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Algorithms of the phase-shifting
interferometer via wavelength tuning
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( Precision Mechanical Department, Shanghai University, Shanghai 200072, China)

Abgtract : This paper describes the basc principle of wavelength scanning interferometer and anayzes its
characteristics. Their merits and gpplication fidds are shown by comparing wavelength scanning interfer-
ometer with conventional hardware phaseshifting interferometer. For tunable ssmiconductor laser from
American New Focus Company as example, hardware of realizing wavelength tuning is depicted Smply.
Algorithms of wavelength scanning interferometer are divided into three kinds: weighted multi-step phase
shifting algorithm, the agorithm based on Fourier-trandorm technique and multi-wavelength agorithm.
Their merits and gpplication areas are pointed out through narrating and analyzing them in detial. Further-
more, a new agorithm based on Fourier-tranform technique combining with different calculationsis pro-
posed, which is suitable to measure steps. The new agorithm overcomes the disadvantages of old one need-
ing datum reference and plane of reference, increasng this agorithm’ s utility.
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practice. According to the redization methods of

1 Introduction phase shifting ,it can be divided into two kinds:
hardware phase-shifting and wavdength phase

Phase-shifting interferometry iswidely used in shifting (o can be caled quas-ftware phase
digita ingection due to its high precison and easy shifting) . In hardware phase-shifting , we realize

Received date :2003-04-15; Revised date :2003-10-11
Foundation item : The project is supported by the' Shanghai technological phosphor” project , (No. 01QA14021)



6 YU Yingjie, e a :Algorithmsof the phase- shifting interferometer via waveength tuning 561

the shifting through moving PZT, rotating half-
wave plate, moving diffraction grating or tilting
parale flat , etc. [*!. Among them ,the phase- shift-
ing by moving PZT is applied widely.

Take phase-shifting by PZT for example. In
practical usng, it has the following problems: (1)
When the measuring system has a large scale (for
example, the diameter of reference mirror exceeds
500 mm) , it isdifficult to realize phase-shifting be-
cause of the high requirement for the PZT compo-
nent. (2) Interferometers adways use laser as
urce. For thelaser’ slonger interferentia length,
paradtica fringes will be engaged in when measur-
ing a good paralelism component. To eliminate the
infection of these paradtica fringes, we must
smear vasline on the non-measuring plane, which
is discommodious and will lead error to the result
and which is bothersome egecially infast measure-
ment or while measuring papery workpieces such as
crygdlitic vitreous plate.

Phase-shifting interferometry via wave-length
tuning is a quads-oftware shifting technology and
the phase-shifting of the interferentia sgna is re-
In the
course of the phase-shifting, none components need

alized by atering the output wavelength.

moving. Its meritsare asthefollows. (1) Thefast
regpond decides its suit in larger interferentia sys
tem. (2) It can predigest the structure of the inter-
ferometer. (3) It can éiminate the infection of para-
gtical fringe and realize the sparated measurement
of multi reflective surfaces. However , because the
tunable diode laser is expendve and meanwhile the
algorithms are immature, it is only suited in the
dtuation where hardware phase shifting is unsuit-
able!* 101,

The peper divides the main agorithms of
phase shifting interferometer via wavelength tuning
into three kinds: the weighted multi-step phase
shifting algorithm!?***) | the algorithm based on
temporal Fourier tranform!*®! and the combined
wavelength dgorithm. The weighted multi-step
phase-shifting algorithm is applied to test ome pre-
cison optica wavefront. Meanwhile, this kind of

algorithm can restrain the infection of the parasti-
ca fringes.
Fourier tranform is used to measure the profile
with higher steps or dopes. And the combined
wavelength algorithm is a0 applied to measure the

The agorithm based on tempord

course profile.

The oversas «tientists have done ome re-
search and gotten good results. The ZY GO Co. U.
S. A has produced the wavelength tuning interfer-
ometer with 600 mm diameter’ s measuring aper-
ture. In China, Shangha Univerdty and Chengdu
Optical Precison Manufacturing Center is active in
the study and exploitation. This paper will present
the principle of the phase shifting interferometry
via wavelength tuning and summarize the maim al-
gorithms based on our experience.

