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Fig. 1. Variation of average absolute error with (a) the

number of side lobes and (b) the spatial frequency at differ-

ent duty cycles.
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Fig. 2. Optical configuration for recording two orthogonal
holograms. He-Ne represents helium-neon laser, SF repres-
ents spatial filter, L1 and L2 represent lens, BS represents
5:5 beam splitter, MO1 and MO2 represent microscope ob-
jective, CCD represents charge-coupled device, the return
light is shown in blue.
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Fig. 3. Phase reconstruction algorithm without spectral
losses based on two orthogonal holograms. The images in
the right column correspond to the results for the Y-holo-
gram at each step and the last image shows the two-dimen-

sional unwrapped phase.
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Fig. 4. Results of irregular image reconstruction: (a) The reconstructed phase image by FFRM; (b) the section line at white dashed

line in panel (a); (c) the reconstructed phase image by SLPR; (d), (e) the profile lines at the position indicated by the red and black
lines in panel (c).
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Fig. 5. Results of wafer phase reconstruction: (a) The phase image reconstructed by RRFM; (b) the phase image reconstructed by
SLPR; (c) the output of median filtering in panel (b); (d) the profile map at white dashed line in panel (c).
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Fig. 6. Phase reconstruction of USAF1951 target: (a), (b) The reconstructed phase images by SLPR and RRFM; (c) the profile lines
at the position indicated by the magenta line in panel (a) and blue line in panel (b); (d) the enlarged view of the first step in panel (c).
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h(z,y)=F~ {rect(i’;)}szsinc(an:)é(y). (8)

UEEIS Y ) ko 10 Sy BRARUVK b ek £
SLRP 1E 2 F FH 1 i A BRAE ik b 197 1547 9 1A 4
ArEE g, JE LS (E BB W B iR, Ot
HIENZAER. SR (8) XAXMEL B, X Jr i)
B R B Y 7 1A R RN e
— PRI ST R A TS AR A B B, HAE

(7)

064204-6


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

) 32 % 3R Acta Phys. Sin. Vol. 74, No. 6 (2025)

064204

—HET7 [ EATITIE, 55 —4E77 10 BT ARANAS, DI
IR N FEIE , A H R e T S 32 BT IS (R 5. 51
PR, BEUA SRS O T AR /N, i, SLRP
SRR AR o A BB THBAT XL, (A5 B
T FA Gl 32 B 23 I A2 . BRI
Oy R T A 15 B A 1 i 2k — o AR T
T, (HA IR BAR G PR B T S B AR 1 1 2%, X
A% HEA AR SE I L G B T —E AN IEEE,
SHEBE, ANE 4(d), (e) Frzn, 3k — R BLSE 5 o
o PR IR IS BV AL 1 S i BRI, SLPR )
RHAR = T 5 BAROL A ARS B2, (A 1) JEAR S
BT EEYARREALE B EE, ML FFRM, fi#AH
JEEIE BRI, LR 3 B3, iBE; 2)
G TAEGE 7 U8 IS R RIS R AR, 3) Sl 2
H—2ESEI T R IMEBUCHREOK, £ 1/24 CCD
OI AR SR/ BT PSR AT LAAS B8R 58 SR &5
R, ZERAERA RGBT, 4ok TARK
A BeAh, FBIRIZTT I AR 5], AR A%
2 s i 4 B P Y B R SR 4, REAILIE A AT T R
T, AR T AL AR A B R, HARZ By il v
(EIE AT URRR, SEANBIR A R EER. X
MRS, MR BRI, 1207 A .

