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Abstract

Spatial-Carrier Phase-Shifting Algorithm Based on Least-Squares Iteration
Xu Jiancheng' Chen Jianping®

'Fine Optical Engineering Research Center , Chengdu, Sichuan 610041, China

*Minjiang University, Fuzhou, Fujian 350108, China

An advanced spatial-carrier phase-shifting (SCPS) algorithm based on least-squares iterative procedure is

Fourier analysis

proposed to cope with the errors caused by the uncertainty of spatial carrier frequency. The algorithm divides the
results of computer simulation and experiment show that the accuracy is better than A/20 (peak value, PV) and

randomly spatial carrier interferogram into four randomly phase-shifted interferograms and then obtains the phase

distributions by a least-squares iterative procedure. The algorithm provides stable and fast convergence, high spatial
=]

frequency resolution and accurate phase extraction with only one single randomly spatial carrier interferogram. The
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1/200 (root mean square, RMS) with about 10 times iterations and it is better than that obtained by the fast Fourier

transform (FFT) algorithm. Computer simulations also show that the accuracy of the algorithm can be improved by
increasing the spatial carrier frequency and making the direction of the carrier near 45° or 135°
7l

o

RSB K (PSR B 5 7 76 6% £
W) T R ST
TIEIRH

measurement and metrology; interferometry; spatial carrier phase shifting; least-squares iteration;

ROKEEE, HRrSeBl s AR A0 F i E 8 Wifp. —
Wi G, i bR A B AR e (FFT) 3k
HEE—REEY TWE. B, S5s3I 5N &,

R K5 B2 A X A . 2% 1] 2 A % (SCPS) 3t

b M R IR 23 e A PEAF 3 4 IEARES =/2 T
25 T 90 00 5T R i R SR B B 2 T A
LA T DR L I A g 3 A SR BB 3k A G B

BRZE L A X AR R (8] B AH B AN A 2 T /2 1 HL
e 2o Ak PP s ] 28 I T G0 A0 B I SR A% vk

R BES T W ALE & SR % 24 M (Twyman-
s B #:2007-08-07; Y B & o fs H #5:2007-09-18
fEE® AN

Green) JE 3, X R G e 2& Ju R Z R w7 215 o5 — Fh &
R

E&TH P E TR 4 (2x0100) I H .

E-mail; xujiancheng8143@126. com

RS % BT — A3 2 A 2 (]

E-mail : xugiao@ vip. sina. com

(SR 08 5% 3R A TR B R L 22 0 /25 (L 3 6 AR X i
R AR (1981 B T VL 1 5 28 2 DA S 85 0 D A 2 B T F 5

SURE AT Fr 1972 B I WF5E 01, 1 A S U0, 32 B DS Sl R O 2 o 3 AV I O T B AT O



4 3 R 4. ST R R AR AT (R 3R AH RS v 593

7 B A 5 T A (. A o
T AR B 5 4 9K 10222 . Zhaoyang Wang
SN e (R T B 8 19 25 0 L
ASINF 0 BRSBTS A8 53 7
0104 225 THT 5 A2 D R0 45 0B/
PR 05U SBT3 B/ % 19 2
4 AF RS 0 LA 2 ) 800 T 05 o1 il L
T ECIPNGT S

2 FkH
2.1 ZEHEBEKARIEER
23 (6] 2 U T 96 B ) S5 43 A ol eom
I(x,y) =alx.y) +b(x,y)cos[$(x,y) +
2n(fox + fo)]s (D
KHa, b 533 T WAL E IR TIEE ., £ f, 5
SR sy J7 )Y 2R b Ry B I A A 3 AT AR
Ffosfy IR T a, b, ¢ A ALIIE, U AT CH A AR R
6] @b MRS, K 1) s . A T8 &g nt
N FINE (x,y) = ¢(x,y) + 2n(fox + foy) M
O(B) — ¢(A) = §,.P(C) — P(A) = §,,d(D) —
O(A) =6, +8,:0..0, 4 A H BB TN AMBERE =,
v T AL 2E . %A B 1 Ca) AR B — i 2 ke T
Bl oy o M AR B AR R A A8 — i+ T W &L By
AR E B, C.DAREE . = Wi+ T, 5%
— i T A B Al = T T 95 & A 43
K 28,528,520, 428, . WA LI 1(b) 7R (1K) J5 7
Ay E 4 T ¥ B . ABECDGIIM; BEFDGHJMN
CDGIJMKLO; DGHJMNLOP, 8 % & 4 % 4 6. .
8,:0. +6,.