2 Principle of phase-shifting inter-
ferometry via wavelength tuning

In Fg. 1, the OPD between the reference
mirror and the measured surface is expresed as
h(x,y) and the intendty of the interfentia dngal
isasfollows:

k(x,y) = Ao(x, {1+ Vo(x,y)oog@k(x,y)]} =

Ao Y 1+ Volx ooy B

Where Aq(x,y) is the background, Vo(x,y) is
the modulusandA , =Ao + KAA , k = 0,1, ,N
- 1, isthe wavelength of the K th phase-shifting.
From the formula above, it can be sen that the
phase-shifting is readlized by waveength tuning.
Compared with traditional hardware phase
shifting, phase-shifting via wavelength tuning has
the following characteristics: (1) Phase shifting
vaueiscorrdativeto h( x,y). For different points
whose h(x,y) are different, the phase shifting
values are a9 different for the same waveength
changing. (2) The linear wavelength changing will
cause nonlinear phase-shifting value. These charac-

ters determine the difference between the wave
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length tuning agorithms and the hardware phase
shifting a gorithms. The agorithmsof phase-shift-
ing interferometer via wavelength tuning will main-
ly solve nonlinear problem.

Reference Measuring
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Fg.1 Sketch map of phase shifting interferometer via
wavelength tuning

3 Hardware of wavelength tuning

The wavelength tuning is usually redized by
the tunable diode laser. Fig. 2 is the wavelength
tuning principle of velocity tunable diode laser
(Mode 6 308) ,made by New Focus Co. , USA.

A high-reflection coating on one end of the
diode laser forms one end of the cavity and a high-
reflecting tuning mirror forms the other. Starting
from the diode the beam in the cavity passes
through a oollimating lens and then srikes a
diffraction grating at near grazing incidence. The
beam is diffracted toward the tuning mirror which
reflects the light back on itsdf for the reverse path.
Part of the light from the diode is reflected, not
diff racted by the grating. This portion forms the
output beam. The grating functions as a narrow
spectra filter. Its passband is only a few GHz
wide. The high wavelength sdectivity results be-
cause many lines of the grating are illuminated by
the grazing-incidence beam and because the beam is
diff racted by the grating twice in each round trip
through the cavity. The grating sectra filter is
narrow enough to force the laser to operateinasn-
ge longitudina mode. Different wavelengths
diff ract off the grating at different angles. Howev-
er , only one wavelength leaves the grating in a di-

rection that is exactly perpendicular to the surface
of the tuning mirror forming the resonant laser cav-
ity. Thisistheladng wavelength, becauseit’ sthe
only one that will survive for many cavity round
trips. It follows then, that we can tune the laser
by changing the angle of the tuning mirror.

— ") A___l

Fg. 2 Wavdength tuning principle of tunable diode

laser

Through driving the DC Motor or PZT, the
direction of the mirror can be changed to redize the
wavelength tuning. The coarse adjustment , which
is redlized by driving the DC Motor , is 0.02 nm
and the fine adjustment , which is realized by mov-
ing the PZT, is 0.001 nm (Higher resolution can
be redized by externaly connecting more exact
voltage controller) . In the 6 300 velocity tunable
diode laser , it includes a controlling part to ensure
the output steady power during wavelength chang-
ing, which isvery important for precison measure-
ment.

4 Main agorithms of phase-shifting
interferometer via wavelength
tuning

4.1 Weighted multi-step phase-shifting algo
rithm via wavelength tuningt®***!

Weighted multi-step phase-shifting algorithm

via wavelength tuning succeeds the idea of hard

ware phase-shifting algorithm and the core is usng

algorithm to minish the nonlinear error produced

by the phase-shifting principle itsaf. In phase
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shifting interferometer via wavelength tuning, the
changing frequency of the interferentia dgnal is
correlative to the OPD between the two interferen-
tia beams. Because the different OPD between the
interferential dgna and paradtica sgna leads to
different frequency changing correponding to the
same wavelength shifting, we can use sgna pro-
cessing theory to separate them. By phase-shifting
interferometry via wavelength tuning , we can real-
ize not only the detection of the profile but d< the
measurement of the thickness variation or the re-
fractive index of optics.

In the wavelength tuning interferometer , we
assume the phase of the initiative interferentia sg-

na is:
Pol(x,y) :MAO : (2
Then the phase of the K thinterferential qgna is
(pk(xly) =
Aih(x,y) 4th(x,y) 4th(x V)IA)\—
Ao+ AN~ Ao i A3 -
QPo(x,y) - Itv(x,yyk(k=0,1,...,N- 1),

(3
S the tempora frequency of the interferentia sg-
na is
v(ix,y) = Z‘D‘(}IX(Z)“AD'A A
In Fig. 3, each frequency in the measurement can
be described as follows !

