Multiperiod fringe projection interferometry using a
backpropagation method for surface profile measurement
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Interference fringes with different periods are projected on an object surface. There is a constant phase
point where the phase of the fringe is kept at a constant value while the period is scanning. Multiple
optical fields with different periods on the object surface are made from detected phases of the fringes. The
multiple optical fields are backpropagated to the constant phase point of the phase where all of the phases
of the multiple backpropagated fields become the same value and the amplitude of the sum of the multiple
backpropagated fields becomes maximum. The distance of the backpropagation provides the position of
the object surface. Some experiments show that this method can measure an object surface with discon-
tinuities of several millimeters with high accuracy of several micrometers. © 2007 Optical Society of

America

OCIS codes: 120.2650, 120.6650, 120.3180.

1. Introduction

Moiré and fringe projection techniques are noncon-
tact optical techniques that have been widely applied
in industry for measuring the 3D profile of object
surfaces [1]). These two techniques use the fringe pat-
terns projected onto the object surfaces, which are
generated with either a grating or two laser beams.
The surface profile of the object is obtained from a
phase distribution of the fringe patterns which is
calculated by the Fourier transform method [2] or by
the phase-shifting method [3]. Since the phase dis-
tribution of the fringe pattern lies in the range from
— to w, spatial phase unwrapping must be carried
out to recover the surface profile. However, since the
phases of two adjacent measurement points are com-
pared and connected in spatial phase unwrapping, it
is impossible to recover the surface profile with dis-
continuities such as height steps or spatially isolated
surfaces, which cause phase jumps larger than 2.
The moiré and fringe projection techniques using
only one-period fringe projection are difficult to mea-
sure object surfaces with the discontinuities.
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Recently some methods [4-10] using multiperiod
fringe projection have been proposed to measure ob-
ject surfaces with the discontinuities. These methods
have some analogy with multiwavelength inter-
ferometer techniques (11-13]. One basic idea of the
multiperiod fringe projection technique is to use a
fringe pattern with a large period, which makes the
phase jump smaller than 27 for the spatial phase
unwrapping. Since the measurement accuracy is not
high when the period of the fringe is large, fringe
patterns of small periods are used to improve the
accuracy. A simple method based on this idea has
been reported in [4] in which just two different per-
ods were used. This idea was developed by using
fringe patterns of several periods for measuring dis-
continuous objects with a higher accuracy as {ie'
scribed in [5]. Another basic idea of multiperlod
fringe projection technique is to use the intensity or
phase change of the projected fringe pattern on each
measurement point of the object surface when the
fringe period is scanned. A method using the inten-
sity change in a shadow moiré profilometry was ré-
ported in [6]. The intensity change with time was 3
sinusoidal waveform on each point of the object sur
face, and the height distribution on the object was
proportional to the frequency of the intensity change.



Since the Fourier transform was used to obtain the
frequency of the intensity change, the wavenumber
or the reciprocal of the fringe period must be in-
creased exactly at the same interval. Also in multi-
period fringe projection, a similar method using the
intensity change and its frequency was reported in
[9]. A method using the phase change on each mea-
surement point was reported in [7], which is called
the temporal phase-unwrapping method. Interfer-
ence fringes with different periods were projected on
the object surface at different times. The wrapped
phase values measured during the scanning of the
fringe period were unwrapped along the time axis on
each measurement point. The height of the object
surface on each point was obtained from the total
value [8] of the phase change, which occurred during
the scanning of the fringe period. The measurement
accuracy of this method using the total value is not so
high because only the two phase values at the largest
and the smallest fringe periods are used and the in-
termediate phase values are discarded. In [9] these
intermediate phase values were used to estimate the
gradient of the phase change, which provided the
height of the object surface in the same way as that in
multiwavelength interferometers. Several methods
using multiperiod fringe projection were compared
through numerical simulations and very simple ex-
periments in [9,10]. It is important for achieving a
higher measurement accuracy to use effectively all
phase values obtained during the scanning of the
fringe period. Another important thing in the tempo-
ral phase-unwrapping method is how to realize a con-
stant phase point where the phase of the fringe
pattern does not change while the period of the fringe
pattern is scanned. For example, in [8] the rotation
axis of the mirror was used as the constant phase
point. The exactness of the constant phase point di-
rectly affects the measurement accuracy.

