DO 2 S ok A S B i 28 [19] Munoz-Maciel J, Casillas-Rodriguez F J, Mora-
LA R R (1], o6 5Ot Pk E, Gonzalez M, et al. Phase recovery from a single
2017, 54(1): 011203. interferogram  with  closed fringes by phase

[9] LianQS, Li Y, Chen S Z. Phase retrieval algorithm unwrapping[J]. Applied Optics, 2011, 50(1): 22-
fusing multiple wavelets and total variation 27.
regularization[J]. Acta Optica Sinica, 2018, 38(2): [20] Ge Z T, Kobayashi F, Matsuda S, et al. Coordinate-

0220001
GpkE, 2, MR, A 2 RN S AR 25 1
i A8 7 P 52 5 1k (], Sh2k %4, 2018, 38(2):

0504002-8

transform technique for closed-fringe analysis by the
Fourier-transform method [ J].
2001, 40(10): 1649-1657.

Applied Optics,



th i

#

G

[21]

[22]

[23]

Liu H, Zhu Q, Hao Q. Design of novel part-
compensating lens used in aspheric testing [J].
Proceedings of SPIE, 2003, 5253:480-485.

Liu H, Hao Q, Zhu Q. A novel aspheric surface
testing method using part-compensating lens [ J].
Proceedings of SPIE, 2005, 5638:324-329.
Hao Q, Wang S P, Hu Y, et al.

calibration method of a

Virtual
interferometer non-null
interferometer for freeform surface measurements

[J7. Applied Optics, 2016, 55(35): 9992-10001.

[24]

[25]

0504002-9

Vertex radius of

Hao Q,

curvature error measurement

Li TF, HaY, et al.
of aspheric surface
based on slope asphericity in partial compensation
interferometry[J]. Optics Express, 2017, 25(15):
18107-18121.

Hao Q, Wang S P, Hu Y, er al. Two-step carrier-
wave stitching method for aspheric and freeform
surface measurement with a standard spherical
interferometer[J]. Applied Optics, 2018, 57 (17):

4743-4750.