5 & @

ARSCE X YRR 42 BIE RO R AFAE A
B e PE TRV, QTS G | Bt i | S TR & A
e o A A R A SO L TS ) A R e —
2 LI A | — DR DR B A 5 —HE DT 1] 1) 52
HefF 5, TR AN Iy BRI ZAEARRL A0 A, IR
PR TCA R SR AR AR S, SE B =
AEfe R . ORI AR, HAE N AR TR
REGE B, W HIFERE . Ak, X5 B
R, o EARIFFIE R, REAR S sl S 55 DR A AT,
IR H RS B A I 4 B R SR DL ik 5 S8,
S . (BS 2] LATE SR PN ok

A M N S R e A i Pu R R N
SR PR AR 42 BUA, ST R G RE R E AT i
JE. e EER T GBI, %07 kb TR
5 RS R B 7/L% N T I i v N € S v
AR AR A SEAR R A2 A il ) = 2 5T S IR A
NP IVARENi B 8 TN

S 30k

[1] Zhang T, Yamaguchi I 1998 Opt. Lett. 23 1221
2] LIEB,YaoJ Q, YuD Y, XiJ D, Chicharo J 2005 Opt. Lett.
30 189

[3] Atlan M, Gross M, Absil E 2007 Opt. Lett. 32 1456

[4] Takeda M 1990 Industrial Metrology 1 79

[5] Debnath S K, Park Y 2011 Opt. Lett. 36 4677

[6] LiJ S, Wang Z, Gao J M, Liu Y, Huang J H 2014 Opt. Eng.

54 031103

[7] He X, Nguyen C V, Pratap M, Zheng Y, Wang Y, Nisbet D
R, Williams R J, Rug M, Maier A G, Lee W M 2016 Biomed.
Opt. Express 7 3111

[8] Weng J, Li H, Zhang Z, Zhong J 2014 Optik 125 2633

[9] Xiong H, Zhang D 2023 Photonics 10 194

[10] Ma Z, Long J L, Ding Y, Zhang J M, Xi J T, Li Y R, Peng Y
Y 2025 Opt. Laser Technol. 181 111807

[11] Matrecano M, Memmolo P, Miccio L, Persano A, Quaranta
F, Siciliano P, Ferraro P 2015 Appl. Opt. 54 3428

[12] Hong Y, Shi T, Wang X, Zhang Y, Chen K, Liao G 2017 Opt.
Commun. 382 624

[13] YuH Q, Jia S H, Lin Z H, Gao L M, Zhou X 2023 J. Mod.
Opt. 70 77

[14] Wei J, Wu J, Wang C 2024 Sensors 24 5928

[15] Lin Z H, Jia S H, Zhou X, Zhang H J, Wang L N, Li G J,
Wang Z 2023 Opt. Lasers Eng. 166 107571

[16] Lin Z H, Jia S H, Wen B, Zhang H J, Yang Z H, Zhou X,
Wang L N, Wang Z, Li G J 2024 Opt. Laser Technol. 179
111366

[17) Xiao W, Wang Q, Pan F, Cao R, Wu X, Sun L 2019 Biomed.
Opt. Ezpress 10 1613

[18] Sun Q Y, Liu Y W, Chen H, Jiang Z Q 2022 Opt. Continuum
1475

[19] Kim H W, Cho M, Lee M C 2024 Sensors 24 1950

[20] Cheng Y'Y, Wyant J C 1984 Appl. Opt. 23 4539

[21] Shi B C, Zhu Z Q, Wang X L, Xi S X, Gong L P 2014 Acta
Phys. Sin. 63 244201 (in Chinese) [f14)1], &A1, TIE, ¥
JE, ST 2014 P AdR 63 244201]

[22] Ghiglia D C, Pritt M D 1998 Tuwo-Dimensional Phase
Unwrapping: Theory, Algorithms, and Software (New York:
Wiley-Interscience)

