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Abstract An improved two-step phase-shifting algorithm based on the Gram—-Schmidt orthonormalization is
proposed. After removing the direct current of the interferograms by a Gaussian high- pass filter and
orthonormalizing the intensity of the two—frame filtered interferograms by Gram—Schmidt process, the phase shift
can be extracted by an arcsine function according to the relationship between two orthogonal vector norms. In the
two-step phase—shifting interferometry, as long as the phase shift value between two—frame interferograms is
determined, the measured phase can be retrieved by an arctangent function. This method can not only extract the
accurate phase shift value, but also retrieve the phase rapidly. By means of computer simulation and experiment,
and comparing the performance of this method with several two—step phase—-shifting algorithms, the result proves
the effectiveness and the advantage of the proposed method in the phase measurement.
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P 2 (a) Ay A48 T8 152 AH A7 19 4 22 (. (REF), 18] 2(b) Ry 0 a#E i) 5535 b I 1 ()~ (b) PR T 1 946 181 Jr 9k 522 1 40 2 A
0o IR Bk A B A BB L b TS B 2 R AR S R 0.997 rad  IZ S5 SR 5 U AR B
1 rad ZEAAHE o 5340, 6 ATA 5532 26 AR T 53 SO MR AHES 25 1k 0.1 vad BRI 26 B E A7 A 7 0 &, ok &2
14 £ B AR G B 2(c) 7R o oA B AR w0t 1 B 3 ) T 0 3 5 0 K B L RIRE 45 1R T8 FH Y GSEVI A OF =
ol A5 5 R A7 MR R B A JE AR, FL 2 SR A BN 2(d)~ (O FT 7R o 38 1T /R 0 T Rl OAS [ B0 32 3 AR TR R
St AL TV PR AT AR A K 2 1 32 SR ) (A 9 e 307 o 3 R U R T R ds S R S O AR R 22 . Hop 3y
Jr AR IR 25 (RMSE) 3 R 25 51 WK & 1 A 67 5 1S 400 380 152 A 067 =22 (8] 10 22 (R 4 7 AR o A& LR ml LU, el itk iy
SEVE AL S BORE 5 GS EVIURT OF 53 (R B2 AH 24 5 JF HL 5 oAb 55 4 L, o i 1) 3 7 1) 38 B0 )3 R K
Pew, HLMEE T35 BR R S B3, 2 SO i . R aT F s, ATA Bk R B B Kt
s 5 76 B A% KNk 1000 plxelXIOOO pixel B, Iﬁoﬂr%%ﬁk,FﬁﬁﬁE‘Jﬁr%ﬁm%&ﬁﬁfrﬁ(ULﬁMﬁ%@

A 7, N A
100 200 300 100 200 300
x /pixel x /pixel

A 7 NS ) NS i
100 200 300 300 100 200 300 300 100 200 300
x /pixel x /pixel x /pixel

&2 B R BRI E LA o (a) BEILTR S5 (H; (b) BT B I ETE (c) ALA; (d) GS; (e) EVL () OF
Fig.2 Wrapped phase maps obtained by different algorithms in simulation. (a) REF; (b) proposed method; (¢) AIA; (d) GS; (e) EVI; (f) OF
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Table 1 Processing times and RMSEs obtained by different algorithms dealing with simulated fringe patterns of different image sizes

Image size Proposed method GS EVI OoF ATA
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RMSE /rad 0.172 0.173 0.173 0.151 0.033
Time /s 0.022 0.028 0.068 1.503 76.479
500 pixelx500 pixel
RMSE /rad 0.173 0.173 0.173 0.146 0.034
Time /s 0.093 0.104 0.338 5.505 -
1000 pixelx1000 pixel
RMSE /rad 0.173 0.173 0.174 0.141 -
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Fig.3 Schematic of in—line phase—shifting interference system
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Fig.4 Two—frame experimental interferograms, in which the phase shift value is 1.064 rad
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Table 2 Processing times and RMSEs obtained by different algorithms dealing with experimental interferograms

1

y /pixe
o

Image size Proposed method GS EVI OF
Time /s 0.023 0.031 0.073 1.660
RMSE /rad 0.163 0.163 0.164 0.205

512 pixelx512 pixel

5 45 &

A0 A7 0 AT e, 4 8 1 N A FE B 0 B L AR T T8, 45 2K 0 AR 0 110 3 5 D He B T L
35 1 P 0 0 R LA R 9 TR A AT R AT R0 TR DR 5 T A R B 0
e RN S BRI GS BV L ARG T 9 PR S T MR B A o, ELR R L V1 B e e
(FL 7R Bl P04 ORI B ik o A5 SCHE AN AT JLJSUIT O LT 22 b, 6 79 A0 2 4 1 S Ak i s L 38 1 — A R JH
T W R T 4 i 4 TR e 5 R B R AT o7 0 A0 0k o 2 ok O e A 1 e 2 18] (1 R TF 3% 5 R
KSR IOHI RS i, TR A — i I IE ) bR BOR M A M B, B BUA GS Ik BB IR £ T A i i £
VA et B U T AR R AT GS B v R JEE 1 R L 4 5 T 32 R 5 L o PR R Sk i
F B L T RE B T RO T AW . AT 5 SR DR ST (0 45 SRR W - 5 B (0 P A AR ST A S,
VT OF B35 A LG , itk A 503k A 5L T L it M 45 SR 02, 7 L T A o R 62 45 T 052, 2 A £z 300
U ELAT T R RS

