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Fig. 1 Schematic diagrams of pattern construction and light path. (a), (b) Schematic diagrams of coding processes of signal light and

reference light: (a;) Hadamard pattern; (a,) checkerboard for introducing signal light; (a;) patterns on DMD for introducing signal

light; (b)) inverted version of checkerboard for introducing reference light; (b,) binary phase-shifting gratings for introducing four-

step phase shifts; (b,) patterns on DMD for introducing reference light; (c) schematic diagram of light path
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Fig. 3 Phase detection results of optical lenses with nominal focal lengths of 1000 mm and 500 mm. (a), (d) Truncating phase

distribution; (c), (f) cross-sections of measured phases (triangles) compared with theoretical values (solid lines); (b),

(e) 3D

display of corresponding unwrapped phase
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Fig. 4 Phase detection results of optical lenses (nominal focul length is 1000 mm) with resolution of 64 pixel X 64 pixel. (a) Truncating

phase contour; (b) cross-sections of measured phases (triangles) compared with theoretical values (solid lines)
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Table 2 Comparison of measured focal lengths with theoretical values from lens phase map with resolution of 128 pixel X 128 pixel

Measured value /mm 1000.184 1000.380 999.750 1000.379 999.705
Relative error /% +0.0184 +0.0380 —0.0250 +0.0379 —0.0295

# 3 64 pixelX 64 pixel 7B AL G 1N A £ BRI 40k (6 5 SRR (H 19 LU

Table 3 Comparison of measured focal lengths with theoretical values from lens phase map with resolution of 64 pixel X 64 pixel

Measured value /mm 998.144 998.330 1001.282 1001.280 998.073
Relative error /% —0.1856 —0.1670 +0.1282 +0.1280 —0.1927
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Fig. 5 Phase detection results of optical lenses with nominal focal lengths of 1000 mm and 500 mm measured using three-step phase-

shift method. (a), (c¢) Truncating phase distribution; (b),

(d) cross-sections of measured phases (triangles) compared with

theoretical values (solid lines)
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Fig. 6 Phase detection results of optical lens with nominal focal length of 1000 mm at different sampling rates. (a), (b) Reconstructed

truncated phases compared with theoretical values under sampling rate of 0.8; (¢), (d) reconstructed truncated phases compared
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Fig. 7 Phase detection results of optical lens with nominal focal length of 500 mm at different sampling rates. (a), (b) Reconstructed

truncated phases compared with theoretical values under sampling rate of 0.8; (c), (d) reconstructed truncated phases compared

with theoretical values under sampling rate of 0.4

0912003-6



® a4k E9HI/2024 £ 5 B/EER

ABEAR e (DCT) Y B £ 3 i (OAM) S
o [ A SR oo ek 7 DMD b SE 8 XT £
H: B T AR 8 ), HE A 7 W0 Lee Jy i AN AR
Jr kL R B RS
4 4 1w

L5 bR AR SCHE IR R T — R T DMD $
FEAS M T 95 B A% 25 kA B AR A B B AR LA I 9k . S
I a5 SR B X S A (0 PR A LA AN Rl 4 SCRE R Y
S R VAR RS A T o RS . [
ARSI FEAT Y, F 37 B A 7 G 25 8] 43 F 5 5
FH MG T 55015 21 Y 075 B A IR R s B0 S A N A
MR . R T B A AR AR B D SR = AT
Wk G A W SR FE R SRE X B R ) 44 AR I Al o
75 B E AT R AL T R A R A, 1 RE A5 BIORG E A E
FEBE N S o AR SCHT 2 07 3k o0 BT UL O e B 37 B AH
or A I B AL T — G R B e B T B, AN 15 2R
THAZZBEM G A G Sz kA B FIRE
HN GIELT AN K 28 S5 R R D B, DA S AR I 3R A%
B o, ol B0 B AR R I AR v O A B
4

2 £ x #t

[1] Gao Y, Lim E W, Yang A, et al. The impact of spectacle
lenses for myopia control on visual functions[J]. Ophthalmic &-
Physiological Optics, 2021, 41(6): 1320-1331.

(2] FLAGHE, WA, 27k, &% . J7 HE 45 H Al BR i 4% 38 e o B0t
Lol WOt 5ot 7, 2023, 60(21): 2122005.

Kong M M, Pan S C, Yuan D, et al. Design and analysis of
aspheric liquid lens with square cavity structure[J]. Laser &.
Optoelectronics Progress, 2023, 60(21): 2122005.