In this paper a multiperiod fringe projection is ex-
ecuted with an interferometer in a similar way to [8].
However using sinusoidal phase-modulating inter-
ferometry enables us to produce exactly the constant
phase point of the fringe pattern by a phase-lock
technique [14]. The constant phase point produced
electrically in this paper has higher accuracy than
that produced mechanically in [8]. Amplitudes and
phases of the fringe patterns with different periods on
the object surface are detected by using sinusoidal
phase-modulating interferometry [15]. Optical fields
of the different fringe periods on the object surface
are made from the detected amplitudes and phases.
Since the optical fields on the constant phase point
are not changed during the scanning of the fringe
Period, the optical fields on each point of the object
surface are backpropagated to the constant phase
Point. When the backpropagated fields reach the con-
Stant phase point, the amplitude of the sum of the
backpropagated fields with the different fringe peri-
ods becomes maximum and its phase becomes zero.
The backpropagation distance from each point of the
Object to the constant phase point provides the posi-
tion of the object surface. This method is hereafter

called the backpropagation method. Simulations
make it clear that measurement results by the
backpropagation method are not sensitive to noises
contained in the measured phase. Although the back-
propagation method needs a long computation time,
it achieves a measurement accuracy higher than the
other methods in the multiperiod fringe projection. In
experiments, a step profile made by gauge blocks and
a step profile made by aluminum plates are mea-
sured. It is confirmed in the experiments that a dis-
tance of several millimeters can be measured with a
high accuracy of several micrometers by using the
backpropagation method in the multiperiod fringe
projection.

2. Principle

A schematic for the multiperiod fringe projection in-
terferometry is shown in Fig. 1. Two plane waves of
wavelength \ propagating in different directions pro-
duce a parallel interference fringe in the space. The
coordinate system (x,,y,,2,) is involved with the
fringe pattern as shown in Fig. 1. The intersecting
angles between the two waves and the z, axis are
+0,,, respectively. The period of the fringe pattern is
expressed by P,, = \/28,, since sin §,, = 0,, when 0,,
is small. Changing the intersecting angles 6, as
80, 01, . . ., and 0,,_,, the periods of the fringe pattern
P, are scanned as Py, P, . . ., and P, accordingly.
The phase of the interference fringe at x, = 0 is kept
at /2 during the period scanning by using a feed-
back control system. The phase distribution in the
coordinate system (x,, y,, 2,) is written as

T
U (2py Xp) = Ry + 5 (1)

where &, = 27/P,,, and it is called the wavenumber
of the fringe pattern.

It is assumed that there is a point object @ on the
surface of the object. An image of the point is formed
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Fig. 1. Schematic for multiperiod fringe projection and detection
of the fringe patterns by sinusoidal phase-modulating interferom-

etry.
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on a detection plane with an afocal imaging system.
Another coordinate system (x, y, z) involved with the
imaging system is defined. The original O of the co-
ordinate system (x, y, z) is the same as that of the
coordinate system (x,, y,, 2,). The z axis is parallel to
the optical axis of the imaging system. The intersec-
tion angle of the axis z, and the axis z is 28. The phase
distribution in the coordinate system (x, y, z) is writ-
ten as

(X, 2) = kp(x cos 2B + 2z sin 2B) + ;—T (2)

The position of the point object @ is expressed by
x = xo and z = z,. The magnification of the imaging
system is assumed to be a unit for the sake of sim-
plicity. The size of an object is limited to less than the
aperture of the afocal imaging system. The position of
x = 0 on the detection plane corresponds to the orig-
inal O and the image of the point object @ is formed
at x = x, on the detection plane. The interference
fringe intensity oscillates sinusoidally in the direc-
tion of the x, axis with the form of a cos w, in order
to incorporate the sinusoidal phase-modulating inter-
ferometry. Then the following interference signal pro-
duced by the point object @ is detected on the
detection plane:

I, (x,, t) =A,, + B, cos[a cos wt + (%o, 20)],
m=0,..., M—-1 3)

The amplitude B,, and the phase «,, of the interfer-
ence signal are calculated with the sinusoidal phase
modulation method. The calculated value of «,,(z() is
wrapped in the range between —= and . Since the
original point of the coordinate x on the detection
plane is decided by finding a position where the phase
a,, is a constant value of /2 during the scanning of
the fringe period, the coordinate x, of the object is
provided by the position of the detection plane. The
following phase «,, is extracted from the phase
o,,(x0, 20) by subtracting the value of %,x, cos 23
+ w/2 from the calculated value of «,,(z):

®mz(20) = k2o sin 2B. (4)

The range of a,,(zo) is between 2nm — 7 and
2nmw + w, where n is an integer value and the com-
ponent of 2n is removed from the o,,,(2,). Since the
coordinate x, of the object is known, a method that is
called the backpropagation method is used to get the
coordinate z, of the point object.