A
Voo = ZBNIph ¢ ano T(L- TG @)

v, v2/‘ ) ’v‘[ j
Tested | ‘]; [ 47

Fig.3 Sketch mgo of the measuring information

Reference r

o

Where p, qare both integers reflecting the paths of
interferentia beams, ng is the refractive index of
the measured componentswhenA =A gand Tisthe
thickness of the workpiece.

ng T

It isassumed that h

= 3 , measuring mate-

A
ria isBK7 , initiative wavelength is 690 nm and_nz

?d(?ji_ =1.2% (For BK7). Table 1 shows the fre-

guency information of the interferential dgnals.
Except profile and thicknessinformation , other in-
formation islooked asparadtica sgnasinthe mea
surement. We can separate the ussful Sgnal from
other paradtica dgnals applying the sgnal analyss
theory.

Tab.1 Freguency information of each measuring sgnd

Vk/ Vi Vk/ vi
No. ()Lni 3,3 -0) (For BK?) Remark
vil(p=1,9=0) 1 profile
Va2 2(2,0 2
V3 3(0,1) 3.04 thickness
Va4 2(-1,1 2.04

Acoordng to the sgnd andysstheory , we desgn a
19-gep dgprithm. The phase of point (x,y) is:

19

Z sklk(x,y)

Qo(x,y) = arctan g R €5))
kZC|<||<(X,)/)

While measuring the profile, sx = w(k) én(%
e

x k),cc= w(r) oos(6 x k).

While measuring the thickness, sy = w(r) s'n(%

x k),ce= wi(r) oos(1l2><k).

In the formula above, w (k) isthe weighted val ues
determined by the window function.

There are many kinds of window function
such as Bartlett , Blackman, Hanning and Lifting
Cogne etc. Inorder to test the characteritic of the
window function ,people define the following func

tions to estimate the restraint of harmonic'?!
19

Fi(v) = 5 sexp(- Bkjj), (6)
F(v) = 3 cex(- ékj? )
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Take Hanning window for an example, its figure
and evaluating function are showed in Fig.4 6.
In threefigures, it isassumed that nog T/ h = 3and
we do not condder theinfection of reflection coeffi-
cient
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Fg.4 Hanning Window

j—

0.5f / A

=
~

[}
[
]
)
]
[]
¥
*
1

Fg.5 Evauating function of 19-step agorithm in pro-
file measurement
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Fg. 6  Evduating function of 19-step dgorithm in

thickness measurement

It can be sen that the ussful and the useless

dgnalscan be sparated availably. It isone of the

shortcomings of the phase-shifting algorithm via
wavelength tuning that the thickness of the work-
piece and h must fit certain terms,i. e. the work-
piece must be suited in a certain postion. Normal-

T
|y,2sﬂ°h—s5.

From the figures above,
that the sengtivitiesof the algorithm for ome har-

it A can be sen

monious sgnals are unequa to zeros, which will
cause ome rudimenta errors and efect the testing
Thergfore, the window function usualy
needs adjusting ulteriorly. In order to improve the
the weighted values deter-
mined by window function are usualy processed ul-
teriorly, but the processed results should
sati fy! !

result.

restrain characterisic,

N N
kZSk:O kZCkZO

ZSksn( ) = ZCkwsﬁ K

Zskoosé W o= chsn( o) , (8)

Whered | is the phase-shifting val ue.

Acoording to the principle described above , we
can define more agorithms suitable for the actua
interferometer.

4.2 Phaseshifting algorithm based on temporal
Fourier trandorm

Tuning wavelength for severa times, we ac-
quire N interferograms shown in Fg. 7. Each
points has N samples in temporal gace. For a ==
ries of intengtiesof each point we do Fourier trans
form and take out afrequency chart through afilter
window which is shown in Fig. 8, then we do in-
verse Fourier tranform and phase unwrapping , we
can acquire the distribution of phase @(x,y)".
Because of the periodicity of the coane sgna and
the processing of phase unwrapping, @«(x,y)' #
@(x,y) (seeequation (1)) :

@(x,y) +consant = @(x,y) :flkh(x,y),

(9)