(b)

B 1 TWEBRESM. (0 MR 20,25,
26, + 26,5 (b) MIBRN 6..6,,6. +0,
Fig. 1 Pixel distribution of interferogram. (a) phase
shifts are 26, ,28, ,28, + 28, ; (b) phase shifts are
0: 90y 10, + 0y
2.2 MEEBRMFEER
T A B S SRR S e Ak R I SR S L BRE — i Bl
B 1] 3 T 5 P 2 A Sy 0 i A R A i ) R Js

T IR IG B/ — 3 R Ak DA VY i 1 8 18] v 4
WAL . BAAPBRINT -
2.2.1 AABER LS A
WO ME N

I, = a; +b,cos($, +68), (2)
AR § LR W TWEG =1,2.3,4).j 3%
AEH T TR —MER A G = 1,2,
N.NHEREANEO ¢ NE A BR SR AL .0,
T WAL & ay T SROGHR L0, TR . EAR ¢
R B BB S5 O v R A ) B AE 45 il 1 T
K] 2 AR R A RO R R E R Bl a)y = ay =
= by; = b;; = /74,oijisz a;
—— b, sing, , M(2) S
I, = a; + b;cosd; + ¢;sind; » (3)
AP SN ARFEAM AN DR A

S/ :Z(I:r _Iil)z =

i=1

az; = ay; »by; = a;.b, =

b cos$; s c;

M
2 (a; +b;cosd;, + ¢;sing, — I;)*, (4
i=1

SR L,y 4 BT 9 63 L IR A — TR
ﬂ»ﬁﬂ% Sj %/J\ 9%‘2ﬁﬁ/@

as, as;, as,
da; =0, ab; =0 dc; =9 (5)
A
* M M = —1
M Z c0osO; Z sing;
i=1 i=1
4 M M M
b | = 2 coso, E cos’ 5 2 c0sd; sind; X
i=1 i=1 i=1
Gj M M M
2 sind; E sing; cosd; 2 sin’ g,
Li=1 i=1 i=1 -
v _
P
i=1
M
Z I,-J COS@{ ’ (6)
i=1
M
2 I; sing;
Li=1 .

b M = 4, d BT W B ML A 3 0. .0, .0, +
8, #0.8..6,.6. + 06,1 LA ) XH L6 .6..0;
O ) 3RAF ;v s HETIAT B AR A7 5311
¢, = arctan(—c¢;/b;) . D
2.2.2 AMfeoymk B E
N T SRAF AR RS B AL R B8R 5 R
il B SRR AL ETC K R G A R B A K B



594 i

e * 35 %

= an by = by =+ = by IR a/{
=—b;sing; ., M (2) XAl 5

Ay = a, = ***
’ ’
= a; ’b,’ - b,‘j COS&I' 2 C

H

I, =a’+bcos$;, + ¢';sing, . (8
AP SM A KRHEFMN AR Hp N> 3,M
= 40t dRe /D ek E] A

N
N 2 cos$,
=1

N N
2 cos$, 2 cos’ ¢,
i1 i=1

N N
E sing, 2 sing; cos$;
Lj=1 ji=1

- —1 ~

N
Z sing;
j=1
N
E cos$; sing;
7=1

N
E sin® ¢,
i=1

S,
=1
N
2 I, cos$,
=1

N
E[,»J sing;
Li=1 i

(9

-

O XA G ¢ 73 5CA ) Ko, a3+ 5453 3
a’i o0yl INARRS BT R
8, = arctan(— ¢’ /b)), (10

2.2.3 ORSLH| b

52 MATPA EUE . MR B — AR
B A AR 2 A B — Uk AT 2 A0 HE A%
P2 [A] o B i LSS RS 1 L AL 2. 2. 2 1 RYE
ARG I3E X 5 28 A 7 B4 522 0 T L 228 o 53 W) e 22 A A7
AR, &l k s s Z 5 W R 2

