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based on fringe projection is proposed and demonstrated. Simple and
effective signal processing is described and applied to the angular cal-
culation. Several measurements indicate a measurement accuracy of
=0.4 arcsec, which is comparable to that of a high-priced autocollimator.
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1 Introduction

A lot of optical methods for angular measurement have
been proposed to date. Those techniques are necessary to
align machine, tools, position mask wafers for integrated
circuits, and so on. The autocollimator and the interferom-
eter are well established devices for angular measurement.
The former, while simple in structure, is expensive and not
suitable for automatic on-line measurement, because it
takes much time to align the measurement axis. Also, its
measurement range is small. The latter, which is based on
the interference of optical waves, converts the angular dis-
placement into an optical path difference.! Many tech-
niques have been proposed to improve the accuracy of such
systems and to miniaturize them.

We have proposed several interferometers that measure
small rotanon angles by using parallel mterference patterns
(PIPs) and sinusoidal phase modulation.? Orthoaonal PIPs
and paired PIPs have enabled two- dlmensmnal and
wide- range5 rotation-angle measurement, respectively. by
eliminating external disturbance. Although these systems
are able to realize highly accurate and wide-range rotation-
angle measurement, they are complicated and large. Other
techniques that snmpll and miniaturize the interferometer
have been proposed In such systems, at least one mea-
surement arm in the interferometer contains prisms. Inter-
nal reflection in the prism yields a simple setupycheapness,
and high resolution. The measurement, however, suffers
from external disturbance, because it uses interference of
optical waves. Furthermore, it is difficult to extend the sys-
tem to two-dimensional (2-D) measurement.

Another method, which is not based on interference but
on internal reflection, has been developed.”"l5 While the
system is compact and highly accurate, it also is restricted
to one-dimensional (1-D) measurement.

The moiré techmque is also useful to measure angular
dlsplacement 8 1t is applied to the mask aligner for
semiconductor processing. The system is rather simple and
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cheap. It requires, however, a fine and precise 1-D grating,
which results in restriction to 1-D measurement.

In this paper, we propose another type of technique for
rotation-angle measurement. Because the measurement is
not implemented by interference but by fringe projection, it
is basically robust to external disturbance and simple in
setup. Although the basic principle is the same as that of
our previous system, ~ the configuration, signal processing,
and performance are much improved. In particular, no ref-
erence mirror is required, and size of the object mirror is
much reduced. In the signal processing, a highly efficient
algorithm is introduced for the determination of a phase
difference. The performance is especially improved in re-
gard to the realization of 2-D measurement and high angu-
lar resolution. Several measurements and evaluations indi-
cate that the measurement accuracy is =0.4 arcsec, which
is ten times better than that in our previous system and is
comparable to that of a high-priced autocollimator. Also,
the measurement range has been expanded to
~1300 arcsec for 2-D rotation-angle measurement by
means of the projection of a two-pitch grating image.

2 Principle
2.1 2-D Rotation-Angle Measurement

Our system measures the angular displacements of the ob-
ject mirror (Mg), which rotates around the x- and y axes.
The principle of the measurement is illustrated in Fig. 1.
The focal length of the imaging lens L is f;. We used two
kinds of 2-D grating in the experiments, which are illus-
trated in Fig. 2. We call them S1 and S2, respectively, in
this paper. As shown in Fig. 2(a), S1 is a simple square
grating whose pitches are p, and p,. On the other hand, S2
is divided into four sections. Each section is distinguished
by referring to the segments p, g, 1, and s as shown in Fig.
2(b). The pair of gratings in the areas p-r and g-s have the
same pitches p,, and p,,. The other pair in the areas p-s and
q-r have the same pitches p,, and py,. That is, diagonally
opposite pairs of gratings have the same pitch.
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X
kViewing plane b;

Fig. 1 Principle of the measurement: Mo, object mirror; L, imaging
dans; Xo, fringe shift; p,, pitch of the grating; f, focal length of the

fimaging lens.

