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Fig. 1 Focusing beyond diffraction-limit via wavefront shaping””’. (a) Focusing system with conventional lens; (b) focusing system with

random scattering media; (c) focal spot of conventional lens; (d) focal spot beyond diffraction-limit via wavefront shaping
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Fig. 4 Polarization recovery by broadband wavefront shaping””. (a) Polarization distribution of speckle before optimization;

(b) polarization distribution of focal spot after optimization
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Fig. 5 Polarization manipulation via vector transmission matrix"”. (a) Experimental setup; (b) results of polarization manipulation
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modulation by using multispectral transmission matrix

34 BEEIEE

Xt IG5 FE 9 HUSY R B, LB 10006 e R AL i e
e R AT RS PRI U R G, A >
fi%) — F 73 BE AT L 5¢ 42 5 0 1A A o sk B A IR
Kb HUR G IR o B PR B e AL F R A T
¥, AT RS2 U 5 R Y E 1 A, X R R AR
T B OG5 W SO AR TR B A B R AR R AR
BASRTERE T8 A& 42 . 2012 4F , Kim 500 & 1 04
i T P A I i L , O R A 2 S AL 0 i L SR

Random input

OG5 AR A% B AR AIE S8 3, SE O 4 SRR TR T A Y
ARAE T8 38 AT LA KR G U R SRR . 2018
4, Jeong 25 AR IOk e IR O 00 B SR A A S 1D
U] R 5 B 30 Ao X A B SR AT A S (R0 A oK i L R
A8 3, B T4 5T O S B AR A AR A G
SR SRR R UM EE B3k H AR A Y O BE
TR T 106 E SR E 9, Cao %™ T
SRR G 2E AR T 2 M R R G, 8 IR O A R
TR P %ot L Sl A S (B0 A L S BTG BB

Eigenchannel coupling

Pl 9 TR A i A o 30 T 1 £ G g B R R BT

Fig. 9 Schematic of directional transmission of optical energy via transmission eigenchannels™”

1026006-7



= R X E - R LR A

EROE =G LN R R A R VAL DO Bl e i w4 L]
BTl B e TR A AL A R
43 6 AT LU T JC P FE 1l 2 5k B AR XL
35 HERAIFEIRE

R R S B R R RS RN R RO R
UL B TR RE L LT AT S&.0 Ot Y BLiE 7 30
#(OAM) A . E4R, i E MRt
LN G2 A B M A R e
SR aE T H . B G IR g © Rk B e T A
BRSO B B3 ff Bh B R . 2017 4F, Boniface %
) FH 25 A% B R 2 3 %) 7 B R B TR A i

Transmission Matrix

i ®

SLM

%44 % £ 10 H1/2024 &£ 5 B/HFFR
S B R BUE A B OGRS R B ] 10 R o 38
b X S A BT A A% i A A A AT AR B R e A AR
IR LA ALTE A Bl 10 AR AL o0 A R R AT (0 R v 5 AR
g ol 2 AR A i 7 B AT S BRI A 5 S ) B £ o
HOEH AN . 20204F, Zhang Z AR T R T HL
T A ol i 00 A% B I, PT LGE o 7 SR R A A A 1
H o A PR RS — A F F T B SR R 7 A B R B
JeH . 2021 4%, Li %575 ok 76 B A RS T imA — B
WERJHE AF A8 M, 1) S 5t R AT B O YR SE B TR R G
A E AR A E R I EL R ER T
XFH N B R 4 05 .6 1 7 B BLTE F s O R B R

|

Imaging plane

- - .-

Speckle

x'

Scattering
sample

Standard focus

-€

o

Digital Optical Phase Conjugation (DOPC)
Numerical filtering

©) 5

Fourier kx'
Transform Virtual pupil

kx'
Arbitrary mask

En‘ineered PSF

Fourier
Transform

P10 6T 1L 4 4 2 0 o 1 ol 0 T D

Fig. 10 Principle of point-spread-function engineering based on transmission matrix""

4 B

41 &

[ 2007 4 IOk, U e A8 T GER R,
JeH R R ERCR MR B B A B
S R TR I R e LT A S — AN R B
B G VR AR B AR A Tz T R A, TR
N VAR L IO R EEARE LT 3 & D H
FH A2 5 2 W L 2 0 0 D0 %) o S BRE O A AR AR
2) TE AT T P9 2R AR I R 80 A 5 A8 A2 RN HE AT
FE A% 5 3) 3 i A% i A B E I 37 9 N SE AT O
EEEN