The constant is unknown, 9 from @(x,y)",
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h(x,y) can not acquired directly.
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Fg.8 Fourier trandorm of sgnas

To relve this problem, Takeda and his col-
leagues proposed applying a reference piece with a
known height and a datum plate in the testing sys

tem as the contrastive object!'®’ , shownin Fig. 9.
Reference mirror

Reference
object

(Fayd Datum
84—  plate

——

Fig.9 Principle of Takeda agorithm

The measured profile is

‘5?([(Pk(><.y)' - @ (x0,¥0']
L(x,y) =- Hg X ,
ak[<Pk(xR,yR)' - Q(x0,¥0']

O

where { } presents the average calculation.
This agorithm is suitable for testing some
course profiles or the work piece with high steps.

The shortcoming of this algorithm is obvious. It
needs a reference object with a proper known
height and a datum plate with a good flatness. In
order to improve this algorithm and to make it
more useful , the paper puts forward a new algo-
rithm.

Although, @ (x,y)" #®(x,y) their differ-
ences are equa , namely V@ (x,y)' = V@(x,
y) , 9

N-1

Z{ wk(x,y)’[AOme Ao+ (4121- }

h(x,y) ==~ ~a 2
Z[AO+IAA Ao+ (k- ]m]
10

Obvioudy, the proposd agorithm avoids the
shortcomings of the Takeda' sagorithm. It is suit-
able to measure the profile with steps smilarly.
4.3 Combined wavelength algorithm

In phase shifting interferometry , because of
the periodicity of interferentia dgnas, the chang-
ing phase of the adjacent points should less than 2\
, i.e. the changing profile of the adjacent pointsis
less thanA / 2, which limits the measuring range of
multi- step phase-shifting algorithm. There are two
methods to enlarge the range. One is usng the
light ource with longer wavelength but alo has a
bound. The other is usng multi-wavelength com-
bination method. For two-wavelength combined al-
gorithm as example.

When laser wavelength isA 1, the phase of in-

terferential sgnal is@1 (x,y) = y-h(x.y). Then
1

shift the wavelength toA », we get @2 ( x,y) :)%1 h
2

(x,y). Ther differenceis

AQ (x,y) =@1(x,y) - @2(x,y) =Tm_a h(x,y) ,
Ao-As
(1)

AA
AN A2
For)\z_)\l

range of multi-step phase-shifting a gorithm makes
great increase. For example,A; =670 nm andA ;

>> A A,, the depth measuring

AAS,
=671 nm, then)\ A =449 570 nm. Thejump
- 1

changing of adjacent points adopting dngle-wave-
length measurement and double-wavelength com-
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bined measurement are relatively less thanA (/2 =

A
335 nm and)\ \ /2 =224 785 nm. The smdler
2 - 1

wavelength interva , the larger redizable measur-
ing range. Since the easy redization of the wave-
length shifting which makes combined wavelength
measurement easly redize, usng combined wave
length measurement can enlarge the measurement
range of phase-shifting algorithm. This algorithm
is suitable for the measurement of higher step.

5 Concluson

The characters of phase-shifting interferome-
try via wavelength tuning are(1) the phase shifting
vaue is correlative to the OPD , i.e. phase shifting
vaue of each gatid pointsis different even though
the wavelength changing isthe same. (2) The non-
linear error of phase shifting via wavelength tuning
leads the main error of measurement. (3) It is suit-
able to the interferometer with large scale for its

fast repond and low demand for the interferome
ter’ s structure. (4) It can redize the separation of
multi-sgnals. The phaseshifting agorithms via
wavelength tuning involve three kinds: weighted
multi-step phase shifting agorithm , phase-shifting
algorithm based on tempora Fourier trandorm and
combined wavelength agorithm. Weighted multi-
step phase shifting agorithm can restrain the har-
monic error led by the nonlinear phase shifting and
be able to redize the sgparation of multi-sgnals.
The shortooming of this algorithm is that it has
limit for the podtion of the tested workpiece. This
agorithm is adgpted to measure minute profile.
Phase-shifting algorithm based on tempora Fourier
trandorm can caculate the ablute value of the
OPD. It issuitable for measuring rough or stepped
profiles. Combined wavelength agorithm iseasy to
realize and is d< fit to measure rough or stepped
profiles. In aword, the phase-shifting interferom-
etry via wavelength tuning isin progress.
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