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Fig. 1. (a) Principle of common-path interference method; (b) principle of self-reference interference method.
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Fig. 2. (a) Principle of superpixel method; (b) position of the spatial filter in the Fourier plane; (c) 4x4 phase mask for one super-

pixel; (d) a complex-amplitude superpixel value as the superposition of complex-amplitude of all open-state subpixel.
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Fig. 3. (a) Phase profile of the Hadamard-based signal light; (b) phase profile of the reference light; (c¢)—(f) DMD superpixel masks

for generating the superposed fields of the signal and reference light with four-step phase shifting, where (¢) a=0; (d) a =n/2;

(e) a=mn;(f) a=3mn/2.
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Fig. 4. Optical system setup for measuring the TM, L is focusing lens, DMD is digital micromirror device, SF is spatial filter, SM is

scattering medium, OL is objective lens: (a) Superpixel mask for 32x32 Hadamard-basis (the 10th column); (b) intensity profile at

the entrance pupil of the objective lens; (c) speckle pattern captured by the CMOS camera. Scale bar: 100 pm.
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Fig. 5. Single-spot focusing achieved with Hadamard-basis transmission matrix: (a) Phase profile of input light; (b) amplitude pro-

file of input light; (¢) DMD superpixel mask; (d) intensity profile of output light. Scale bar: 100 pm (Inset shows normalized intens-

ity profile of focus point along horizontal and vertical directions).
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Fig. 6. Multiple-spot focusing achieved with Hadamard-basis transmission matrix: (a) Intensity profile of 2-spot focusing output

light; (b) intensity profile of 3-spot focusing output light. Scale bar: 100 pm (Insets show normalized intensity profile of focus points

along two orthogonal directions).
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Fig. 7. (a) Phase profile of the OAM-basis signal light; (b) amplitude profile of the OAM-basis signal light; (c)—(f) DMD superpixel
masks for generating the superposed fields of the signal light with four-step phase shifting and the reference light, where
(¢) a=0;(d) a=a2;() a=n; (f) a=3n/2.
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Fig. 8. Single-spot focusing achieved with OAM-basis transmission matrix: (a) Phase profile of input light; (b) amplitude profile of

input light; (¢) DMD superpixel mask; (d) intensity profile of output light. Scale bar: 100 pm (Inset shows normalized intensity pro-

file of focus point along two orthogonal directions).
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Fig. 9. Multiple-spot focusing achieved with OAM-basis transmission matrix: (a) Intensity profile of horizontal 3-spot focusing out-
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put light; (b) intensity profile of vertical 3-spot focusing output light; (c) intensity profile of 5-spot focusing output light. Scale bar:

100 pm (Insets show normalized intensity profile of focus points along two orthogonal directions).

224201-7


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

Y] 32 % 3R Acta Phys. Sin. Vol. 72, No. 22 (2023)

224201

On

Off

B 10 OAM &AL 5 4 B 0 e 5 A2 2
FE AT — 7 U — ARG ER 2R BD); () 15 B o sR 2 A

(a) DMD R ZE AL (b) TC = 1 iR IEJCH R E 440, Bl rp AR : 100 pm (5 & g 5%

Fig. 10. Vortex focusing achieved with OAM-basis transmission matrix: (a) DMD superpixel mask; (b) intensity profile of vortex

beam with TCs of 1, scale bar: 100 pm (Insets show normalized intensity profile of focus points along two orthogonal directions);

(c) astigmatic transformation patterns of the vortex beams.
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Fig. 11. (a) Normalized intensity profile of the Hadamard-basis transmission matrix time focusing operator; (b) normalized intens-

ity profile of OAM-basis transmission matrix time focusing operator. The magnified view of the local part is displayed in upper inset.
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Self-reference interferometric measurement of scattering
medium transmission matrix based on digital micromirror
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device superpixel method
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Abstract