Although the system possesses a 2-D grating as indi-
cated in Fig. 2, we focus our attention on angular measure-
ment around the y axis (in the x direction) to simplify the
explanation, in which grating S1 is assumed. The grating
image is focused onto Mg by lens L as shown in Fig. 1. The
image is reflected to and observed on the viewing plane.
We use the image that is captured before the mirror’s rota-
tion as the reference. If Mg rotates slightly by 6,, the
viewed image shifts by

xo=fL tan 26, (1)

with respect to the reference image. We call the shifted
image used for the angular-displacement measurement the
object image. The rotation angle 6, is then given by

1
b= tan"'(x—z) @)

from Eq. (1). The shift x; is calculated from the phase
difference between the reference and the object image. If
we denote the reference and the object image as g,(x) and
8,(x), respectively, they are expressed as

sx) =alx) + b(x)cos( 2p_17x + ¢k) (k=1,2), (3)

X

where a(x), b(x), and ¢, are the background intensity, am-
plitude of the viewed grating image, and phases that are

=
~
A

e
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Fig. 2 Grating images (a) S1 of the 1-D grating and (b) S2 of the
-D grating used in the experiments. S2 is divided into four sections.
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used for the rotation-angle calculation, respectively. We as-
sume that a(x) and b(x) do not change with the shift of the
grating. The shift x, can be calculated by

P
Xo= ﬁTA &xs 4)

where Ag,=¢@,— @, is the phase difference between g,(x)
and g,(x). Substituting Eq. (4) into Eq. (2), we have the
rotation angle

1 _1( Px )
- — A
gx = —tan ‘fl:_ 2 ¢x (5)

for the x direction. In the same way, the rotation angle for
the y direction is given by

1 p
6=—tan'1( A ) 6
h=5 2af, by ). (6)
where A¢, is the phase difference between the reference
and the object grating images in the y direction.

2.2 Signal Processing for the Determination of the
Phase Difference

In our system, the determination of the phase difference
between g;(x) and g,(x) is the most important. In our pre-
vious paper,1 the phase difference was obtained after de-
tecting the phases of the reference and the object image by
applying the Fourier transform (FT) method.”® The FT
method, however, uses both the FT and the inverse FT to
obtain one phase. It requires a long calculating time. On the
other hand, the signal processing we describe in this paper
uses only the FT, it is very simple, and its calculating time
is much shorter than that of the previous one.

We describe the process only for the x direction, to sim-
plify the explanation. The grating images expressed in Eq.
(3) are rewritten as follows:

alx) =a(x) + Ck(x)exp(izizx) + c;(x)exp(— ii—wx)

) %
(k=1,2),

where

cx(x) = %b(x)exp(iq&k), (8

and * denotes a complex conjugate. When the FT is ap-
plied to gi(x), we have

Gu(f) = A + ck<f— L) + c;(f+ i), ©)
Px Px

where capital letters denote the corresponding FTs. The
Fourier spectra of G,(f) and G,(f) are separated on the
frequency plane as illustrated in Fig. 3.

We now turn our attention to the Fourier spectra C| and
C, that are enclosed in the dashed rectangles in Fig. 3. If
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Fig. 3 Distribution of the Fourier spectra of (a) G,(f) and (b) G,(f.
The phase difference is calculated by using the components en-
closed in the dashed rectangles.

we extract those particular components from C; and C, at
-1/p, and 1/p,, respectively, they are given by

1

C1(0) = 5B"(0) exp(~ i) (10)
and
C.(0) = 5 B(O) expligs). (11)

where B(f) is the FT of b(x). Because the product of C;(O)
and C,(0) is

CHOICA0) = 1B expli(s - )] (1)

the phase difference is given by

) Im[CH(0)C0)]
Adc=tan {Re[c;w)cz(on ' (12

Thus we do not need to calculate ¢; and ¢,. but can cal-
culate A, directly without the inverse FT. The phase dif-
ference A ¢, for the y direction can be calculated in a simi-
lar way.

