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Spatiotemporal phase-shifting method for interferograms of apertures
with arbitrary shape

ZHANG Liwei"?, CHEN Haobo'?, BAO Haiyu'?, WU Xingzhi'?, SUN Wenqing"?, WU Quanying"*
(1. School of Physical Science and Technology, Suzhou University of Science and Technology, Suzhou 215009,
China; 2. Jiangsu Key Laboratory of Micro and Nano Heat Fluid Flow Technology and
Energy Application, Suzhou 215009, China)

Abstract: Phase-shifting interferometry is a highly sensitive non-contact optical measurement method that has
been widely used in the field of precision measurement. The spatiotemporal phase-shifting method (ST-PSM)
is a phase-shifting algorithm known for its high accuracy, which can avoid periodic errors that are typical of
traditional phase-shifting algorithms. This makes it suitable for use in the presence of uneven background light
intensity, modulation fluctuations and phase-shifting errors, as well as for measuring distorted interferometric
fringe images. However, the interpolation fitting step of this method requires the interferogram to be in a
rectangular region, which makes it difficult to measure the complete surface shape of optical elements with
non-rectangular apertures. To address this limitation, a novel approach that combined the interferogram
spreading technology with the ST-PSM method was proposed. This involved spreading the interferogram into
a rectangle, which enabled the ST-PSM method to extract the phase and obtain the complete surface shape
information. Numerical simulations and experimental results show that for interferograms with the same shape,

the peak-valley values and root mean square values of the wave surface measured by the ST-PSM method with
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spreading are more accurate than those obtained by using the ST-PSM method without spreading. Taking the

circle as an example, the peak-valley value decreases from 0.123 6 A to 0.044 6 A after extension, and the root

mean square value decreases from 0.011 7 4 to 0.010 9 A (where 4 is 633 nm). The above results demonstrate

that the proposed method can be used for accurate measurement of non-rectangular optical elements.

Key words: optical measurement; phase-shifting interferometry; discrete Fourier transform; spatiotemporal

phase shifting; fringe spreading; phase extraction

518

ST B AR DO R B R T,
AR RS R L S ] o R K A e A AR
R BTz i AR TE A 1 45 k. BRUNING
JH S5 38 A5 B e v i [R) 25 AR AL IR I B AR 5 1A
AR, T AT (phase-shifting interfer-
ometry, PSI) £ R LIk, B A AW & e . i
Ji [ 5 A K A BR ], STOILOV G 4542 1 T4 4 K
F7EY; OKADA K 45 4 fiff the i 215 2 iy BE AL A% A
), #1247 3R AR LD s WANG Z 25 7 it 2l |-
BT 2RI EAE TR, B T R R e
BARFIEY  CHEN Y 45 M\ AR SO 2 138 FH R 42 1
T R ASEY  DUAN M L 2881 X A% AH
) 8, 4 O e/ e % AT SR R EOE
FIRCES, L BRI R i T3 s s £, ik
R E A T 2R T PR A T R i 5
2, W ZHANG Y 558 22 % i B 40 &5 5 3 853
SIPTIRES G, o TR AL R, S R K R
BT ZHU R G838 T — 3k F 95 it 9 B9 38
B T AR P, T AT B Y PR AL 3 5 L AR e, D
AR BUR A5 B BR B ESERE AR S, IR T35
LT WU IR £ AR

RIS S5 A b = 80k ™ S S A 25 6, $2
T — Rl A B A R, X R — iR AR T
FTAAE, 22 i A FH - 2 A fe L o 2 i B 0k i i
FEALAARL o 25 AR TAE GE (B AR e B
TR B, AR BOGIR . R HIE SR AR
A= AR AL I AER M T A SR T A A5 B
WhZFAE R TR G DX B8, 3 75 X BB A%
T RT3 5Y , X 4 5 8O0k 50 I i T
PRI AR B o A5 ELER R 2 2B 40 1 1 o6 (& fif
FHEE 22 B A 7 i, W2 S 3801 9 B30 4k X A
(AR Yl RS =,

R I 23 A i BT R I R ) I RS L
5 N 25 B AH O ik 112 R, AR SCHE o T 9 1R AE

R Gz A AR S G, BT IR IR T
I R TE , G 25 B AR 5 ik Ak HUR £ U A 5L
DCIRN AR BZAE o B B LLAE, 07 35 5298 AR )
IE=ME  IETIE | IERIIE S AR AR X 5
HEAT T RESR IR o O e A SO, A% T 6
e e AT T IR, SEAE S LA RO [
KR B BLHEAT T X5 L, IFf Sk A5 25 21 5
ZYGO A B 45 R BEAT T X5

1 BHEFSEARERRE
1.1 N8

N 2 B BB A ) AR S B A < 3 i 4 o AR
WA OCRDERE 22, 51 ASE B AR 22284k, (T
WRBUR AR5, Bl CCD(charge coupled-device)
AR DCHR 22N 1 S5 SUEI IE A TS AR B 2 4
B A R T A L TERRAR SR E T
T e n 0800 R A s B GRS T LR R Ry

I(x,y;n) = A(x,y) + B(x,y)cos [2117% +@o(x,y) + 211% =

A(x,y) + B(x,y)cos [(p(x,y)+2‘n:1%] ,(n=0,1,--- ,N-1)
(1)

Arfe A TR SO B 0T E R 6
2 o R IARAL; P oA R AL 5 5 ) b A A5 ST B
0o N GWAICRAC YR AE o ) ] — 4 2 B Al
AR R A (1), T LIS BT AR AR AL R
1.2 B=EBERE