(3] TR, BV T . OB AR WO R P R R B
T AR ] Bt 556 7 2r ke, 2024, 61(2): 0211028,

Yan C, Hu S Y, Gu B B. Advances in microscopic imaging
with metalenses: design, fabrication, and applications[J].
Laser & Optoelectronics Progress, 2024, 61(2): 0211028.

[4] Knauer M C, Kaminski J, Hausler G. Phase measuring
deflectometry: a new approach to measure specular free-form
surfaces[J]. Proceedings of SPIE, 2004, 5457: 366-376.

(5] wdREm, 22K, MfE, A5 . BT AR AL I Gk IR BT R 093 B I A
BT BOL 556 T2, 2022, 59(2): 0212001
Gao J R, Li D H, Lai H, et al. Measurement of wavefront
aberration of lens based on phase measuring deflectometry[J].
Laser & Optoelectronics Progress, 2022, 59(2): 0212001.

(6] Bi—BB, 25 KRWE, RMIA, 55 5T A AL R 57 A 09 15
B AP AR 22 R[] O, 2022, 49(21): 2104003,
Ruan Y L, Li D H, Yu L Z, et al. Off-axis point wave
aberration testing for imaging lens based on phase measuring
deflectometry[J]. Chinese Journal of Lasers, 2022, 49(21):
2104003.

[7] Zhao P, Gao N, Zhang Z H, et al. Performance analysis and
evaluation of direct phase measuring deflectometry[J]. Optics
and Lasers in Engineering, 2018, 103: 24-33.

[8] Singh P, Faridi M S, Shakher C, et al. Measurement of focal
length with phase-shifting Talbot interferometry[J]. Applied
Optics, 2005, 44(9): 1572-1576.

[9] Primot J. Theoretical description of Shack-Hartmann wave-front
sensor[J]. Optics Communications, 2003, 222(1/2/3/4/5/6):

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

(26]

[27]

[28]

0912003-7

81-92.

Xu J H, Zhuang S L. Measurement of lens focal length with
Hartmann-Shack wavefront sensor based on 4F System[J].
Optik, 2015, 126(13): 1303-1306.

Clemente P, Duran V, Tajahuerce E, et al. Single-pixel digital
ghost holography[J]. Physical Review A, 2012, 86(4): 041803.
Katz O, Bromberg Y, Silberberg Y. Compressive ghost imaging
[J]. Applied Physics Letters, 2009, 95(13): 131110.

Edgar M P, Gibson G M, Padgett M J. Principles and prospects
for single-pixel imaging[J]. Nature Photonics, 2019, 13: 13-20.
Zhang Z B, Wang X Y, Zheng G A, et al. Fast Fourier single-
pixel imaging via binary illumination[J]. Scientific Reports,
2017, 7:12029.

A SCHl, AR, FAUK, L AR E U] #okE kR
T2, 2021, 58(10): 1011013.

Yu W K, Tang F Y, Wang S F, et al. Dynamic single-pixel
imaging[J]. Laser & Optoelectronics Progress, 2021, 58(10):
1011013.

FERR, B B A gy AR R BOR B S R L], T
o, 2022, 49(19): 1917001.

Zhao Z D, Yang Z H , Yu Y J. Research progress of single pixel
imaging[J]. Chinese Journal of Lasers, 2022, 49(19): 1917001.
E—F, A, ESR, &R TR ) Bk R O
WEoE L ELT]. A RO, 2021, 48(19): 1918004,

Wang Y T, Zhou H Q, Yan J X, et al. Advances in
computational optics based on deep learning[J]. Chinese Journal
of Lasers, 2021, 48(19): 1918004.

Tajahuerce E, Duran V, Clemente P, et al. Image transmission
through dynamic scattering media by single-pixel photodetection
[J]. Optics Express, 2014, 22(14): 16945-16955.

Jin S L, Hii W W, Wang Y L, et al. Hyperspectral imaging
using the single-pixel Fourier transform technique[J]. Scientific
Reports, 2017, 7: 45209.

Qi Y, Heng L Z, Li L, et al. Hadamard transform-based
hyperspectral imaging using a single-pixel detector[J]. Optics
Express, 2020, 28(11): 16126-16139.

Olbinado M P, Paganin D M, Cheng Y, et al. X-ray phase-
contrast ghost imaging using a single-pixel cameralJ]. Optica,
2021, 8(12): 1538-1544.

