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Fig. 1. Principle and process of optimizing the mea-

sured transmission matrix.

3 RERIF

P MR R AL 79 ot B BUR R 1, A\ HL 37
B 5 gy B (4 M Ok A HTA AR A% i AR
FEHK 2

Bt =3t B (SE = TE™), (1)
n=1

Ferbrm, ooy NN e OB TE R, Bt 5 B oy
XL m AN TEER B4 3 8 B S 0 S TR I
NIV, tyn AERFERETTR, T AT
FRAAERE. AL, T DU I 0 8 24 A D63 1 4
H A SR B 58 SRR 2R R AR AR R, RS
A I Hadamard #5 A1 DY A4S 25256 90 7 4 1R
o A3, TSt A6, Hs SRR T
PR AR U A A e 2= 1) siegyrh SLM

632.8 nm O, M
- —> _Ag_—\
P

Ly

BS — —

SLM

e

H 32 x 32 = 1024 ML ) # T, F G sR A
HY L7 A A 25 (CCD) Skl 5. 8 i >R fif 26 7 7 72
YIRAFHIF A R AL R B, SEI0 AT DUR AT =%
NS HAT T 20 S 56, W S5 e A, B
T I SR AR LSRN o A S B ARSI T
TR H LR PEMST J7 R 1N AN e 2D T SR A i 75 ik
SEHTRRIIANEL. 7 46T LUH Hadamard i BEAE i
N BT, VRN 25 225 SCHR [30).

SIS EEE AN 2 Fros. B N\ = 632.8 nm
1) [ i 't He-Ne 30t 2% (K 77 i 0F o' HERHE A PR
ARSI A ETR. 6B R T RO 2 B
MRS RHERE NS um FEE (Al,O5, WHTR
SCHE AL A A R A 7)) BRE R 5 PDMS (58— H
Frk S b, 35 EE T B AR A OF B4k 7R B
BB ERBSIRE, FREZ4100 pm. RE
WO A8 0 18] f 4= 68 ik B B [AE IR 1 AR B P
Jo BN FLUE B, BB B — AN BUR R EUON 40x [ 12
WMPEE O 51iESI Ly (F5FH 100 mm), 13 29 R
Z G & AmIRAT 6, 843 A% 7 7] 5 SLM )
A7 T i B BB IR 7 Tl — B I R B3 S SLM
(Holoeye PLUTO-TELCO, 4 #% 41920 x 1080,
BAMMEEM R/ A8 ym x 8 um) k. SLM ™4
132 x 32 = 1024 > i il fag A d o Ly (£E R
300 mm) 5 Ly (£ 100 mm) iX— 4f RALE A, 2R
Ja BB O (10x, NA = 0.25) BA R HUHHE

Ls Sample
O2 40,

CCD

PC

2 IO Laser £ KN 632.8 nm HIFER G A ABOLA; PR EI7 MIEIRImIRF; O1, Oz, O3 ARSMMIEL, M
KAEBHIN 40 x , 10 x , 20 x , FAHFLIE NA 23518 0.65, 0.40, 0.25; Ly, Lo, L3 fEEEH 4 %178 100 mm, 300 mm, 100 mm
MhiE SR, MOEF IS BS /&40 Je8E; SLM Al AL Bl 13 & SLM, 43 #F24 1920 x 1080, HAMEEK/NA S pm x 8 pm;
CCD &7 #5359 1920 x 1200@41 fps i EGALEEE, 552 K/NA 5.86 pm x 5.86 pm; CCD 5 SLM i#id Hifix (PC) LR} %
fil; sample & PDMS 5BEARL4 5 pm BRJE A FREURL 3 530 & 40 3030 b il 4 T p

Fig. 2. Schematic diagram of the experiment. A He-Ne laser is circularly polarized with a wavelength of 632.8 nm; P is

a polarizer; O1, O2, and O3 are microscopic objectives, and the magnifications are 40 x , 10 X , and 20 X , respectively;

numerical aperture NA = 0.65, 0.40, and 0.25, respectively; L1, La, and L3 are lenses with focal lengths of 100 mm,

