7"6 %%5 ﬁ% http://www.chinaaet.com

*
b b b
( , 310000)
PV RMS 0.006A ., , PV 0.09A , RMS
0.02A . , .
: TN247 ;0438 DA DOI ; 10.16157/j.issn.0258-7998.200753
, , .. 1. ,2021,47(1): 100-107.

: Li Jingwei, Xin Qing, Yu Jie,et al. Measure transparent elements using least squares iterative phase shift method|[J].
Application of Electronic Technique ,2021,47(1):100-107.

Measure transparent elements using least squares iterative phase shift method

Li Jingwei, Xin Qing, Yu Jie , Hou Changlun
(College of Electronic Information , Hangzhou Dianzi University , Hangzhou 310000, China)

Abstract: In order to measure the surface phase of the front and back of the transparent plate more accurately, a phase shift algo-
rithm based on least squares iteration is proposed. After a least squares phase shift algorithm, the corresponding transparent flat
surface pattern can be obtained, but the accuracy of the obtained surface map is not high because there is an error in the initial
phase value. Therefore, it is necessary to derive the accurate phase value from the obtained surface map. The algorithm calculates
the more accurate initial phase shift value by the method of least squares and multiple iterations. After the simulation experiment of
the method, it is known that the measurement accuracy of this algorithm is high and the anti—noise ability is better. The error of
the PV value and RMS value of the surface map is less than 0.006A. In actual measurement results, the PV error of the measure-
ment result is less than 0.09A, and the RMS error is less than 0.02A. The measured shape is close to the true shape of the ob-
ject, and the measurement accuracy is high.

Key words: interference ; least squares iterative algorithm ; phase shift algorithm ; shape detection ; multi—surface interference

=21 , TSURUTA T 14

[5-6]

0 LED

« . (2016YFF0101908) 17

100—www.ChinaAET.com

http://www.chinaaet.com



http://www.chinaaet.com

[8-10] N
s 1 nm
[11-13]
A
1
CCDh, CCD o
, , 0,
2, 3,
CCD, o 1 2
[l ’ [l
_ 417
L(x’Y)—“Kx,Y)+bﬂx,}0005[‘X‘*L(x’y)] (1)
al(x,y) 7b1(x’y)
SISSSS o
/N /N
=N}
& Y Y st
<&\ AN
N 7|7
ot
Z\ N\
N 7|7
AR JEARE
5
cCD
1

KEBFE5EA

A s L(x,y)
B o 1 N 3 2 N 3
(1) o
1.2
[14]
. [15]
. [16-17]
. [18-19]
[20] ,
[21] : 9]
m s A
A— A)\m , m [lm
L(x,y)=ai(x , ¥)+bi(x , y)cos| dm g (2)
’ ’ ’ A+AA,
(2)
4w - 4w, 4mAA, (3)
A+AN, A A(A+AN,)
41 )
(3) )\+A)\m L ’ ()Dl(xyy)o
4wAN 4wAN
AN =N, = —=-L,
A(A+AN,) A2
Hl.mo (3)
Loz, y)=ai(x, y)+bi(x, y)cos[@i(x,7)+6, 4] (4)
CCD
3
I, =A,t 2, bucos[@x,y)+6,,] (5)
i=1
t , L
’ A m o (x ’ y)
M
St )= X [, () e P (6)
L(x,y) o 0\
, (6)
Ui
S= Z (a+bcosh; ,+csinb; ,+dcosb, ,+
m=1
esind, ,+fcosb; ,+gsinbs ,—I)? (7)

a =A ms b =bmcos¢l , C =bmSingD] ) d =meOS§DZ s € =bmSin§D2 9f=

b,coses, g= b,sings, s

) 2021 47

http://www.chinaaet.com

—101



HEFHREE

http://www.chinaaet.com

Photoelectron and Laser

’ 07 9
9
AX=Y (8)
M C S1 Co S2 C3 §3
2
C C, C18 C1Cy C1Sy C1$2 C1S83
2
S C18 Sy CrS| $182 C38 S183
2
A=|C2 cCic2 €28 C, €282 C2C3 €283 9)
2
S2 C1S82 $182 C282 Sy C387 $283
2
C3 C1$7 C3S CyC3 C3S82 Cy C3S83
2
S3 C183 $183 Cr83 $283 €383 '53
X=[a b ¢ d e f g|" (10)
Y=[SI I SI. SI B[ SI SI ! (1)
3
C;=COSQP; , §;= 2 sing; . , 7
i=1
X, X ,