[23] Girshovitz P, Shaked N T 2014 Opt. Lett. 39 2262

[24] Girshovitz P, Shaked N T 2015 Opt. Express 23 8773

064204-7


https://doi.org/10.1364/OL.23.001221
https://doi.org/10.1364/OL.23.001221
https://doi.org/10.1364/OL.23.001221
https://doi.org/10.1364/OL.23.001221
https://doi.org/10.1364/OL.23.001221
https://doi.org/10.1364/OL.23.001221
https://doi.org/10.1364/OL.23.001221
https://doi.org/10.1364/OL.30.000189
https://doi.org/10.1364/OL.30.000189
https://doi.org/10.1364/OL.30.000189
https://doi.org/10.1364/OL.30.000189
https://doi.org/10.1364/OL.30.000189
https://doi.org/10.1364/OL.30.000189
https://doi.org/10.1364/OL.32.001456
https://doi.org/10.1364/OL.32.001456
https://doi.org/10.1364/OL.32.001456
https://doi.org/10.1364/OL.32.001456
https://doi.org/10.1364/OL.32.001456
https://doi.org/10.1364/OL.32.001456
https://doi.org/10.1364/OL.32.001456
https://doi.org/10.1016/0921-5956(90)80019-R
https://doi.org/10.1016/0921-5956(90)80019-R
https://doi.org/10.1016/0921-5956(90)80019-R
https://doi.org/10.1016/0921-5956(90)80019-R
https://doi.org/10.1016/0921-5956(90)80019-R
https://doi.org/10.1016/0921-5956(90)80019-R
https://doi.org/10.1016/0921-5956(90)80019-R
https://doi.org/10.1364/OL.36.004677
https://doi.org/10.1364/OL.36.004677
https://doi.org/10.1364/OL.36.004677
https://doi.org/10.1364/OL.36.004677
https://doi.org/10.1364/OL.36.004677
https://doi.org/10.1364/OL.36.004677
https://doi.org/10.1364/OL.36.004677
https://doi.org/10.1117/1.OE.54.3.031103
https://doi.org/10.1117/1.OE.54.3.031103
https://doi.org/10.1117/1.OE.54.3.031103
https://doi.org/10.1117/1.OE.54.3.031103
https://doi.org/10.1117/1.OE.54.3.031103
https://doi.org/10.1117/1.OE.54.3.031103
https://doi.org/10.1364/BOE.7.003111
https://doi.org/10.1364/BOE.7.003111
https://doi.org/10.1364/BOE.7.003111
https://doi.org/10.1364/BOE.7.003111
https://doi.org/10.1364/BOE.7.003111
https://doi.org/10.1364/BOE.7.003111
https://doi.org/10.1364/BOE.7.003111
https://doi.org/10.1364/BOE.7.003111
https://doi.org/10.1016/j.ijleo.2013.11.035
https://doi.org/10.1016/j.ijleo.2013.11.035
https://doi.org/10.1016/j.ijleo.2013.11.035
https://doi.org/10.1016/j.ijleo.2013.11.035
https://doi.org/10.1016/j.ijleo.2013.11.035
https://doi.org/10.1016/j.ijleo.2013.11.035
https://doi.org/10.1016/j.ijleo.2013.11.035
https://doi.org/10.3390/photonics10020194
https://doi.org/10.3390/photonics10020194
https://doi.org/10.3390/photonics10020194
https://doi.org/10.3390/photonics10020194
https://doi.org/10.3390/photonics10020194
https://doi.org/10.3390/photonics10020194
https://doi.org/10.3390/photonics10020194
https://doi.org/10.1016/j.optlastec.2024.111807
https://doi.org/10.1016/j.optlastec.2024.111807
https://doi.org/10.1016/j.optlastec.2024.111807
https://doi.org/10.1016/j.optlastec.2024.111807
https://doi.org/10.1016/j.optlastec.2024.111807
https://doi.org/10.1016/j.optlastec.2024.111807
https://doi.org/10.1016/j.optlastec.2024.111807
https://doi.org/10.1364/AO.54.003428
https://doi.org/10.1364/AO.54.003428
https://doi.org/10.1364/AO.54.003428
https://doi.org/10.1364/AO.54.003428
https://doi.org/10.1364/AO.54.003428
https://doi.org/10.1364/AO.54.003428
https://doi.org/10.1364/AO.54.003428
https://doi.org/10.1016/j.optcom.2016.08.056
https://doi.org/10.1016/j.optcom.2016.08.056
https://doi.org/10.1016/j.optcom.2016.08.056
https://doi.org/10.1016/j.optcom.2016.08.056
https://doi.org/10.1016/j.optcom.2016.08.056
https://doi.org/10.1016/j.optcom.2016.08.056
https://doi.org/10.1016/j.optcom.2016.08.056