300 mm, and 100 mm, respectively; M is a plane mirror; BS is a non-polarizing 50% beam splitter; SLM stands for a

spatial light modulator, the resolution of SLM is 1920 x 1080 pixels; the size of a pixel is 8 pm x 8 pm; the CCD is a

detector with a resolution of 1920 x 1200; the sampling frequency is 41 fps, and the pixel size is 5.86 um x 5.86 um; the
CCD and the SLM are controlled by a personal computer (PC); the sample is PDMS and its diameter is about 5 pm;

the spherical alumina particles are uniformly mixed and cured on a glass slide.
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Fig. 3. Experimental results of focusing light by TM approach: (a) Phase mask of the transmission matrix; (b) phase

mask of a focal point; (c) the optimized output intensity in the target plane.
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Fig. 4. (a) The optimized phase mask of the direct inversion; (b) the output intensity distribution corresponding to

the phase mask of Fig. (a), in which the target focus can’t be seen since many random errors.

MRS 671 AL X L ) £ s IR S AN I AR 0 A,
B 4 (a) Fros. SRR NN 25256 % B 1 ¥ LSM
Jei, ££ CCD M N AL B I 5 19 21 1 B2 A 48 A
i 4 (b). B4 (b) AT LLE B, H 5 HBAT R
R, J7 R (4) BHEAS BRI AR A R
RS NAR R (BSOS AERE). BAR, T
FAE RS B B3 R E AT B AR 1, X T
R S R P /N B R R R AR R K, A
TN M R AR U, W5 RE (5) P, B
IR/ BT AR A A EE .

/A 0 .0
0
T-'=VvD U =V 1/ Aw 5 U,
0
-
0 0 0]
(5)

Horp T~ FoR g a AL M AR, D1 3R
AN E A AR, o AR N
e PR B AT SN

PR RE T 33 B 0 e, DA e 5N
iR Z R ARAAL R PR 2R — 20, B G, KRG
FRi e ME AT 77 SR AE 0, SR 3T A8 N (7 1B
I fi K 45 RS AR MR BN RS ); 285,
Mt /N FF A IE — 4, JERI I OR B R RN
A SR A% R B/ (RN 244 4 BEAT Pl B 0 7
FAEFERE D, FFAR 4 (5) 3R HBER 7 AR HIRZE /K
S AR S R B R T R A (2) R
B 37 TR IR AL o I8 0 S A 4 2R, DA 3R A e 1
Mar R EA . SRR WE S frs, L E S (a)
NS AT 26, ARAR RN AT AR AR,

A sk T S B EE K B /INHEF 1 o5 7, HEFE 2 1AL
2 B K 25 47 2.2193 x 106, HEZE 55 1024 £7. 1)
e /INAE RAE 29, A R {E K S s ME 2 1]
H5 MRS AIZER; /5 (b) NET RE BB Fi
2k, & MRS A5 A o A, 2 AN /NE]
EHEF I, PALBR R 75 A I RN, MiAk bR S
K5 (a) & SR K5 (c) Bor TS (2R N1)
5l 24w (RN 0) A SAE M S A A B5 (d)
NEFEEGFEEMARRNERE (FEERES

IR 2615 5, WT LUK B3R A5 5K 5 i I
TS SRS, B 5 (d) Mg K, sk
PR/ BT A, R R 3 S AR A
gE Aok (BB S (d) b RGBE
KANFRIR) AR AN B INE] 177, SR )5 T B4 2
144; 7EE5 () Fros i i Ze sp 3t — S SO
RENVINHEF 1024 A5 A8, 2445 58 Fe— AR,
11800, N AR FRXT N CCD BRI 2 38, ok
SR FTARR MR SO CR B AT 800 AN K AT A, 2
LR 1 224 /N AT SAE, SRR R IX 800 AN K
(183 S AR NAR AT, FE4 0 A4 13 N AR
RFISLM b, BERILE CCD BLEEERI H bR A 5 X 3,
feosE. FAr i 5 (e) w2 R S i i i K fE 177
JI ot S (R AR 6 25 S4B (T 1003 4N K 075 F18), B
N 5 3R AG I AR AL 70 A1 5 () 72 B 5 (e) BIARAL
INEE] SLM b & i A s, X 5 4 (b) R £
SE R A 2