BRI FA, BIWT, SF PR F MR MR L T RO AR R
TR B &R [T] WO S5Ot 7 Ak g 2021, 58(10):
1011010.

Zhao H X, Guo Y, Li P M, et al. Investigation of single-pixel
imaging in signal-to-noise ratio and its development at special
wavelength[J]. Laser & Optoelectronics Progress, 2021, 58(10):
1011010.

Shrekenhamer D, Watts C M, Padilla W J. Terahertz single
pixel imaging with an optically controlled dynamic spatial light
modulator[J]. Optics Express, 2013, 21(10): 12507-12518.
AT, BUACHR , XSRS RO 2% S AR R T B A5 B
HoNH (R3O0, 204 50 T2, 2021, 50(12): 20210717,
She R B, Zhu Y L, Liu W Q, et al. Terahertz single-pixel
computational imaging: principles and applications (Invited) [J].
Infrared and Laser Engineering, 2021, 50(12): 20210717.
PNVETE, T, S, S5 SRR MR AR R IR BE K = 4k 0L
(R A T A JE (7). £0AM 5 O TR, 2020, 49(3): 0303016,

Sun B Q, Jiang S, Ma Y Y, et al. Application and development
of single pixel imaging in the special wavebands and 3D imaging
[J]. Infrared and Laser Engineering, 2020, 49(3): 0303016.

Jiang W J, Yin Y K, Jiao J P, et al. 2, 000, 000 fps 2D and 3D
imaging of periodic or reproducible scenes with single-pixel
detectors[J]. Photonics Research, 2022, 10(9): 2157-2164.

Sun B, Edgar M P, Bowman R, et al. 3D computational
imaging with single-pixel detectors[J]. Science, 2013, 340
(6134): 844-847.

Zhao W I, Gao L, Zhai A P, et al. Comparison of common

algorithms for single-pixel imaging via compressed sensing[J].


http://dx.doi.org/10.1111/opo.12878
http://dx.doi.org/10.1111/opo.12878
http://dx.doi.org/10.1117/12.545704
http://dx.doi.org/10.1117/12.545704
http://dx.doi.org/10.1117/12.545704
http://dx.doi.org/10.1016/j.optlaseng.2017.11.008
http://dx.doi.org/10.1016/j.optlaseng.2017.11.008
http://dx.doi.org/10.1364/ao.44.001572
http://dx.doi.org/10.1364/ao.44.001572
http://dx.doi.org/10.1016/s0030-4018(03)01565-7
http://dx.doi.org/10.1016/s0030-4018(03)01565-7
http://dx.doi.org/10.1016/j.ijleo.2014.06.031
http://dx.doi.org/10.1016/j.ijleo.2014.06.031
http://dx.doi.org/10.1103/physreva.86.041803
http://dx.doi.org/10.1103/physreva.86.041803
http://dx.doi.org/10.1063/1.3238296
http://dx.doi.org/10.1038/s41566-018-0300-7
http://dx.doi.org/10.1038/s41566-018-0300-7
http://dx.doi.org/10.1038/s41598-017-12228-3
http://dx.doi.org/10.1038/s41598-017-12228-3
http://dx.doi.org/10.3788/lop202158.1011013
http://dx.doi.org/10.3788/cjl202148.1918004
http://dx.doi.org/10.3788/cjl202148.1918004
http://dx.doi.org/10.1364/oe.22.016945
http://dx.doi.org/10.1364/oe.22.016945
http://dx.doi.org/10.1038/srep45209
http://dx.doi.org/10.1038/srep45209
http://dx.doi.org/10.1364/oe.390490
http://dx.doi.org/10.1364/oe.390490
http://dx.doi.org/10.1364/optica.437481
http://dx.doi.org/10.1364/optica.437481
http://dx.doi.org/10.1364/oe.21.012507
http://dx.doi.org/10.1364/oe.21.012507
http://dx.doi.org/10.1364/oe.21.012507
http://dx.doi.org/10.3788/irla202049.0303016
http://dx.doi.org/10.3788/irla202049.0303016
http://dx.doi.org/10.1364/prj.461064
http://dx.doi.org/10.1364/prj.461064
http://dx.doi.org/10.1364/prj.461064
http://dx.doi.org/10.1126/science.1234454
http://dx.doi.org/10.1126/science.1234454
http://dx.doi.org/10.3390/s23104678
http://dx.doi.org/10.3390/s23104678

a4k E9HI/2024 £ 5 B/HEER

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Sensors, 2023, 23(10): 4678.
Clemente P, Duran V, Tajahuerce E, et al. Compressive
holography with a single-pixel detector[J]. Optics Letters, 2013,

resolution enhancement of common-path OAM-basis wavefront

single-pixel imaging[J]. Optics and Lasers in Engineering, 2024,
175: 107996.