https://doi.org/10.1016/j.optcom.2016.08.056
https://doi.org/10.1080/09500340.2023.2183065
https://doi.org/10.1080/09500340.2023.2183065
https://doi.org/10.1080/09500340.2023.2183065
https://doi.org/10.1080/09500340.2023.2183065
https://doi.org/10.1080/09500340.2023.2183065
https://doi.org/10.1080/09500340.2023.2183065
https://doi.org/10.1080/09500340.2023.2183065
https://doi.org/10.1080/09500340.2023.2183065
https://doi.org/10.3390/s24185928
https://doi.org/10.3390/s24185928
https://doi.org/10.3390/s24185928
https://doi.org/10.3390/s24185928
https://doi.org/10.3390/s24185928
https://doi.org/10.3390/s24185928
https://doi.org/10.3390/s24185928
https://doi.org/10.1016/j.optlaseng.2023.107571
https://doi.org/10.1016/j.optlaseng.2023.107571
https://doi.org/10.1016/j.optlaseng.2023.107571
https://doi.org/10.1016/j.optlaseng.2023.107571
https://doi.org/10.1016/j.optlaseng.2023.107571
https://doi.org/10.1016/j.optlaseng.2023.107571
https://doi.org/10.1016/j.optlaseng.2023.107571
https://doi.org/10.1016/j.optlastec.2024.111366
https://doi.org/10.1016/j.optlastec.2024.111366
https://doi.org/10.1016/j.optlastec.2024.111366
https://doi.org/10.1016/j.optlastec.2024.111366
https://doi.org/10.1016/j.optlastec.2024.111366
https://doi.org/10.1016/j.optlastec.2024.111366
https://doi.org/10.1364/BOE.10.001613
https://doi.org/10.1364/BOE.10.001613
https://doi.org/10.1364/BOE.10.001613
https://doi.org/10.1364/BOE.10.001613
https://doi.org/10.1364/BOE.10.001613
https://doi.org/10.1364/BOE.10.001613
https://doi.org/10.1364/BOE.10.001613
https://doi.org/10.1364/BOE.10.001613
https://doi.org/10.1364/OPTCON.448824
https://doi.org/10.1364/OPTCON.448824
https://doi.org/10.1364/OPTCON.448824
https://doi.org/10.1364/OPTCON.448824
https://doi.org/10.1364/OPTCON.448824
https://doi.org/10.1364/OPTCON.448824
https://doi.org/10.3390/s24061950
https://doi.org/10.3390/s24061950
https://doi.org/10.3390/s24061950
https://doi.org/10.3390/s24061950
https://doi.org/10.3390/s24061950
https://doi.org/10.3390/s24061950
https://doi.org/10.3390/s24061950
https://doi.org/10.1364/AO.23.004539
https://doi.org/10.1364/AO.23.004539
https://doi.org/10.1364/AO.23.004539
https://doi.org/10.1364/AO.23.004539
https://doi.org/10.1364/AO.23.004539
https://doi.org/10.1364/AO.23.004539
https://doi.org/10.1364/AO.23.004539
https://doi.org/10.7498/aps.63.244201
https://doi.org/10.7498/aps.63.244201
https://doi.org/10.7498/aps.63.244201
https://doi.org/10.7498/aps.63.244201
https://doi.org/10.7498/aps.63.244201
https://doi.org/10.7498/aps.63.244201
https://doi.org/10.7498/aps.63.244201
https://doi.org/10.7498/aps.63.244201
https://doi.org/10.7498/aps.63.244201
https://doi.org/10.7498/aps.63.244201
https://doi.org/10.7498/aps.63.244201
https://doi.org/10.7498/aps.63.244201
https://doi.org/10.7498/aps.63.244201
https://doi.org/10.7498/aps.63.244201
https://doi.org/10.7498/aps.63.244201
https://doi.org/10.7498/aps.63.244201
https://doi.org/10.1364/OL.39.002262
https://doi.org/10.1364/OL.39.002262
https://doi.org/10.1364/OL.39.002262
https://doi.org/10.1364/OL.39.002262
https://doi.org/10.1364/OL.39.002262
https://doi.org/10.1364/OL.39.002262
https://doi.org/10.1364/OL.39.002262
https://doi.org/10.1364/OE.23.008773
https://doi.org/10.1364/OE.23.008773
https://doi.org/10.1364/OE.23.008773
https://doi.org/10.1364/OE.23.008773
https://doi.org/10.1364/OE.23.008773
https://doi.org/10.1364/OE.23.008773
https://doi.org/10.1364/OE.23.008773
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 74, No. 6 (2025) 064204

