Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

FERME B ER T2 R E R AR E S
B AT RAR E TE UH WE
Off-axis digital holographic decarrier phase recovery algorithm combined with linear regression

Shan Ming-Guang  Liu Xiang-Yu  Pang Cheng Zhong Zhi  Yulei LiuBin LiuLei

5] Fi{5 B Citation: Acta Physica Sinica, 71, 044202 (2022) DOI: 10.7498/aps.71.20211509
TEZE[R]1E View online: https:/doi.org/10.7498/aps.71.20211509
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

A AR A AR A SR PR A 7 4 - 2 25 T 12
Numerical reference plane algorithm for effectively solving tilt distortion of a phase image in digital off—axis holography

WIFEAEA. 2018, 67(9): 094202 https://doi.org/10.7498/aps.67.20172528

L0 [l - B RR A R e B R R E T

Telecentric in-line—and—-off-axis hybrid digital holographic high-resolution reconstruction method

WIFRE4. 2021, 70(15): 154202 https://doi.org/10.7498/aps.70.20210190

— T PG R 5 AR R e 2 I 285 B R (S0 5 T 1%
Phase retrieval wavefront sensing based on image fusion and convolutional neural network

PPz, 2021, 70(5): 054201  https://doi.org/10.7498/aps.70.20201362

BT IR BT I B NG i E AL EROR

Dual—channel quantitative phase microscopy based on a single cube beamsplitter interferometer

PFEEEAR. 2018, 67(14): 140704 hitps:/doi.ore/10.7498/aps.67.20172722

LT MR BEAR AL R B E AR R AOAR
Quantitative phase microscopy imaging based on fractional spiral phase plate

YrH2E 4. 2021, 70(15): 158702  https://doi.org/10.7498/aps.70.20201884

S TAR B BB DA AR
Technique of detecting optical components based on coherent modulation imaging

YrH2E 4. 2020, 69(17): 174202  https://doi.org/10.7498/aps.69.20200224



) 32 Z 3R Acta Phys. Sin. Vol. 71, No. 4 (2022) 044202

ZRstOPRnEHgFER
EERBEMNRERE

BRI G EEY ERY

g £ 1)2)

FEY xWY  x B

1) (MR TR R B 58 E TR2EBE, FA/KIE  150001)
2) (W IRIE TR, et RN (5 515 BEAR T E A S0 =, MREE  150001)

(2021 4E 8 A 16 HY#; 2021 4£ 11 A 1 HEMEUHR)

Ohy ¢ S — W 0 Tl 5 4 R R A BRI AR S, 48 HE — R P 25 [ B AR A% B AR (spatial carrier
phase shift, SCPS) FIZE 1 [ul IS AR 45 5 9 2 i K07 2 B L B K R 500k . & 5, BT SCPS H — i 2 il %4
A A R DU I AT AR AR 1 A RUAL, R AR th AT L S5 1) B IE S AT T AR H
i AR B 4 S PRV SR i A K BT SR AR 2 R P A T 58 B8 AR by R i, 45 5 g/ — 3 R A2k [l ) 1]
ISR A RO B AT CA 1L R BHAR, AL w7 S 2 B S5, (] s 25 R4,
S B ey O AR S AR S RSO ORI L AR S 6 45 2R 6 TR A 1 B A R A

KR BEBTRR, MOIRE, BUCHEE, Lt

PACS: 42.40.Kw, 42.30.Rx, 07.05.Kf, 02.60.Pn

By 4 BEOR 100 AR 0 PR A0
R PRGN B AT B 1)z R ] R BRI AT
CRFNEIR LS g SN CIE ! b G o SN P |
Bora B -0 Pk, Jo, [R)RhECy-4 8ol 580 Al
FIFELEY 23 A e R R, BA B B P, 3
Je M i AR AL 7 A AR BT s [ R )
RAEWE UL B RIE, OF B 22 AR i
MR, TR e 4 B EOR BAARAHPLAY 25
) SEA AN R, (HR AN — i 4 B RS Tk A2
YAl B 0012 S T RGN AR, R T
PRI 22 Wi £ (14 52