In the backpropagation method, the detected field
of the point object @ is made as

D,.(x0, 20) = B, €Xp[jam:(20)]- (5)

When the detected field D,, is backpropagated to a
position z, the backpropagated field of U, (x,, 2) is
given by
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Un(xo, 2) =D, exp[—jom,(2)], m=0,... M-1,
(6)

The sum of the backpropagated fields over all of k,,
produces the following reconstruction field as a fune-
tion of the backpropagation position z:

M

Ug(z) = mi; U.(z) = :SSA,,, exp[ —JjSkn(z —20)], (7)

where S is the incline coefficient that is written ag
S = sin 2B and k,, is the wavenumber of the fringe
pattern. k,, is expressed as k,, = k; + mAk, where Ak
is the scanning interval of k. If A,, and 2 are de-
noted by A,, = 1 and zp = z — z;, Eq. (7) is reduced to

(M
. M-1) sm(i AkzDS)
Ur(z) = exp{J[—ko + Ak]SzD}——“
sin(§ AkzDS)
=Ap exp(Jdr). (8)

Therefore the amplitude A of Uy is given by

sin(%'i zDS>
sin(A—zk zDS),

where B, = MAk is the scanning range. When z;
is close to zero, Eq. (9) can be approximated as
Ap = M sin(MWzp)/(MWz;), where W = AkS/2. The
phase distribution &g of Uy is given by

AR = (9)

(M-1)
2

br= | —ho+ Ak]SzD=—kCSzD, (10)

where ko = ky — [(M — 1)/2]Ak is the central wave-
number.

From Egs. (9) and (10), the amplitude of A be-
comes maximum and its phase ¢ becomes zero at
zp = 0 where z is equal to the coordinate z, of the
point object @. From this basic characteristic, the
coordinate z, of the object point @ can be obtained.

Now the measurement of the surface profile S of an
object is considered as shown in Fig. 2. The coordi-
nate z of each point on the surface of the object 15
calculated with the backpropagation method de-
scribed above. To get the height distribution of the
surface, a reference plane AB is defined as shown 11
Fig. 2. The intersecting angle between the reference
plane and the coordinate x is B so that the interfer-
ence fringe reflected by the reference plane propa-
gates in the direction of the z axis, which is the optica
axis of the imaging system. The coordinate x, of the
reference plane corresponding to the object point Q1s
expressed as



Fig. 2. Height & from standard plane AB in measurement of
surface profile S.

X, = Xy c0s B + 2, sin B. (11

The height. A normal to the reference plane on a point
(x,, y,) is given by

h(x,, y.) = (20 — X, tan B)cos B. (12)

3. Numerical Analysis

Characteristics of the backpropagation method are
discussed in this section. The scanning interval of &,
is given by

o 2T (1 1 )‘(kM_l—ko)

SM-i\P, P, M-1 - (13)
Since U,,(z) is a discrete function with respect to %,,,
Ug(z) becomes a periodic function with respect to z.
Considering Egs. (4)(7), the period of Ug(z) or the
measurement range of z is given by [11]:

3 2w
Zinax — m (14)
The phase ¢ changes linearly with respect to z, and
its period, which is called the central period, is given
by Eq. (10):

27 2P,P,,_
PC=E—S=_—0PM ! . (15)
oS (Pot+ Py 1)S
Figure 3 shows the simulation results of the back-
propagation method. The scanning period of the
fringe is from 200 to 400 um with M = 6, Ak
= 0.0031 (rad/pm), B = 45° and z,,, = 2000 pm.
The value of z, is 1525 pm. The amplitude B,, of the
Interference signal is a constant value of 1 for all P,,,.
Figure 3 indicates that the amplitude distribution A,
of Uy has a maximum value at z = z, and its phase
distribution ¢z has a zero value at z = z, with the
period P of 266.7 wum. When there is no error in the
Mmeasurement, the values of z, and z, are equal to
the position z, of the point object.
It is assumed that the measured phase distribution
®, contains a measurement error that has a normal
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Fig. 3. Simulation results of the backpropagation method for one
point object. (a) Amplitude distribution, (b) phase distribution.