£ % X
1 D Malacara, M Servin, Z Malacara. Interferogram Analysis for Optical Testing[M]. 2th edition. United ingdom: Taylor & Francis Ltd, 2005.
2 Xu Yuanyuan, Wang Yawei, Jin Weifeng, et al.. New process on quantitative phase microscopy and phase retrieval for biological
cells[J]. Laser & Optoelectronics Progress, 2014, 51(2): 020006.
TRIEE, £ AR, 4 TR 45, 2E 9 40 7E AR (7 12 30H AR Te Al AR 52 )5k i B it T (D). Ot 506 T2 k&, 2014, 51(2):
020006.
3 Fan Jinping, Zhang Desi, Lii Xiaoxu, et al.. Phase reconstruction and compensation of biological cell with digital holographic
microscopy[J]. Chinese J Lasers, 2014, 41(2): 0209019.
LA, SR, BB, & B e B 0 OR F A 4 40 AR A TR 5 AME I RS T O, 2014, 41(2): 0209019.
4 Wang Z, Han B. Advanced iterative algorithm for phase extraction of randomly phase—shifted interferograms[J]. Opt Lett, 2004, 29
(14): 1671-1673.
5 Wang Z, Han B. Advanced iterative algorithm for randomly phase-shifted interferograms with intra— and inter—frame intensity

variations[J]. Opt & Lasers in Eng, 2007, 45(2): 274-280.

0608002-6



A R S
6 Xu J, Xu Q, Chai L, et al.. Direct phase extraction from interferograms with random phase shifts[J]. Opt Express, 2010, 18(20):
20620-20627.

7 Vargas J, Quiroga J A, Belenguer T. Analysis of the principal component algorithm in phase-shifting interferometry[J]. Opt Lett,
2011, 36(12): 2215-2217.
8 Vargas J, Quiroga J A, Belenguer T. Phase—shifting interferometry based on principal component analysis[J]. Opt Lett, 2011, 36(8):
1326-1328.
9 Liu Jian, Tian Ailing, Liu Bingcai, et al.. A phase extraction algorithm in wavelength tuning interferometry[J]. Acta Optica Sinica,
2014, 34(3): 0312001.
XG0, MBS, A, 5. —Fh AR50 RS T 35 00 4k 1 A0 A 52 U 0], D627 274, 2014, 34(3): 0312001.
10 Kreis T M, Jueptner W P O. Fourier transform evaluation of interference patterns: demodulation and sign ambiguity[C]. SPIE, 1992,
1553:263-273.
11 Kang Xin, He Xiaoyuan. Two—step phase—shifting technique for phase measurement profilometry by grating projection[J]. Acta
Optica Sinica, 2003, 23(1): 75-79.
BB AT/ INOG. 2 A RS SR 5 A 07 0 0 A8 B R [T]. JsE 24, 2003, 23(1): 75-79.
12 Vargas J, Quiroga J A, Sorzano C O S, et al.. Two—step interferometry by a regularized optical flow algorithm[J]. Opt Lett, 2011, 36
(17): 3485-3487.
13 Vargas J, Quiroga J A, Sorzano C O S, et al.. Two—step demodulation based on the Gram—Schmidt orthonormalization method[J]. Opt
Lett, 2012, 37(3): 443-445.
14 Deng J, Wang H, Zhang F, et al.. Two—step phase demodulation algorithm based on the extreme value of interference[]]. Opt Lett,
2012, 37(22): 4669-4671.
15 Gong Qiong, Qin Yi. Extraction of real phase—shifting angle in two—step phase—shifting digital holography[J]. Chinese J Lasers,
2010, 37(7): 1807-1811.
W 3, Z R BB 2 B LR AHES A i AR . P O, 2010, 37(7): 1807-1811.
16 Qin Yi, Gong Qiong, Yang Xingqiang. A method for accurate phase shift in two—step phase-shifting digital holography[J]. Acta
Photonica Sinica, 2011, 40(8): 1282-1286.
Z 1R UL B SR, R E S AR B A B D S BLME R A A 19 5 TR (D). O AR, 2011, 40(8): 1282-1286.
17 Deng Lijun, Yang Yong, Shi Bingchuan, et al.. Two—step phase—shifting digital holography based on extraction of phase shift[J].
Chinese ] Lasers, 2014, 41(2): 0209014.
XS AL, A B3, AT AL T RRS R IR AP MRS B A R[], RO, 2014, 41(2): 0209014,
18 Antonio Quiroga J, Servin M. Isotropic n—dimensional fringe pattern normalization[J]. Opt Commun, 2003, 224(4-6): 221-227.
19 Gonzalez R C, Woods R E, Eddins S L. 55 B4 4b 3 (MATLAB JR)[M]. BCRKEs, 3%, Jb 5T W Tolk i, 2005.
EERE: T4

0608002-7