i AR vk (Fourier transform algorithm,
FTA)MO 2 B Al B 4 2 i O RE S 1 52 s

DOI: 10.7498/aps.71.20211509

T AT FRPRGR (R S Ao R e A S e 2
T PO TR M R, [T 3 DR e e BT i () B 2
TEVRSZ G55 | AT AR, DA 52 e 2K 5 o
[FEE, FTA 5K SCAGUE (5 B0 B (R
LB A REA R BRE, (A T2 B AR
R, SRS AF B R B EARMERR A TR BUR R
P, DT e AR Bk B 46 52 Wik 52 Jo i 1) [ 7.
SRR BREG A FER, H R AR A R I
BT (double exposure algorithm, DEA)10:13])
RITESEE0 Z B R —IEA SR 2 B8, DAl
SERGETEANEE AT B, 38 L T R A AR sl A B
AT ERfR L L BRI, (B2 DEA 2UR RG HA WS
PR E M, TRIERGE ST i 72 P RS
R, sl i a4 B R GE A TOHE it 4 8 RIARME R
£, DTINR T SE bRl FHAMERE . A T SE AR R
REVERPAGTE, Fan 55 14 424 T 0% (spectrum

*ER BRRIERES (S 62175048) b s A FEARIL 55 2% (HLHES: 3072021CF0803, 3072021CFJ0801) ¥t B PR,

t BIEYEE. E-mail: liulei2015@hrbeu.edu.cn
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

044202-1


http://doi.org/10.7498/aps.71.20211509
mailto:liulei2015@hrbeu.edu.cn
mailto:liulei2015@hrbeu.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

) 32 Z 3R Acta Phys. Sin. Vol. 71, No. 4 (2022) 044202

centroid method, SCM), i & 1155 W4 fH Fr 76 58 43
DX 355 118 3O B3 30, FLE SCML A4k B0KG B ™
PR T 35 DX, HCA ARG B A S s o v ™ A7
Fi. Du % (] il Hincapié-Zuluaga 45 16 48 H T %b
E 1 (zero padding, ZP), il & %4 B K #hZok 4
e 2R IR A EORG BE , EL A SRS B SR R T,
THEEE K W, B85 R &2 A e R 518 1Y
ANATEL, AR LAE S BRI A ol LA R 4
ORI, BT A B R R A AR DT ) ARk
FEARE] TR AT, (HRZ R X AR B
IRFNHE 2 B B ) oA B A G T A 2K, IR
HATESEE, $12 T8 FYE L

AT G R SRR EX AR O R, 25
[BIZE ARSI AR (spatial carrier phase shift, SCPS)
B I 381 B el 4 2 B AR SR AR 4. SCPS S 484
— IR g A 4 B BAE 2 B — A7 A TR =R,
RECHIE LA 4> B, IR R ) 4 B 1 A
R4 HRDGAE, i [y 4 8 P Ak R
WA B R AR AR O AR O B, BRI
WAG B, B3 2 HERR ARG (5 B Guo 5 20
TE SCPS fyFEai I, 2 17 R F fe/ N 3R i AR Ak
SRS AR e BUR R X SO G BT A
=% N =) SRS TP U N oA Nt <7y p = K. 7/L L N/ VAR Sl
TR AR IR 2 0T i 5 JRy 0 DX s ) A B AT R
SRS, T Ana] ERR R PR A 1S Y DX PR ] T
Z A . Stykyu #1 Patorskil2! 48 H i 7 9+
VA AR DR S5 R ) B AR 22, SRR AR I
AFE . Xu 55 P EXT Guo S5 H B L sk
e T T R/ N s R B Tk, FRECT
kg BE AR, OF HAR & T B AR E . Huang
5 23 B AR rh ) DA SR AR 2 LA D 4R
UL Liu 55 P4 BT SCPS, F| A B= Ui E R
LGS0 T AR, $2 Tt T SRk i A I AN
PR T aE. H AT, AR T ARSI, SCPS AU —
AR SNES G Ty L VA /S =00 § Sl b A Py I
AT P 5 4 () . (2 LIRJET SCPS AYARN K
O S AT T R () B AR R A BRI th W AR AH
fifi 8. &5 I, FTA Fl SCPS ZEAHAI R & i, Yy
15 2 G AnT YHERA . A R0 SBR[ A

PRt F£ T SCPS, A SCH H —Fh 45 5 2 e [ml
VA B 4 B R B N R AR G5, S —
R gt 4 2 PR [ ) R AR 2 S AR . A
ERFR LR 7/N LN NN A A e S R L S SNES N RN o

il A AR, 25 SR AE I SFHOR, SEB
PANYIARAR L RN B A SR 45 A S 1
4 S B R SR A, S 7 R L AR (R A 5
TEATERE, 6 S50 B A A A A A
Dbt