R SRR, A R ER G i 2 T DUF)
FH %t T8 (5 ) 13 50 B8R NN IR EOk 4T
ALK, PAEBRATH R — K3y 7l [F a2

H AR SR A SRR . MOt s 2R R A2 fh
B, BRI A B N R T BEAT AR
FAEAL S R T B

104202-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % R Acta Phys. Sin. Vol. 67, No. 10 (2018) 104202
X 106
2.3 [ ' ' ' ' ' ' ™]0.04
(a) 5B (V) (b) L RAEEL(1/))
10.03
1.6 (¢
10.02
0.8 r 1
M I
oL . . 90-0-0-0-0-00-0pun0> 0
1 200 400 600 800 1024 1 200 400 600 800 1024
() 5 Lt A A @ S AR A 200
1
TRER N 47 : 1150
[
i 41100
!
| i
H 50
| S5
| PY=T VA
oL ; ; : : 000000 , ; ; , —o
1 200 400 600 800 1003 1024 1 200 400 600 800 1024

250

275

300

325

350

400

440 480 520 560

K5 ARG RE R 7 RS N R Z IR AR (a) ZETRN ISR 00 2 973 (8 X K920 A i 2e; (b) SO XT REH)
0 22 7 B IE 1/ B AT 2R (o) EEBHETRIE A iR LA B2 6, BEARAR N R A SE MR BN T o Bz
B, 13oRRENTRME, 0 R ERNARE; (d) B ZHEUMNIR RS, FIRIRIAR ARG ARG, IF KRR
DGR RO, B T2 B SR S5 R AR (i 285 (o) PSRt 3 S Bt K 73 A5 8, (B R AR B/ N B T i

Fig. 5. The experimental results of the singular value decomposition and the related results: (a) The curve of singular

values (up rectangles); (b) the curve of the inverse values of the singular values; (c) the curve of reduced singular

values, in which 1 represents the reserved singular values and 0 represents the replaced singular values; (d) the

intensity curve with different singular values; (e) the optimized phase distribution; (f) the optimized intensity

distribution in the CCD plane.
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Fig. 6. The experimental results of the genetic algorithm: (a) The flow diagram of the genetic algorithm; (b) the

optimized set of singular values selected by GA approach, in which the discarded singular values are 83, 179, 678,
923, 1004, 1020 to 1024; (c) the intensity curve during the GA optimization process; (d) the phase mask of the

optimized phase distribution; (e) the optimized intensity pattern.

4 #RXW

b, FATE BN — A 5 BCR GE ) = R g
R S e I 3R A ) A% S R B (TRTFR O T™M) 75
FAL DRI E M R EUE R I — PO AL
B 40 o (f7 PR WS__TM) Je 75 S48 4 iR 45 & GA

HEAT 10 4 8t A 3R 15 00— 30T AUL AR iF A% B i B
(GA_TM). AHT@ it LA AR5 40 B 5 4 Hi 3 6 o1
BRI HEAT XTI, RS FRAT 198t A5 A 2B R AL AL T
A RE.

AT 48 TM, WS_TM & GA_TM, % 75 %

oA, INEAE SLM Ja RV a] 45 2 40 & 7 Jr 75 (1) 45

104202-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 10 (2018) 104202

ROKE7(a), (d), (g) 7 X R TM, WS_TM 5
GA TM PG R, 13— 5 K 5R Lnax X
N FIRGB 18437 129, 177 5192, WS_TM 5
GA_TM ()75 5t B AR T TM [0 e s ) 5
gk BV AR 6 558 e 1T P 7 (d)), () TR T S I 7 RN
15 M LU R AR R IR AN RE B B2 20 90, 11545 A T
#1. B7(b), (), (e), (f), (h) 5 (1) MK FE KA
X R — A0 5 B ARR R, 0 S ali BB (FE X Ot
NE), 255 A E B (FXDEEERK). B 7 (b), (e),
(h) 43 SIXE R 7 (a), (), (g) A SKER, 4.6
INTTHER 7R B bR AR S SR EEVE L, X R CCD E 4R
RIIALE AR (5 x 5MEER); K7 (c), (f), (1)
A RLE T (a), (), (g) 253 AE S I8 5K E
B, B8t /N HER R P4 R X 38, JF HIE AR A
T S FE TR O (2 B ). L6, mTE
FEHUR GAS T B8 58 2 9 BR il /£ CCD il B i
H AR L 17 A2 7E 12 DX BRI — AN/ IR LY
DRI UG 5 5% 8 R i 25 R AU R € /N D7 A B AR SR

Jeam I SR T H SR H R AR, BRI

TM-focus

WS-focus

GA-focus

R, L —FUON RS E A RER T 551
AR A OG5 1 K AE; 28 =51 8 B RS
MEEE.