B 25 B AHVL AE N AP B S8 AR 1Y SE A b % g —
i o P T R = B0k FE AT R AR S Al (AU o
R = BOEERLE 1 R, LT E i —174%
B, VLR 1 AMG R 5 g s, LIRS Sl 9]
T AT R, A AT o d (B A5 5 75 25 1 iR 5
IRARSC, [RIREH, LSS 2 AR R AR, ATl
SR EAE RAT 2 MRS R R AR . KRR ER R
AU L3R, W] ARAS T WAL AR SR AR B0, TR AR
n R AH TP B ¢ R 57K 2RS0T 7R K



- 1082 - A

55 44 2 5 5 )

1 1 t n
L,(x,y;t,n) =A(x,y) + B(x,y) cos [ZE(I—, - ;)x +o(x,y) + 217 + Zﬁﬁ] =

t
A(x,y)+B(x,y)cos[<p(x,y)+2n? +27:% ,(t=0,1,---,T-1;n=0,1,---,

AT — 15 T 95 P AT IR R i8]

HEEC S EEE] -
< O O

o O
LECCCEC e -
I o
LOOEOOOE]

RS THR TR P TR 2 s i 1R
| REEEE T=4 R SUEREE

Fig.1 Schematic diagram of sampling moire method at 7=4

X (2) AT 2 i B AR e B ] AR ARG
U (o) AL ZEARN, ik (3) Ui

N-1 T-1

o(x,y) = arg{ZZlm(x,y;t,n)W}W,’f,} (3)

n=0 =0
S B A B R T T s Xk
W= exp(-i o), (k=0,1, - K=1)  (4)

X A AR A AT A A S P AT U AR Ak
FRAT R 42 T 1) ELSEARADT @, K & BR LA 2, BT
A5 DA A B, A B 2 T K 5
1.3 FiHEEH

P27 I v 4 fft P e B b 2 i B0 3k 4k
BT L SR S B ) 8 R LA A R K
ANFIE W 3L, T SR BUEEALAR T B AR %
25 ok FRL ot A2 6 Bk AR UMK B2 I ) AR TE L AR i %
Wb 2 AR R IR 25, Rl 2z 220, A iz inl
R, R o MIBE T B 26 AR L I A 8 1) SE A
N R A RS AT 720 W W) 2 A D N SN R
BAEWCH L5 , AN B UG Se A7 R0 X 3 45 5%, v A
I R ZE WG O T R AHALME B . IR
X SR AR B S5 80T V0 R LA B SR, B2 AN
[ AR BT M IE i 25 3 . 15 B 5 5250 BT O ik
IR an &l 3 fER o

nm

NI

(b) 30K CAEH 25

i

(a) 10URIEICIEH 45 51

il
() SOUCEAR ISR 4G (d) 1000EA A4 4,
B2 AEDRBIEREHRER

Fig. 2 Spreading results of different times iteration
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Fig. 4 Four simulated phase-shifting interferograms
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Table 1 Simulation results of interferograms with different

shape apertures after spreading

AR TETE Hk2%
JEAR
PV/i RMS/A PV/4 RMS/A
& 0.0346 0.0040 0.0207 0.0047

E=fE 0.0377 0.0047 0.0170 0.0052
EFIE 0.0398 0.0056 0.0214 0.0056
EARHIE 0.0438 0.0052 0.0228 0.0056
AFLIIE 0.0855 0.0086 0.0632 0.0072

®2 ARBRNTFIEREERNHELER
Table 2 Simulation results of interferograms with different

shape apertures without spreading

AR TETE Hk
JEAR
PV/A RMS/A PV/A RMS/A
B 0.1236 0.0117 0.1215 0.0090

E=AIE 3.9697 0.6488 3.9777 0.6489
ETIE 0.1577 0.0165 0.1616 0.0168
EIE 0.1659 0.0153 0.1599 0.0151
AHLIE 13971 0.0248 1.4069 0.0250
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Fig. 8 Structure diagram of interferometer optical path
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We/a

0.015

0.02¢ 1 0.010

ooty 0.005

—oott —0.005
~0.02 } 0010
5 ~0.015
» 600 -0.020
Bz 200 S 20 42(‘)&%2;
(a) ZEARJEAS B A AR 45
WA/
0.06
0.06 0.04
0.04
0.02 0.02
0
-0.02 0
~0.04 o0
800
800
g ;O i w0 004
; ST 20 ek
(QE SIS e
Pt/
0.04
0.06 0.03
0.04} 0.02
0.02} ool
ol
-0.02 } 0
004 ~0.01
600 800 ¥ —0.02
y/@;oo 0 400 7,600
b ST 20 e ~0.03

(o) FeBE AL B MIBEAT BN AT (145

10 SHER

Fig. 10 Experimental results
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Table 3 Experimental results of interferograms with diff-

erent shape apertures after spreading

ik AHDLTE TR B 2E
PV/A RMS/A PV/A RMS/A
[BITE 0.0446 0.0109 0.0276 0.007 1
E=fIE 0.0522 0.0115 0.0373 0.0075
EFTE 0.0509 0.009 1 0.0344 0.0065

Nvasibi 0.0602 0.0133 0.0473 0.0070
AT 0.0602 0.0127 0.0439 0.0072
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Table 4 Experimental results of interferograms with diff-

erent shape apertures without spreading

- M 5%
AR
PV/A RMS/A PV/A RMS/A
B 0.1236 0.0117 0.1124 0.0109

E=fME 0.1310 0.0166 0.1216 0.0140
IETAIE 0.1092 0.0142 0.1060 0.0124
IENE 0.1039 0.0161 0.1093 0.0116
AHLNIE 0.1145 0.0161 0.1122 0.0121
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