2 I FE

— LT, B A 4 B E AT LU R R
I(z,y) = A(z,y) + B(z,y) cos [¢ (z,y) + kuz + ky(y%)
Hr Az, y), Bz, y) 5051384 5 B B 2 Al
PG oz, y) IR EAAGAE R &, k, 5
FIRFE B E W o Iy J5 1 1 B

FESER 4 BRI, MRS T, Hiia AL
il it B HAHALAE B @ WAL AE# 02, 4 1(x,y)
eSS BT AL, BTN E AR LA AT R R4S —
AMEEE, ATTIAS 2 DU i AR RS 4 B A

I (z,y) =1 (z,y) = Az, y)
+ B(z,y) cos [¢ (z,y) + kox + kyy],  (2a)

I (z,y) =1 (z+1,y) = Az(z,y)

+ By(z,y) cos (@2 (z,y) + kyx + kyy + kz] (2b)

Iz (,y) = I (z,y + 1) = A3(z,y)

(@,y) cos [ps (x,y) + kaw + kyy + ky] ,(2c)

Iy(z,y) =1 (z+ 1Ly +1) = As(z,y) + Ba(z,y)

X €08 (@ (,y) + ks + kyy + ky + k], (2d)
Hop il T DR A AR GR R, Ay, A,
Ay FASEUARSE, By, By, By Ml BiEIAHSE, o,
©s, 4 K1 ITAREE. I, gt 2SR, —
W P 4 B PRI BRI Ot A R A AR 1 A B
HAHRAE IR 0, kyy Ky, Ktk K (2) 2UBEHE
h— ek, W

L, (z,y) = Az,y) + B(x,y) cosp (2,y)
+ kyx 4 kyy + Opm + Oyml, (3)
L, Fhrm =1, 2, 3, 4 (REEUZRE], Ehs 4%
FINBAE, 6, T 6, ANRIUT 2, y BIAT7 ] ARES
L AT BN T I BRI RS 4 B AL(y),
A,(2), TSR]
{Azm(x) = ko + Opom

(4)

044202-2


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 B ¥ R Acta Phys. Sin.

Vol. 71, No. 4 (2022)

044202

AR (2, y) BISERMAIFEN A(z, ), BT

3 SRR B AR RS VS @,y WA 1) (4 2
MIBZRIIEER, A, (o, y) 7TH FRREL:

A (2,9) = A () + Aym (1) (5)

TESER R IEA T 2 05, 3 T i b

WE R, FE RN — PR & =T

- a(z, y)=A(z,y), b(z,y)=B(z, y) cos[p(z, y)],

c(x,y)= — B(z,y) sinfp(z,y)], W (3) X Al &5
I, (x,y) = a(z,y) + b(z,y) cos [An (2, y)]

+ c(@,y) sin [Ap, (2, )] - (6)

BRI Ky Ky FIAHES 6,0 6, 2T

R, HE A, (z, y) ZEHIE, T a(x, v), bz, v),

FB1 M7 S EPAR T RN ¢ o(x, y) ITESR AR, MR /N 3Rk P i
|
M M M
M Z cos A, Z sinA,, Z I,
m=1 m=1 a m=1

M M M M

Z cos A\, Z cos? (A,,) Z cos A, sinA,, b | = Z I,cos A, |, (7)
m=1 m=1 m=1 m=1

M M M c M

Z sinA,, Z sinA,,, cos A, Z sin” (A,,) Z I, sinA,,

L m=1 m=1 m=1 m=1

Horp MAGE T W EECE; A, GRE m kT
KRB AR 1, AR m k2 B RA S PRR .