’

:golzarctan(—Z—) , po=arctan (— 2—) , Q3=

arclan (— £ )o ,

/

P P2 P3

o 9
, , (7)
"
S,.= Z (a'+b' cosp+c'sing +d’ cospyt+e’ sing,+
m=1
[ cospytg’ singps—1I)? (12)
a'=A,,b"=b,cos0, ,,c" =b,sinb, ,,,d =b,cos0; ,,,e' =

b,sin@, ,,,f =b,cosbs . ,g" =b,sinb; ,, ,
A'X'=Y' (13)
N ¢ s, c, Sy c, Sy
R €181 €€y €18y, €18, €18,

S CSy 8y CaSy S8y €38 $;8;3
’ ' ' ' ' ' 2 ' ' '
A'=lc, cyc, c,5, ¢, c,8, €,c, c,5, | (14)
' v ' ‘ 2
Sy €Sy 8518, €85, Sy €38, $;,98;
C3 €S, €38, C€,C;3 €8, C3 C38;
S3 €183 S§153 €83 §,8; €385 S5
X=[a" b" ¢ d'" e [f g'|" (15)
Y=[2] Elm 2[_\,] E[Q 2]‘1 Elm Elm 1" (16)

c;= Z cosgo,;,s;= Z sing; , N

102—www.ChinaAET.com

: @1=arctan (- Z—:) ,

!

-

!
G,=arctan(-<-) , ;=arctan

d’ Jo

’ o

max {1[8,(k)=8,(k)]~[8,(k-1)=8,(k-1)]1}< 10~

(17)
k o
2
2.1
$1=0.57+y
$,=0.1x+y (18)
¢3=¢1—¢2
x y 0 512, -
2 , 2(a) b,
s 2(b) e s 2(e) s
o 3
2.2
7 9
, 4(a) s
4(b) ,
4(0) ) ’
) 0,
Mg T g T
01—8 , 0, 10 , 03 15 °
01 ,02
703 o
. o
8’ 10 °
o
15 o b
12 , )
5 6 . 5
: PV RMS 0.006A .
2.3

http://www.chinaaet.com



http://www.chinaaet.com

Y

A

8

W pix
5 2
f=] [=] f=]
- L] w - [+ (- ~ @ o s

- 300
200

100

0 100 200 300 400 500 600
R#: pix
()
2
, PV
o PV 0.03A
RMS 0.008A
[22] 8 . ,

&
19 % pix
3
a; ,f'/’ .\\\,
08 _,.r": \
08 I..a"f:l |
05 ;I_.
0.4 l’_.f".
03 / "'-.\
02t/ \
01 / j \\
% 100 200 200 a0 500
(a)
1200
1000 |
Il
|
. | \
- wmmm WM\W
-, 100 20 300 400 500
B pix
(b)
1200
1000 |
|
i ﬂ
b ‘'
o ...«m'fwﬁ M‘r-—r
s =0 100 20 00 400 500
fR#: pix
(c)
4
) 2021 47

http://www.chinaaet.com

KEBFE5EA

PV

—103



7"6 EE'?‘—EJ iﬁ% http://www.chinaaet.com

1.5 600

WV w i 500

" /A\ . . ”
i ’ \
15 300 A 0 . 300 25
-

20 A’ \ =2 200 15

— M| :

on 100 200 300 400 500 600 .

fR#&: pix

&

8

R#E: pix
B

@

100 200 300 400
1R pix

(a) (a)