distribution function with the average value of zero
and the standard deviation value of o. The simulation
results in the condition of ¢ = 0.36 rad are shown
in Fig. 4. In this case, both values of z, and z,
are different from the real value of z, where
24 = 1579 pm and z, = 1531 pm. Therefore the po-
sition of z, is not greatly affected by the noise com-
pared to the position of z4. The accurate value of z, is
obtained from the position of z, where the difference
between z, and z, is less than Py/2.
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Fig. 4. Simulation results of the backpropagation method when
the measured phase distribution contains a measurement error
with standard deviation o of 0.36 rad. (a) Amplitude distribution,
(b) phase distribution.
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Fig. 5. Unwrapped result of measured phase distribution a,,

which contains a measurement error with standard deviation o of
0.36 rad.

The phase gradient of the measured phase distri-
bution «,,, is also used to get the position z, of the
object. In the method using the phase gradient, which
is called the phase gradient method hereafter, the
phase distributions «,,, obtained from the interfer-
ence signal are unwrapped with respect to different
values of &,, as shown in Fig. 5. The values of a,,,
shown in Fig. 5 are not on a linear line because of the
noise with ¢ = 0.36 rad. A linear line is fitted for the
values of «,,, with the least-squares method to obtain
the phase gradient g, which is given by

Ja

qg= ﬁ’fqo sin 2B. (16)

The value of z; obtained from the value of ¢ is denoted
by z,.

Cgmparing the phase gradient method and the
backpropagation method, some simulations were
done for the noises with the different values of o. Two
hundred trials at a fixed value of ¢ were carried out
to obtain the average and standard deviation value of
2,4, 24, and z,. The results describing the standard
deviations are shown in Table 1, where S{w} means
the standard deviation of w. It was made clear from
the simulation that z, and z, have the same charac-
teristics. The differences between the average value
of z, and the value of z; are within a few tenths of a
micrometer. The differences between the average
value of z, and the value of z, are within a few mi-
crometers. At ¢ = 0.36 rad, the value of S{z,} becomes
large because in some trials the difference between z,
and z, is larger than P¢/2 and the value of z, is
shifted by one period P, from a value of ~z; The

Table 1. Standard Deviations of z,, z,, and z,, for Different Values of o
when z, = 1525 pm

ag
(rad) 0.06 0.12 0.24 0.36
Siz,) (pm) 4.7 8.6 18.1 32.8
Siz,} (um) 4.7 8.6 18.1 32.8
Slzy) (um) 0.9 2.1 4.1 20.2
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standard deviation value o of the noise in the exper-
iment described in the next section is estimated to be
~0.12 rad. It is concluded that the value of z, ob-
tained from the backpropagation method has a
higher accuracy than the value of z,.

4, Experiment

A. Experiment Setup

The experimental setup is shown in Fig. 6. A 50 mW
laser diode is used as the light source. A laser beam
collimated with a lens L, is divided into two beams by
beam splitter BS1. The beams refiected from mirror
M1 and mirror M2 produce the interference fringe.
Piezoelectric transducer 1 (PZT1) changes the angle
8 of mirror 1, which changes the periods P,, of the
interference fringe. The piezoelectric transducer 2
(PZT2) vibrates with frequency f. of 125 Hz to pro-
duce the sinusoidal phase modulation in the interfer-
ence fringe. The interference fringe is divided into
two parts by beam splitter BS2. One part is incident
on a photo diode (PD), which detects the interference
signal at one point of x;. Considering Egs. (1) and (3),
the detected interference signal is given by

L,(¢, %) =A,, + B, cos(a cos wt +k,xp). (17)

In the feedback control circuit, a feedback signal
of Sy = B, cos(k,xy) is produced by eliminating the
dc component of A, and sampling I,.(¢,x) when
cos(w.t) = 0. A feedback control signal made from the
signal S; is applied to the PZT2 so that S; becomes
zero by moving mirror M2. Thus the feedback control
system makes the phase of the point x; fixed at w/2
while the period P, of the interference fringe is
changed. The point x; is defined as the origin point of
the x, axis or x axis, and the expression of Eq. (1) is
realized. The other part of the interference fringe is
projected on the surface of the object. The image of
the object’s surface is formed with the afocal imaging
system whose magnification is M,, = f,/f;, where f;
and f, are the focal length of L, and L,, respectively.
A high-speed CCD camera with the frame period of

LD
Lo
M, object
— BS1 BS2
f a=mnl2
PZTI \ ------- R
cotwal) el M e LT
[rzr2] PD
L <> 0
Féedba‘:lk ! x
t
ontro CCD

Fig. 6. Experiment setup of the multiperiod fringe projection for
surface profile measurement.