DA AR AR R T T =
@(l‘a y) = tan~"' [—C(l‘, y)/b(l‘, y)] : (8)

S 2 YA LAY AR R B E 51 2%
AR, B AN BRSAE TR 51 3% &,

1 (3) WA (4) AT, SRS A, (2) |
FTEPARE A, (y) 735URERE x, y 710 B2
Fot, MBS, HEA 2 A XN ALt Wﬁi

qh, YR ERGHEE
PTG
WIEE © BN AHRE A, (x) 7T LLGER T
A () (@) /Vm (@) (11)
TE B A A B, BBEORE A EOR, B
FEVIREC A, (0) 098 B . SRR
A () JERT o WLk, ik, n] U 4t
(] U1 26 A BN BB Ky, B

e S, BB

=tan ' [~

\
A BE 2 R AL (2, y) MIATEGAEEE A, ()
TR AE A, (2).
X d (x) = A(z), b, (r) = B(x) cos[Agm(2)],
C (2) = =B(2) cos[ A ()], n(z,y) = ¢ (z
Y+ A,u(y), BEIES m ke BERREA N
I, (z,y) = a’ (x) + by, () cos ¢y, (2,9)]
+ ¢ () sin @], (2, 9)] . 9)
KB 2d, o (x,y) RE A, o (2), b, (z),
& (@) AR, AR/ N3k, v

Y Y Y
Y Z cos !, Z sin!, Z I,
y=1 y=1 a'(z) y=1
Y v Y
Z cos ¢, Z cos? ()) 21 cos i, sinl, b (z) | = Z I cosgl, |, (10)
y=1 v=
Y Y Y e (x)
. . . m
D osingl, D singcospr, Y sin’ (¢),) Z SN,
L y=1 y=1 y=1 L J
\
A () = mod [kypm® + Spm] - (12)

5, XTIERISY Ky, SREUGAE, 1525 EDANR E,.
IR 3 Y RAR A A5 2D AR A7 3k
WeRERS, SR LM RS A TR F,
S5 220, L d'(y)=Ay), b,(y) =
B(y) cos[Aym (y)], e (¥)=B(y) sin[Ayn (y)], 7, (2, y)
= @(x,y) + Apm (), FILEE mik 2 B E K £ X
KA

044202-3


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. 71, No. 4 (2022)

044202

I, (z,y) = a” (y) + by, (y) cos [, (z, )]

AR Y, @, (y) RO, o (y) by

m

W) e ()

+ e (y)sin ", (2,9)] .- (13) SRR, AR N T TR, nlig
\
X X X
X Z cos I Z sin ! , Z I
r=1 =1 a (y> r=1
X Y X X
D cosen, Y cos*(¢h) Y cosglsingl, || Wn(y) | = | Y I cosgl, (14)
z=1 z=1 r=1 z=1
x x x ) x
E:mn@% E:mnwammwg E:ﬁﬁﬂwﬁ) E:[%mnwg
L =1 r=1 =1 L z=1

X AR B EUGHERES y 1T B, R EMG AR R

IBNTE. 5 y FTEGARE A, (y) WTLAE R T kE:

Aym(y) = tan" [=¢" () /0 m(y)] . (15)

5T 2[RI B, XORAFHY A, (y) 8 Lk ]

VAEIRRIR k. B kSR, 55151
B k.

R AR T — U R FEE AR
ORI T (H oK R 25 F R B Tk B, T
£l N S BV AP U s 1 TR N N 3
k, F1 K, R ZE (AR AR 5 1L AR e, 115
AU

(ke — K1) (k] — k) <6, (16)
Hrp RE 6 2 WRAE; o RFRIEREL. TEA S
HSEE & s E A 1076,

AT SR MR R R, R R T A

Wi 1 R,

Bl 1 Bk AR
Fig. 1. Flowchart of the proposed algorithm.
e, MARF LT S, Bk R
1) i SCPS AR, WA — M i il 42 5L & v 4
SEU DO  AE RS 4 B A
2) KA 5 ) B 2GR A RS AE S e, il i

|
/N ek sR R AR AR
3) B YRMINL AT R AR B, i
T/ NI RNZR M 11T U1 3R 5 R AR RS A B 2
4) WP RFRAL 5 BB AR A Ry O i, S
/NI G [mT U SR A T AR AR RS A T 2k
5) BT (2)(4) ELEW LI 1R
W R IR AT AE ST, AT [ B A5 24K
=S WAIL//LEN R IVA =5 Wl B Wb Y= R 1 b ] /S| I N
A+ H AT C A NIt 2 5k, ARREA
FHZNE RN AR S T 8RB AR 5 3 2 (R] A Bk
R, LI T R AR AR 5 B NS S R B B
FEARIL.