M
D@ —oH— @ =t <e. (D
i=1

M & CEACE 153 BUAH AL A0 B e 25K 45 B AR AL
oA U e O ST E RS BE 2R A DU e =
10",

3 RN SL I
A3 TV B R B A A
I(x,y) = 150exp(— 0. 35r) +
150exp(— 0. 7r)cos[ 2w (0. 5/ + Ex + Fy) ], (12)

Khr=V2"+y ., —1<a<1.—1<y<1.E,
FY¥RBUWHZE,E=5F =75, 8EZMN NN
128, 4nE 2Ca) frm . #e BIE 1) T 1 J7 i 6 25
BT WEER 4 mAS —EHB RN T T WA,
/N ik AR 10 R SR AR A A7 43 A i & 2.(b)
. ¥ sRABARL S 0.5 2 ) 2518 8 X ik 2%
O3 R 2Co) fs . #2150 T E SR 28
e HA5 2% AT e/ 7 356 R 1k R fy b A5 31
4 Wi # P A)  AE BS B L R 25 /N F0. 005 rad, AT
SR VR AE (PV) IR 228 B R T A/50, ¥R
(RMS) K5 BE . F A/400, #5 % A E 1(b) iR 07
P W 23t 9 vk RS By R R 220 0. 02940 FiIEY
J7 HR R 25 4 0.00412, #5 R H P B Al B e A i

(FET) SR SR A5 I A7 152 22 1 B0 A A6 0 4% X 33
W 2Cd) B . B0 i 22 0 (8 R X J7 AR 8 43 0
0. 1669 F10. 0085, FLHIE 2Ce), (d) TN, ik T I
/N 3 R AR ) s 2 D A B U R R L R A
AR

- K

' |§0.05

0.00
-0.05

-0.10
(d)

K2 HETRNZFERWEMBZEMABEL. @O TH
&5 (b) AL 5 (o) 22534 5 () Pt fli B i
o 1R AT Y 1R 22 43 A

Fig. 2 Spatial-carrier phase-shifting algorithm based on
least-squares iteration. (a) interferogram; (b)

phase distribution; (c¢) error distribution; (d)

error distribution obtained by FFT method
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Table 1 Comparison between parameters obtained by

proposed SCPS and theoretical values

Theoretical value Calculated value Error
PV /A 1 1. 0031 0.0174
RMS /A 0.2125 0.2124 0.0025
& /rad 0.4909 0.4932 0.0023
& /rad 0. 7363 0.7379 0.0016
8 /rad 1.2272 1.2313 0.0041
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Table 2 Errors of the algorithm under different

spatial- carrier frequencies

Carrier FE = 2.5, FE=05, E =10, FE =20,
frequency F=3.8 F=17.5 F =15 F =30
PV /A 0.0798 0.0347 0.0174 0. 0099
RMS /A 0.0136 0.0052 0.0026 0.0015
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Table 3 Errors of the algorithm under different directions

of spatial-carrier {requency

Carrier E=2.5, FE=5, E=17.5, E=10,
frequency F =175 F=15 F=12.5 F=10
PV /A 0.0831 0.0347 0.0227 0.0175
RMS /A 0.0142 0.0062 0.0035 0.0026
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Table 4 Errors of the algorithm under different

random noises

Random

noise 0 2 4 6 8 10
amplitude

PV /A 0.0175 0.0395 0.0741 0.1030 0. 1437 0.1758

RMS /X 0.0026 0.0046 0.0082 0.0121 0.0159 0.0200
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Fig. 3 Comparison among SCPS, PSI and FFT. (a)
interferogram; (b) phase distribution by PSI; (c¢)
phase distribution by FFT; (d) phase distribution

by SCPS
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Table 5 Comparison of figure parameters among

SCPS, PSI and FFT

Method PSI FEFT SCPS(a)  SCPS(b)
PV /A 0. 7707 0.7131 0.7333 0.7309
RMS /A 0.1138 0.1069 0.1097 0.1084

Annotation: SCPS (a) and SCPS (b) denote transformation
from spatial carrier interferogram into 4 temporal phase-shift

interferograms corresponding to Fig. 1(a) and (b) respectively.
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