38(14): 2524-2527. [38] SunSZ, Zhao W J, Zhai A P, etal. DCT single-pixel detecting
Gonzalez H, Martinez-Leon L., Soldevila F, et al. High for wavefront measurement[J]. Optics & Laser Technology,
sampling rate single-pixel digital holography system employing a 2023, 163: 109326.

DMD and phase-encoded partems[ﬂ. Optics Express, 2018, 26 [39] DuZ H, Zhao W J, Zhai A P, et al. DMD-based single-pixel
(16): 20342-20350. off-axis interferometry for wavefront reconstruction of a
Martinez-LLeon L, Clemente P, Mori Y, et al. Single-pixel biological sample[J]. Applied Physics Letters, 2023, 123(3):
digital holography with phase-encoded illumination[J]. Optics 033702.

Express, 2017, 25(5): 4975-4984. [40] FzZiHd, s, & SCFr, & B 4 b [A) 52 B DQN-Hadamard
Ota K, Hayasaki Y. Complex-amplitude single-pixel imaging[J]. PG 2 AR I F 2R [T]). 1 T 2R, 2022, 39(6): 962-972.
Optics Letters, 2018, 43(15): 3682-3685. Wang Z R, He P, Zhao W J, et al. Research on DQN-
Liu R F, Zhao S P, Zhang P, et al. Complex wavefront Hadamard single-pixel imaging with software and hardware
reconstruction with single-pixel detector[J]. Applied Physics cooperation[J]. Chinese Journal of Quantum Electronics, 2022,
Letters, 2019, 114(16): 161901. 39(6): 962-972.

Zhao W I, Du Z H, Zhai A P, et al. Wavelront imaging of a [41] Xu C W, Zhai A P, Zhao W J, et al. Orthogonal single-pixel
biological sample using DMD-based single-pixel phase-shifting imaging using an adaptive under-Nyquist sampling method[J].
interferometric techniques: an experimental comparison[J]. Optics Communications, 2021, 500: 127326.

Optics Laser Technology, 2024, 172: 110483. [42] Li X Y, Sun Y F, He Y K, et al. Quantitative imaging for
Gao 1., Zhao W J, Zhai A P, et al. OAM-basis wavefront optical field via a single-pixel detector[J]. Signal Processing,
single-pixel imaging via compressed sensing[J]. Journal of 2021, 188:108173.

Lightwave Technology, 2023, 41(7): 2131-2137. [43] Lee W H. Binary computer-generated holograms[J]. Applied
He P, Gao L., Zhao W J, et al. Wavefront single-pixel imaging Optics, 1979, 18(21): 3661-3669.

using a flexible SL.M-based common-path interferometer[J]. [44] Goorden S A, Bertolotti J, Mosk A P. Superpixel-based spatial

Optics and Lasers in Engineering, 2023, 168: 107633.
He P, Zhao W J, Zhai A P, et al. Inter-mode interferometry for

amplitude and phase modulation using a digital micromirror
devicel[J]. Optics Express, 2014, 22(15): 17999-18009.

Phase-Shifting Common-Path Interferometry for Lens Phase Detection via
Single-Pixel Detector

Tao Xingfu', Zhai Aiping", Ji Wenjing', Zhao Wenjing', Wang Dong"”"
'College of Electronic Information and Optical Engineering, Taiyuan University of Technology, Taiyuan 030024,
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Abstract

Objective  The traditional 2D detector-based phase measurement methods are always limited by the specific spectral
response range, for which single-pixel wavefront imaging provides a new method. A digital micromirror device (DMD)-
based single-pixel common-path interference is established, in which Hadamard basis is employed to modulate the target
wavefront and the checkerboard partition on the DMD is done to divide the light field into the signal and reference fractions.
Meanwhile, phase image formation is implemented as usual with the mathematical principles of single-pixel imaging and
phase-shifting algorithms. The results show that with the four-step phase-shifting, the mean relative error of the calculated
focal length is as low as 0.0298% when the phase image resolution is 128 pixel X 128 pixel for a lens with a nominal focal
length of 1000 mm. This method is characterized by a simple device, low cost, and simple calculation principle. Benefiting
from the single-pixel detection advantages, this method is expected to be adopted for wavefront detection of lenses or
transparent objects in weak light environments, extreme ultraviolet, and far infrared bands. Further, it expands the

application scope of single-pixel wavefront imaging.