2010 4 , Popoff 2" F JiI 50 R 1 ¥ B 55 50 %6 B
[ 11Ca) ], 3 1 DU AH RS 1 ¥ 25 1 ok S 30 5% w5 A o
S sl I e S s Sl £ S U B N N )

256 X 256, 38 1 5 AR B 0 2L B i 5 ) BOBE 3 A
Ie , B AT & D i iy A6 45 B R 38 B e Gk
94.5% , W& 11(b) () FTR o Choi 55 3 T M1 1% W 1%
Jir AR T A SR AL i R L R ST 1) S 25 R AT
T, FRAT Eb SR T O o O A AR
2020 4F , Boniface %5 ) F A A 9% 52 550 92 1 R4 3k
T2 AT 5 B A% B 0 P, O 52 BT 0T B 0 A 1 LR
S AN ] 12 s .

M2 1L HUR A S 7E— 22 A S A B Y TR N
B ECBE B R SR & kAR B ek RAREE
NS B R A e R Al RS 3 R SR R Ry ISR A R Y O
SRS Katz 8 R A0 SR B R AR A T
WG T- AR5, 1A G R A 725U A B3 J5 10 R
il 2 1T, SR J5 R FH O 24 1 C A R 1 AT B A5 4 A ok it A
P20 VAT HR R AR R 1 13 s o FE U

1026006-8



£ 44 % F 10 H1/2024 &£ 5 B/ RFFR

Reference

P

Pl 11 ) A2 i o 2 4 e ) o S OB A7 3 S A

Fig. 11 Direct computational imaging of detected output speckle via transmission matrix method"’

o Ca) 1 T R 00

SRR (D) R =R (o) 2RI R

. (a) Experimental setup for

transmission matrix measurement; (b) original image; (c) restored image

Ntargets

Fluo |Eexc| Control 3
ob]ect e e oo ° oo

° - == :
T
Scat.

Objective
TL
Dichroic
1 e
SLM NN N TTE =,
CW laser *

P12 2T 9O0A5 5 e i e il

Matrix factorization (NMF)

Phase retrieval (PR)

u 0
Helref | —
Nsim
Focusing on all the targets
(2) (3)

(1) (N)
llocus / focus /locus Ilocus

2 R e S

Fig. 12 Measurement setup and principle of fluorescence-based transmission matrix"

e TR BHE S R S R RS AT DR
{EJ2 % T AR LR A8 X — B 37 5, i T R A8 ) 14
muﬁiﬂlwﬁﬁkﬁﬂﬁ IR B E SR
Cao 2 BIHT VE MUK P 0k B B 1R 0 5 2 B A AR5
A /LA G PR 3R SR TR LR G LA B W 0 b PR S
R ALAR ARG /N AT I AT B 05 0 14 01 22 E A2 R
HEAT A8, UG S B D AT 14 R DR
RO AT AAR 75 5 b 52 BT £ A B 3 48, (R L A2 8800
14 3 Rl 5 90 T A % 1 25 1o R R B K R R A
57 0 [ A JE2 A B A b o A R

Br 1 bR R AR 7 VRSN R RO i A
i 3k A2 i R AT WO b B R O AE L TR N AT
JCMH S . BB R N T A R
(4 BT 2 W FINR YT, 25 T BAR 2 B 45 4 A 8 B T LA
U /N A G OIG £F TR BB T A W 2 LI IR
2018 4F , Turtaev %" 5 A I B AR ZBOLLF LB T
Xt R 2 R0 P B AR AR T S A 15 () BT
18 3ot T 5t Xk 2 i £ 14 A% i R I 2 AT G, T LA D
£ 126 S (9 A T 0 S E AT O SR SR ROEM A, B B
AT R B DA T AT LB [R] — D6 £ R 4 O AT Ab

1026006-9



£ 44 % F 10 H1/2024 &£ 5 B/ RFFER

120
100
80

FE13 A BOEF 92 615 5 S B AR R AR o Ca) B A2 3000 55 3 A4 240 24 i LA P 5 (b) 28 LG A IR ES T A1 40 %
AR P

Fig. 13 Non-invasive imaging via two-photon fluorescence signals™. (a) Microscope image of the tissue using memory effect;

(b) transmission microscope image of the same object without scattering medium
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! (a) Experimental setup; (b) demonstration of OAM

beam complex amplitude recovery; (¢) comparison of experimentally measured OAM spectrum with theoretical OAM spectrum
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Fig. 20 Second harmonic focusing via feedback-based wavefront shaping method™"”. (a) Schematic of principle; (b) speckle pattern of

second harmonic light before optimization; (c) spot focusing pattern of second harmonic light after optimization
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Abstract