1 SEI6 45 R AT DL GA LA 5 2 R8O 3
R 22 (WS) B REERCR 0. B SORBHERN: &
KICHZE I a ws-Trm S AHHEIE R ER B HOAOL 3
Iv Z L.

Teayws — It

NGA/WS = x 100%. (6)

Itm
WWHEREKRE: CARMUE ZEHWSHEEK
M TM B ERE B nga = 48.8%, nws =
33.3%.

F1 =MINERENE L ROEE S FEELL
Table 1. Normalized intensity and signal-to-noise ratio

for three approaches.

Acquired foci Normalized intensity (1) SNR

TM-focus 129 7.54
WS-focus 172 9.73
GA-focus 192 10.29
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Fig. 7. The experimental results by TM, WS, and GA approaches: (a), (d), (g) The color intensity distribution
in the output plane by TM, WS and GA approaches, respectively; (b), (e), (h) the greyscale intensity distribution

in the output plane by TM approach, WS and GA approach, respectively; (c), (f), (i) the background noise of the

results, in which the rectangles represent the discarded focus.
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Table 2. The focusing results of two experiments which

shows the optimized intensity of target signal.

Focusing First group Second group
experiments (Inormalized) (Inormalized)
TM-focus 81 54
WS-focus 153 57
GA-focus 126 54

GA-focus

) 'Gz_x-focus' wy
h’ . . g ¥

- ‘) .
|~zﬂax=54 d . 'P

(a), (b), (c) WREMMUSEFEEFANLR  (a) TM UL

R, (b) HIRERH(WS) KSR R, (o) GA RELR, X49ih & TM 7 R @R # (WS) B GA b, GA ife
BN RN (), (e), (f) BRBOGE S RS H E N —AEFERE R, (d) GARMLER, () HEZREEH(WS) K
SRRAER, (f) TM RELR, KALWBA MR, L GA L WS LBRAR LA I T™M RAE

Fig. 8. Comparisons of without converging in the optimization: (a), (b), (¢) Correspond one of the experiment,

in which GA optimization does not converge, (a) the field distribution of the focal point after the TM evaluation,

(b) the focal point after WS optimization, (c) the focus after GA optimization without converging; the focus of WS

is better than that after GA in this experiments, meaning that the optimization was terminated at the local extra

in the GA processing; (d), (e), (f) correspond the case in which the illumination power was reduced, (d) the field

distribution at the focal point with the optimized phase pattern after TM evaluation, (e) the focal point after WS

optimization, (f) the focal point after GA optimization.
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Abstract

In the last decade, the scattering medium has been gradually attacking attention from researchers. Among the
proposed approaches, the transmission matrix (TM) is considered as an effect way to describe the scattering properties
which relate to input optical and output optical fields. However, the acquired transmission matrix and its eigenvalues
strongly depend on the experimental conditions, such as the numbers of input channels (limited numerical aperture and
illumination area, or the pixel number of the spatial light modulator) and output channels. In other words, the actual
transmission matrix of the scattering medium is the acquired transmission matrix with infinite numbers of the input
and output channels. We propose an approach to obtaining the actual matrix by evaluating its eigenvalues. First, the
matrix is expressed by the singular value decomposition to obtain its inverse matrix. Then first level optimization is
to dispose of some extreme singular values to remove the ill-conditioned problem of the matrix, and then, as a second
level optimization, the genetic algorithm is to remove the eigenvalues which have the negative contributions to the
intensity of the selected focal point. Our experiments show that the gray value of the intensity and the signal-to-noise
ratio (SNR) of the focal point after employing the phase pattern are 129 and 7.54, respectively. After the first level
optimization, the gray value of the intensity and the SNR rise to 172 and 9.73, respectively. Then, they reach to 192
and 10.29, respectively, after adopting the genetic algorithm. After the second level optimizations, the intensity at the
focal point increases 48.8% compared with the case with just the optimized phase pattern from the acquired TM, and
the SNR increases by nearly 36.5%. The reason behind the increase of the intensity after the optimizations, we believe,
is that the transmission matrix of the scattering medium reaches its actual matrix in certain conditions. The proposed
approach opens the way to obtaining the actual transmission matrix by mathematic optimizations without increasing

the experimental levels.

Keywords: phase modulation, transmission matrix, scattering media, singular value
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