1ms is used to detect the sinusoidally phase-
modulated interference fringe.

B. Experiment Results

First an optical surface with a step profile made by
two gauge blocks was used as an object. Height H of
the step profile was 1000 um. The parameters used
in the experiment were as follows: P; = 249.8 um,
P, = 285.2 pm, P; = 332.6 um, P, = 400.3 pm, Ak
= 0.0031rad/pm, B = 45° 2y 2000 pm, P¢
= 266.7 pm, f; = 100 mm, and f, = 50 mm. The
image size on the x-y plane of the CCD image sensor
were 256 X 240 pixel with pixel size of 7.4 um, and
the measuring region on the object was ~3.8 mm
X 3.6 mm with M,, = 1/2. Figure 7 shows the am-
plitude Ay and phase ¢ for one measuring point of
xz = 1.45 mm and y = 1.79 mm on the object surface.
From these results, the measured value of z, or z, was
2862 wm. The measured value of & calculated with
Eq. (9) was 998 pum at the point of x = 1.45 mm and
y = 1.79 mm. Figures 8 and 9 show the measured
height distribution ~ over the reference plane and
along one line of y = 1.79 mm, respectively, where the
notation of x, is the x axis of the reference plane.
Because of the shadow of the step profile, there is no
interference signal reflected from x, = 0.98 mm to
x, = 1.95 mm. The average value of the height dif-
ference H on the line of y = 1.79 mm was 998 pm.
The measurements were repeated at intervals of a
few minutes. The measurement repeatability of
~2.5 um was obtained from the rms value of the
differences of the measurement results.

Next a rough surface of aluminum with a step pro-
file was used as the object. Since the average height
of the step profile was ~2 mm, the measurement

N
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—_ | ®

S 3F | 1
S I
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1 ] L 1
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Fig. 7. Backpropagation results for one point of x, = 1.45 mm,
¥ = 1.79 mm on the object surface. (a) Amplitude distribution, (b)
phase distribution.

X, (mm)

yr (mm)

Fig. 8. Measured height distribution of the step profile made by
two gauge blocks.

range z,,, was set at 2521 pm in the condition that
the value of B was 16° and the scanning interval Ak
was 0.0046 rad/pm. When B was 16°, the size of the
shadow on the lower surface of the object caused by
the edge point of the step profile became small. To
decrease the random noise in the measurement of
rough surface, the following six periods of the
interference fringe were used: P, = 177.9 um,
P, = 205.8 um, P; = 2433 pm, P, = 297.1 um,
Py, = 376.2um, and Py = 501.0 pum, where P
= 484.6 pum. The measuring region was ~7.6 mm
X 7.2 mm with f; = 100 mm, f, = 25 mm, and M,
= 1/4. Figure 10 shows the height distribution of the
step profile, where the height distributions of the
upper and lower surfaces forming the step profile are
drawn with the separated axis of 2. The measured
value of the height H between the central point on the
two measuring surfaces of the step profile was
2070 pm. The measurement repeatability of 7.5 um
was obtained by repeating the measurement three
times at intervals of a few minutes. This repeatability
was larger than that in the measurement of the op-
tical surfaces of gauge blocks because the measure-

1.0 tE—— ]
E 0}
L
0_0¥ baaaan Y
® 1 3
X, (mm)

Fig. 9. Cross section of the measured height distribution of Fig. 8
aty = 1.79 mm.
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Fig. 10. Measured height distributions of two rough surfaces
forming the step profile.

ment error in phase a became larger for the rough
surface.

5. Conclusion

A multiperiod fringe projection interferometry by us-
ing the backpropagation method was presented. The
feedback technology was incorporated to keep the
phase on one point of the object surface at 7/2 during
the scanning of the fringe period. In the backpropa-
gation method the optical fields with different fringe
periods were backpropagated to the stationary point
of the phase. The position of the object surface was
obtained from the distance of the backpropagation on
which the amplitude of the sum of the backpropa-
gated optical fields became maximum and its phase
became zero. The simulation made it clear that the
backpropagation method had a measurement accu-
racy higher than the phase gradient method. The
measurement repeatability was 2.5 pm for the opti-
cal surface profile with a step height of 1 mm made by
the gauge blocks, and it was 7.5 um for the rough
surface profile with a step height of ~2 mm made by
the aluminum plates.
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