Significance Light waves will propagate without distortion in a uniform medium according to its wave equation and are
widely employed for energy and information transmission. However, absolutely uniform media do not exist in the real
world, and there are various defects and impurities in various media, especially in completely disordered media. Small
particles within the scattering medium can make light waves deviate from their original propagation direction, which results
in a disordered light field, forms speckles, and thus hinders energy and information transmission. Since in the early stages
scattering was believed to be irreversible, most conventional methods relied on extracting ballistic photons from the
scattering photons to address scattering-induced aberrations. As the ballistic photons decay exponentially with the
increasing propagation distance, and it is difficult to extract ballistic photons from scattering photons after a certain depth,
scattering correction based on ballistic photons is only applicable to weakly scattering media.

With the rapid development of spatial modulation devices such as spatial light modulators and digital micromirrors, it
has become possible to realize the spatial light modulation with high accuracy. In 2007, Vellekoop and Mosk proposed a
landmark new technique based on spatial light modulators that can compensate for the strong scattering effect, which is the
wavefront shaping method to pre-compensate for the wavefront aberrations due to scattering by iteratively optimizing the
wavefront of the input light. Meanwhile, the scattering light field manipulation has become possible. Additionally, light
propagation in complex media is characterized by the transmission matrix. In just over a decade, scattering light field
manipulation based on the wavefront shaping method has been widely adopted in many fields. For example, wavefront
shaping methods can be employed to achieve light focusing beyond the diffraction limit by strongly scattering media and
compensate for light scattering effects, further enabling high-resolution imaging at high transmission depths. In addition to
the imaging field, scattering light field manipulation can transform the inherently harmful scattering medium into a variety
of optical elements such as beam splitters, angular momentum generators and converters, and polarization controllers. In
the field of communication, the scattering light field manipulation can increase the scattering light intensity received by an
optical receiver and realize high-speed non-line-of-sight communication with lower power consumption. Additionally,
mode selection of the outgoing field of a multi-mode fiber can be performed by scattering light field manipulation and the

spectrum modulation of a nonlinear output field.

Progress We focus on scattering light field manipulation, introduce the research progress in related fields and highlight
the new applications of scattering light field manipulation in various research fields. Meanwhile, we first introduce the light
field scattering characteristics, followed by the introduction of scattering and its light field modulation methods based on
transmission matrix, feedback-based wavefront shaping, optical phase conjugation, and artificial intelligence-assisted
wavefront shaping. Subsequently, the studies of the modulation methods of multiple degrees of freedom of the scattering
light field, such as spatial (Figs. 1-3), polarization (Figs. 4-5), spectral (Figs. 6-8), energy (Fig. 9), and orbital angular
momentum (Fig. 10) are presented. Finally, the existing applications in various fields of scattering light field manipulation
are introduced. For example, the fluorescence-based transmission matrix is employed to achieve non-invasive imaging of
biological tissues (Fig. 12). Orbital angular momentum communications in a complex environment are realized by
exploiting the transmission matrix method (Fig. 18). Manipulation of nonlinear scattering optical field is achieved by

adopting the transmission matrix method (Fig. 22). Scattering compensation of entangled photon pairs is performed by

1026006-21


http://arxiv.org/abs/2201.07432
http://arxiv.org/abs/2201.07432

ERNE-HFEER 5 445 5 10 #1/2024 £ 5 B/ R F R
optimizing the pump wavefront (Fig. 24). Discrete Fourier transform can be achieved by utilizing the transmission matrix
method (Fig. 27).

Conclusions and Prospects In summary, we introduce in detail the manipulation methods of each degree of freedom of
the scattering light field, and the latest progress of the scattering light field manipulation in various fields, such as imaging,
optical communication, nonlinear optics, quantum optics, optical sensing, integrated optics, and optical computing.
Although scattering light field manipulation has made great progress, there are still some limitations to be broken through.
1) The energy utilization of scattering light is low with only part of the fully modulated scattering field. 2) The modulation
speed is slow, and real-time scattering light field manipulation should be realized under dynamic scenarios. 3) It is difficult
to modulate multiple physical quantities simultaneously, and most of the scattered light modulation can only realize the
manipulation of a single physical quantity. With the further development of optimization algorithms, artificial intelligence,
and modulation devices, scattering light field manipulation will move towards more precision, higher resolution, and
deeper detection depth. The high degree of freedom brought by the combination of scattering light field manipulation and
strong scattering media will also provide new solutions for the development of new optical components in the future. We

believe that the further development of scattering light field manipulation will lead to many new applications.
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