3 HEELE

R T B UE AR ST B AR AT Rt L
SR 5 B A S L R T IR, WA FTA,
SCM, ZP 1 DEA #:47 tbds, O Bad R v fifi FH i
h 632.8 nm MYOGIR. 58, P HAE R —AS L 2
100 nm AR BRI ER, R Z K/ 256 % 256,
BE RS R 4.4 pm; HR, 51T 2 w2kl &, =
0.76, Wy y I 8k k, = 0.64, MIIAE BL— 0@ B3 il
4 B, K 2(a) Bros. 2 5148 FTA, SCM,
10 fi5 ZP, 20 £i5 ZP, DEA FIAS G X% 4 L K ik
AR, 153 6 MRE 25 R A& 2(b)—(f) Fr
. AT EEE R AT, 6 MRE LR, UCE AR
M DEA BELBRERBE, M52 1EGR A0 K 25

S22 WA BRI H, AR SR TR B Y
THERSEE AT IA R 107 9% 1 ZP S8R E] 107 Bk
B, T ER RS IEAT 107 54N Bdli i 2 4
i EHE TR AR R, BUTRE T kIE
175 TRIB), SCM 2 1) 2 A b J3E 7™ FE AR A T 6 X

044202-4


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. 71, No. 4 (2022) 044202

(b) AR /rad
- —20
25
—-3.0

(

i
)

(a) JEFE22 100 nm AH 7R BR A R & 442 1AL (b)

AL /rad (f)

—1.5

A 2

(c) AN /rad

2

AL /rad (g)

0.8

0.6

0.4

0.2

0

(d) A/

iz /rad

0.8
0.6
0.4

0.2

0

ad

1.0

0.5

—-0.5

(f) f/ FTA, SCM, 10 i ZP, 20 £ ZP, DEA FAR L MWK E 45

Fig. 2. (a) Off-axis hologram of a phase hemisphere with 100 nm optical path difference; (b)—(f) retrieved phase maps by FTA,
SCM, ZP with 10 times zero-padding, ZP with 20 times zero-padding, DEA and the proposed algorithm.
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Fig. 4. PV and SD of the residue maps by the proposed algorithm and DEA with different variance.
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Fig. 5. Experimental results for silicon wafer: (a) Hologram; retrieved phase maps by (b)FTA, (¢)ZP with 10 times zero-padding,

(d) SCM, (e) DEA and (f) the proposed algorithm.
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Abstract

Benefitting from the high measurement efficiency, off-axis digital holography (DH) has become a most
powerful DH technique for fast and high-accuracy measurement. Owing to the carrier frequency, the real image
can be isolated easily in the Fourier spectrum of one off-axis hologram, so that the Fourier transform algorithm
(FTA) is the most widely used algorithm for off-axis DH to realize the phase retrieval. In the FTA, one of the
most important tasks is to figure out the accurate peak position of the real image and then shift the real image
to the center of spectrum to remove the carrier. However, owing to the digitalization of the hologram, the peak
position of the real spectrum is always not located at an integral pixel position in the practical applications,
resulting in carrier residuals, thereby lowering the retrieval quality. Much work on accurately determining the
peak position has been conducted to suppress the carrier residuals, such as by using the spectrum centroid
method and zero padding. However, those estimation algorithms can achieve only satisfied accuracy in some
situations. Then, spatial carrier phase shift (SCPS) is utilized to expand the utilization of space-bandwidth and
avoid the spectrum leakage caused by band-pass filtering. The SCPS decomposes one off-axis hologram into
several sub-holograms, in which the carrier induces the phase shifts between sub-holograms. Many on-axis phase
retrieval algorithms are combined with SCPS to retrieve the phase from one off-axis hologram. However, the
retrieved phase is usually composed of the sample phase and the carrier, so the accurate carrier information is
also required to remove the carrier and obtain the correct reconstructed phase. In this paper, an accurate phase
retrieval with carrier removal from single off-axis hologram by using the linear regression is proposed to achieve
the simultaneous phase retrieval and carrier removal. In this method, four phase-shifted sub-holograms are
extracted first from one off-axis hologram by SCPS. Since the phase shift between sub-holograms is linearly
proportional to the carrier, the linear regression can be combined with least-square method to retrieve the phase
and carrier simultaneously. Both the simulation and experimental results show that the proposed method can
determine the carrier accurately and obtain correct phase without carrier. We believe that this proposed method

can be applied to practical measurement.

Keywords: off-axis digital holography, phase retrieval, carrier frequency, linear regression
PACS: 42.40.Kw, 42.30.Rx, 07.05.Kf, 02.60.Pn DOI: 10.7498 /aps.71.20211509
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