600 e
60O
500 ‘ 35
500
400 30
== - a
o e —— % i
g ‘ a0
m 15
200
10
100 200 300 400 500 600
R pix 0 o
0 00 200 300 400 500 600
(b) W pix
5 (b)

0.05A , RMS 0.03A

45
500 0 . . o
b )
400 k]
’
i =
W 300 o o
- 20 3
200 15
10
100
B o 9 )
U 2 1 0 o

100 200 300 400 500 600

R pix R 256256
a ’ ’
w00 i 11
o) o
500 = ,
400 ® 12 .
- - , 11
£ o .12
= * .11 12
o
100 o , 1l(a) 12(a)
PV 0.0321 , RMS 0.008A ,
% 00 200 m;mpx 400 500 600 , 11(b) 12(b)
) PV 0.086A , RMS 0.018A .
PV

6 >

104—www.ChinaAET.com

http://www.chinaaet.com



http://www.chinaaet.com j"ﬂ EE'?‘_EJ iﬂ%

A
600
500
fﬁ;‘.é pix 9
(a) 4
600 i
500 ? )
400 b o
- PV 0.006A
200 s PV
0.01A
100
° ) s
r'ase-.. o
(b)
3 [1] , , ..
[J]. ,2010(1):47-51.
0.09A , RMS 0.02A . [2] , , ,

) 2021 47 1 —105

http://v§<ww .chinaaet.com



HEFHREE

Photoelectron and Laser

http://www.chinaaet.com

o 50 100 150 200 250 300 kA

(a)
11

0 50 100 150 200 250 300wk

(a)

12

[J]. ,2016,34(3):112-116.

[3] Chiayu Ai.Multimode laser Fizeau interferometer for measu—
ring the surface of a thin transparent plate[]J].Applied
Optics , 1997 ,36 (31):8135-8138.

[4] TSURUTA T,ICHIHARA Y.Accurate measurement of lens
thickness by using white—light fringes[J].Japanese Journal
of Applied Physics, 1975(S1):369.

[5S] HOPLER M D, ROGERS J R.Interferometric measurement
of group and phase refractive index[J].Applied Optics,
1991,30(7) : 735-744.

[6] GROOT P,DECK L.Surface profiling by analysis of white—
light interferograms in the spatial frequency domain[J].
Journal of Modern Optics, 1995 ,42(2):389-401.

[7] , , , .

[J]- ,2006,33(9): 1260-1264.

[8] ISHIT Y, CHEN J,MURATA K.Digital phase—measuring
interferometry with a tunable laser diode[J].Optics Letters,
1987,12(4):233-235.

[9] OKADA K,SAKUTA H,OSE T,et al.Separate measure—

106—www.ChinaAET.com

3!:0 A
1%
10
]
]
5
0
300
(b)
:!Iln KA
0
25
-]
15
0
5
300 o

(b)

ments of surface shapes and refractive index inhomogeneity
of an optical element using tunable-source phase shifting
interferometry[J]. Applied Optics, 1990 ,29(22):3280-3285.

[10] FUKANO T, YAMAGUCHI I.Separation of measurement of
the refractive index and the geometrical thickness by use
of a wavelength—scanning interferometer with a confocal
microscope[J]. Applied Optics, 1999 ,38(19) : 4065-4073.

[11] DECK L L.Fourier—transform phase-shifting interferometry[J].
Applical Optics, 2003 ,42(13):2354 - 2365.

[12] HIBINO K,OREB B F,FAIRMAN P S.Wavelength—scanning
interferometry of a transparent parallel plate with refractive—
index dispersion[]J].Applied Optics, 2003 ,42(19):3888—
3895.

[13] HIBINO K,OREB B F,FAIRMAN P S,et al.Simultaneous
measurement of surface shape and variation in optical
thickness of a transparent parallel plate in wavelength—
scanning Fizeau interferometer[]]. Applied Optics, 2004 , 43
(6): 1241-1249.