Methods

common-path interferometer is established, in which the Hadamard basis is utilized to modulate the target wavefront, and

According to the single-pixel wavefront imaging theory, a DMD-based single-pixel multi-step phase-shifting

the checkerboard partition on the DMD is done to divide the light field into the signal and reference fractions and form the

interference. Then, the lens wavefront can be reconstructed using the passively detected coefficients correlated with the

0912003-8
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Hadamard modulation patterns. Finally, the phase and amplitude of the physical lens can be obtained from the

reconstructed complex wavefront. For the wavefront reconstruction, a four/three-step phase-shifting and down-sampling

strategy 1s performed.

Results and Discussions Two lenses with focal lengths of 1000 mm and 500 mm are selected as the targets under test.
According to the phase detection results, one can gain the truncation phase distribution and the 3D display of the
unwrapped phase. The cross-sections of the measured phases agree well with the theoretical values [Figs. 3(c) and 3(f)].
The measured focal lengths of the lenses are 1000.2 mm and 499.5 mm. The relative errors of the focal lengths between the
theoretical values and the measurement ones corresponding to the two lenses are 0.02% and —0.10%, which proves the
reconstructed results agree well with the theoretical values and further demonstrates the availability of the phase-shifting
common-path interferometry for lens phase detection. Next, the influence of different pinhole sizes on the experimental
measurement accuracy is demonstrated, as shown in Table 1. Considering the realistic factors, the 20 pm pinhole is finally
selected for subsequent experiments.

Then, as a proof-of-concept under low-resolution circumstances, the phase image of the 1000 mm lens with 64 pixel X
64 pixel is retrieved by employing the four-step phase-shifting method (Fig. 4). The 1000 mm lens is measured five times
continuously at two different resolutions. At the resolution of 128 pixel X 128 pixel, the measured focal length results are
given in Table 2. According to Table 2, the average focal length is 1000.080 mm, and the mean relative error between the
measured value and the nominal value of the focal length is 0.0298%. At the resolution of 64 pixel X 64 pixel, the
measurement results are shown in Table 3, and the average value of the measured focal length and the mean relative
error are 999.422 mm and 0.1603 % respectively.

Finally, the experiment of improving the measurement speed is carried out. Under the three-step phase-shifting
method, the cross-sections of the measured phases are still consistent with the theoretical values (Fig. 5). The
measurement results of the above two lenses are 1000.6 mm and 501.6 mm. Compared to the theoretical values, the
relative errors are 0.06% and 0.32%. The lens phase is reconstructed by combining the three-step phase-shifting with the
down-sampling strategy. For the 1000 mm optical lens (Fig. 6), the measured focal lengths are 1001.4 mm and 1001.9 mm
corresponding to sampling rates of 0.8 and 0.4, leading to relative errors of 0.14% and 0.19%, respectively. Regarding the
500 mm optical lens (Fig. 7), the calculated focal lengths are 503.1 mm and 503.4 mm when the sampling rates are set as

0.8 and 0.4, bringing about relative errors of 0.62% and 0.68% , respectively.

Conclusions As far as we know, DMD-based common-path interference single-pixel imaging is first successfully
employed to detect cemented doublet with different focal lengths. Experimental results show that whether it is 1000 mm or
500 mm optical lens, the measured focal lengths are much closer to the theoretical ones by adopting the four-step phase-
shifting algorithm. The influence of image resolution on the measurement results is investigated , which helps conclude that
the mean relative error is as low as 0.0298% when the 128 pixel X 128 pixel phase image measured by a four-step phase-
shifting algorithm is chosen to calculate the focal length. Additionally, by exploiting the down-sampling strategy, the
imaging time is shortened further when the three-step phase-shifting algorithm is adopted for phase retrieval. Thus, we
currently provide a simple and cost-effective way for lens detection and further advance the single-pixel imaging technology

toward practical applications.

Key words single-pixel wavefront imaging; lens phase detection; phase-shifting interference; common-path interference
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