In-situ reconstruction of step phase based on
orthogonal holograms”
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Abstract

Filtering technology is the key to accurate phase reconstruction in off-axis digital holography. Due to the
limitations of resolution of charge coupled device (CCD) and off-axis digital holography itself, the filtering
process of the step-phase objects is often accompanied by spectral loss, spectral aliasing and spectral leakage
when non-integer periods are intercepted. At present, much research has been done on adaptive filtering in the
frequency domain, but the above problems have not been fundamentally solved. In this work, the influence of
spatial filtering on the accuracy of step-phase reconstruction is first analyzed theoretically. The analysis shows
that even if the size of the filter window is equal to the sampling frequency of the CCD, the reconstructed
object cannot retain all the spectral information of the object due to the limitation of the resolution power of
the CCD itself. In addition, in the off-axis holographic recording process, considering the interference of zero-
order terms and conjugate terms, the actual filter width is usually only 1/24 of the sampling frequency of the
CCD, at which the average absolute error of the step is about 10% of the height of the step, the oscillation is
relatively severe, and after further smoothing filtering, the details of the object are lost, the edge is blurred, and
the tiny structure cannot be resolved. Second, according to the definition of discrete Fourier transform, the one-
dimensional Fourier transform of a two-dimensional function integrates only in one direction, while the other
dimension remains unchanged. When performing one-dimensional Fourier transform along the direction
perpendicular to the holographic interference fringes and performing one-dimensional full-spectrum filtering, the
distribution of reconstructed object light waves in the direction parallel to the fringes follows the original
distribution, is not affected by the filtering, and has high accuracy. Therefore, by combining the reconstructed
light waves obtained from one-dimensional full-spectrum filtering of two orthogonal off-axis holograms, an
accurate two-dimensional differential phase can be obtained, which provides a basic guarantee for the accurate
phase unwinding of Poisson equation. On this basis, a spectral lossless phase reconstruction algorithm based on
orthogonal holography and optical experiment method is proposed. In this paper, the ideal sample simulation,
including irregular shapes such as gear, circle, V, diamond, drop, hexagon and pentagram, and the
corresponding experiment based on USFA1951 standard plate and silicon wafer are carried out. The AFM-
calibrated average step heights of the standard plate and the silicon wafer are 100 nm and 240 nm, respectively.
The experimental results show that compared with the currently widely used adaptive filter phase
reconstruction, the proposed method naturally avoids spectrum loss, spectrum aliasing and spectrum leakage
caused by filtering, the reconstruction accuracy is high, and it is suitable for three-dimensional contour
reconstruction of any shape step object, which provides a practical way for reconstructing the high-precision
phase of off-axis holography.

Keywords: digital holography, step phase, in-situ reconstruction
PACS: 42.30.—d, 42.30.Rx, 42.40.Kw DOI: 10.7498/aps.74.20241629
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