[14] SURREL Y.Design of algorithms for phase measurements

http://www.chinaaet.com



http://www.chinaaet.com

KEBFE5EA

by the use of phase stepping[J].Applied Optics, 1996, 35
(1):51-60.

[15] SCHWIDER J,BUROW R,ELSSNER K E, et al.Digital
wave—front measuring interferometry: some systematic error
sources[J]. Applied Optics, 1983 ,22(21):3421-3432.

[16] LARKIN K G,OREB B F.Design and assessment of
symmetrical phase-shifting algorithms|[]J].Journal of the
Optical Society of America A,1992,9(10):1740-1748.

[17] MALACARA-DOBLADO D,DORRIO B V, MALACARA-
HERNANDEZ D.Graphic tool to produce tailored
symmetrical phase—shifting algorithms[J].Optics Letters ,
2000,25(1):64 - 66.

[18] HIBINO K,OREB B F,FARRANT D I, et al.Phase—shifting
for nonsinusoidal waveforms with phaseshift errors[]].
Journal of the Optical Society of America A,1995,12(4):
761-768.

[19] HIBINO K,OREB B F,FARRANT D I,et al.Phase
shifting algorithms for nonlinear and spatially nonuniform

phase shifts[J]. Journal of the Optical Society of America

A, 1997, 14(4):918-930.

[20] SCHMIT J, CREATH K.Extended averaging technique for
derivation of error—compensating algorithms in phase-
shifting interferometry[J]. Applical Optics, 1995, 34(19):
3610-3619.

[21] PHILLION D W.General methods for generating phase—
shifting interferometry algorithms[J]. Applical Optics, 1997,
36(31):8098-8115.

[22] , , .
[J]. ,2019(6) : 1277-1285.
( :2020-07-15)
(1994-), ,
(1981-), , ,
(1976-), ., , ,
,E —mail .

hou_cl@hdu.edu.cn

HS0SOLS 0SSO0 0000000000000 000000000000 0000000000

( 85 )

[4] MENDES P R D C,NORMEY-RICO J E,ALBA C B.
Economic energy management of a microgrid including
electric vehicles[C].Innovative Smart Grid Technologies Latin
America , 2016.

(1. ,2017 ,43(5): 155-158.

[6] , , . [J].
,2017 ,43(6): 151-154,158.
[7] , , -
[J]. ,2014(S1):374-382.
(8] Bl , , . /o
[J]. ,2011,35(14):30-35.
9] B, , ;o
[J]. ,2016,44(17): 111-117.
[10] , , ..
[J1. ,2014,38(9):77-84.
[11] , , ..
[J]. ,2017(8) :256-267.
[12] , , ..
[J]. ,2012,36(7): 86-93.

[13] , , ,
[J1. ,2018,42(10) .
3305-3314.
[14] , S
[J]. ,2015,39(10):
93-99.
[15] , , .
[J]. ,2017,41(2):
84-93.
[16] , . [J].
,2018,44(11):150-153, 157.
[17] , .
[J]. ,2017(12) :41-49.
( :2020-03-10)
(1995-), , ,
(1970-), s ) )
, E—mail : zhangyuxue637388@126.com ,
(1982-), , , )

) 2021 47 1 —107

http://www.chinaaet.com



http://www.chinaaet.com

hRAX 7= BR

ZAEH A, KRBT FE & W EAEER BT (o THA LAY
&, LAZKRT|H @R BETIM. LARFNDATFIZE L. ILh.
FFRATIE S ML, RERTPFERZ, FE—WEFENLE TR
TG AEE A KFERB L,

AEHA, AL LEZRBE T B2 HEE (CNKL). 773K
FHifRS-F 6. F AP SR E (45 ). DOAT. £E (&5 A4&
T8N IST B AFEFARIR M SR B 52038 A LK.

st F ik BB B AT A SRR R LA . AR FAA, KT
PRI —4) ok Bk AT R IE B ARz

R

CRETFRORNHD) Jn
F E TR R REH R A R NPT

http://www.chinaaet.com