When light propagates through complex medium, such as biological tissue and multimode fiber, refractive
index inhomogeneity causes multiple scattering and distortion. This phenomenon is usually seen as obstacles for
biomedical imaging, telecommunications, photodynamic therapy and so on. Thus, manipulation of the incident
wavefront to compensate for the wavefront distortion due to multiple scattering has been an interdisciplinary
subject of interest. Fortunately, wavefront shaping technologies have emerged to provide versatile solutions to
minimize the influence of light scattering. By modulating the incident light into a special wavefront with a
spatial light modulator, focusing through scattering medium is obtained. To date, several wavefront shaping
techniques have been proposed, mainly including transmission matrix inversion, feedback based iterative
optimization, and digital optical phase conjugation. Unlike a planar wavefront, the modulated light with special
wavefront is transformed into a bright optical focus spot or a desired focus pattern after the scattering medium.
Among the proposed approaches, the transmission matrix is considered as a significant tool to characterize a
multiple scattering medium with the purpose of manipulating light propagation through it, which contains all
the information related to the input field and the scattered output field. In this work, we experimentally
measure the transmission matrix of scattering media based on self-reference interference method with a digital
micromirror device. Unlike the conventional setup, which divides the incident wavefront into a signal part and
reference part, in the self-reference interference method, the reference light is superimposed directly on the
signal light to form a new set of input light fields. This self-reference interference method effectively improves
the degree of freedom of optical field modulation. Moreover, the intensity ratio between the signal light and the
reference light can be adjusted conveniently. In our experiment, this superimposed field is generated by a digital
micromirror device with superpixel method. We measure the Hadamard basis and the OAM-basis transmission
matrices of scattering medium, respectively. With the measured transmission matrices, single-spot, multi-spot
and vortex focusing are achieved after scattering medium, verifying the accuracy of the measured transmission
matrices. The strong diagonal presented in the norm of focusing operator also proves the accuracy of the
measured transmission matrices. The proposed method may have potential applications in optical imaging and
optical communication under scattering environment.

Keywords: self-reference interference, transmission matrix, digital micromirror device, scattering media

PACS: 42.25.Dd, 42.30.Ms, 42.30.Lr DOI: 10.7498 /aps.72.20230660

* Project supported by the Young Scientists Fund of the National Natural Science Foundation of China (Grant No. 61605049),
the Youth Innovation Foundation of Xiamen City, China (Grant No. 3502Z20206013), and the Fundamental Research Funds
for the Central Universities of China (Grant No. ZQN-707).

1 Corresponding author. E-mail: chenxd@hqu.edu.cn

1 Corresponding author. E-mail: zllin@hqu.edu.cn

224201-10


http://doi.org/10.7498/aps.72.20230660
mailto:chenxd@hqu.edu.cn
mailto:chenxd@hqu.edu.cn
mailto:zllin@hqu.edu.cn
mailto:zllin@hqu.edu.cn
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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

ETHFURHEERESABHNREREENESETYNE

Bam K xS kAR KRR K&

Self-reference interferometric measurement of scattering medium transmission matrix based on digital
micromirror device superpixel method

Liao Yong-Quan  Zhang Xiao-Xue  Liu Hui  Zhu Xiang-Yu  Chen Xu-Dong  Lin Zhi-Li

5] Fi{i5 &, Citation: Acta Physica Sinica, 72, 224201 (2023)  DOI: 10.7498/aps.72.20230660
TELR L View online: https://doi.org/10.7498/aps.72.20230660
A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

56 U I A PR T A AL AR DL A AL AR L AL 7 ik

Transmission matrix optimization based on singular value decomposition in strong scattering process

PyFEEEAR. 2018, 67(10): 104202 hitps:/doi.ore/10.7498/aps.67.20172688

BT R R S B AT RO R U R R AR
Digital line scanning fluorescence microscopy based on digital micromirror device

WIFREEAR. 2020, 69(23): 238701  hitps://doi.ore/10.7498/aps.69.20200908

FHTSEBLRIUN A b i ] Sz 3 R AR A LB A A 1
Coherence of digital phase conjugation for implementing time reversal in scattering media

YrH2E 4. 2018, 67(5): 054201  https:/doi.org/10.7498/aps.67.20172308

iR TURIRREA R RGBT S 4
Design and optimization analysis of imaging system of polarized skylight pattern of full polarization

YyPR=E4R. 2021, 70(10): 104201 hitps://doi.org/10.7498/aps.70.20210104

ANFBIER A B CEP K O LA R S a5

Influence of different scattering medium on propagation characteristics to femtosecond laser pulses

WIFEAEA. 2019, 68(19): 194207  https://doi.org/10.7498/aps.68.20190430

HETHCF BT WARR 2 S ER L 7%
Simultaneous measurement of cloud microphysical parameters based on digital holographic interferometry

Y2, 2021, 70(9): 099201 https://doi.org/10.7498/aps.70.20201779


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20230660
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.67.20172688
https://doi.org/10.7498/aps.69.20200908
https://doi.org/10.7498/aps.67.20172308
https://doi.org/10.7498/aps.70.20210104
https://doi.org/10.7498/aps.68.20190430
https://doi.org/10.7498/aps.70.20201779

	1 引　言
	2 原理与方法
	3 实验光路与实验结果
	4 结　论
	参考文献