Because A¢, and A¢, are confined to the region be-
tween 0 and 2, the maximum measurable ranges for the x
and the y direction are simply given by

1 px)
oxmax=_ 14
5 tan” (fL (14)

and
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Fig. 4 Experimental setup: L, lenses; M, mirrors; PC, computer.

Oy max = ltan (%) (15)
L

respectively.

2.3 Two-Pitch Method Modified for 2-D
Measurement

When A, and/or A, increase beyond 27 because of a
large rotation of the mirror, an ambiguity occurs in the
measurement, To eliminate this problem, we apply the two-
pitch method"® by use of S2. This is a techmque similar to
the traditional two-wavelength interferometry. ! When we
apply the two-pitch method for the x direction, we first
exchange the areas g-r and g-s of the captured grating im-
age before the phase analysis, whereas in the case of the y
direction, the areas p-s and g-s must be exchanged. These
processes allow us to increase the cycle numbers of the
grating and to improve the measurement accuracy.'® The
principle of the 1-D two-pitch method is described in Ref.
19 in detail; here let us explain it briefly for the case of the
2-D measurement. If we use two pitches p,, and p,, after
capturing the image of S2, the actual phase differences are
represented by

Ady = Ay +2m,7 (16)
and
Adp=A¢,+2n,m, (17)

where A¢,; and A¢,, are the detectable phase differences
for p,, and p,,, respectively, and m, and n, are integers.
Assuming that m,=n,, they are given by

R,A¢”—A¢,1]

2 ' (18)

my=n,= IN’I'[
where R,=p.,/p,, is the ratio between the synthetic grating
pitch

Px1Px2 (19)
|px1 = P

for the x-direction and the original one, A¢,=A4dy
—-Ag,, is the difference between the detectable phase dif-
ferences for the x direction, and the function INT[ ] gives
the integer part of the argument. Substituting Eq. (18) into

Pxs=
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Fig. 5 Schematic of the mirror-rotating system.

Eq. (16). the actual phase difference A, is obtained.
Similar equations

A, = Ay, +2mym, (20)
AJJ,Z =Ady, +2n,m, (21)
R, Ad,, - A
my=n,= INT[—‘V—E;’—d)LIjI (22)
m
and
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are derived for the y direction, where Ag,; and Ad,y, are
the detectable phase differences for p,; and p,,. respec-
tively, Ry=p,;/p,;, and Ad,;=A¢,;—Ad,,. The difference
A, is then calculated from Egs. (20) and (22). Permuting
Ad,; and A, with A, and Ag,, in Egs. (5) and (6),
respectively, 2-D rotation-angle measurement can be
achieved over a wide range.

p (23)

3 Experimental Setup

A schematic of the' experimental setup is shown in Fig. 4. A
compact laser diode (Hitachi HL6335), whose wavelength
and output power are 635 nm and 5 mW, respectively, is
used as a light source. The grating is irradiated by the light,
and its image is focused onto the object mirror in the
mirror-rotating system. The pitches of the gratings used in
our experiments are p,=p,=1.7 mm for S1. and p,,=p,,
=p;=17 mm and p;,=p,>»=p>=1.5 mm for S2. They were
printed on a transparency with a laser-beam printer whose
resolution was 600 dots/in. The focal length of the imaging
lens L4 is f; =1000 mm. The grating image reflected by the
mirror backpropagates and passes the half mirror. The CCD
camera captures the image, which is shifted by the rotation
of the mirror. The pixel number and the pitch of the CCD
camera are 768 X494 pixels and 6.4X7.5 um, respec-
tively. The captured images are processed by the computer
in the frequency domain to calculate the rotation angle. At
the same time, the rotation angle is measured by the auto-
collimator (Taylor-Hobson DA20) so as to estimate the ac-
curacy of our system. The resolution and the measurable
range of the DA20 are +0.2 and +20 arcsec, respectively.
The mirror-rotating system is illustrated in Fig. 5. A gim-
bal mirror holder is used to hold and rotate the object mir-
ror. The angle of the mirror is controlled by rotating the two
micrometers installed in the mirror holder. The angles
change by B,=0.68 deg per turn and 8,=0.54 deg per turn,
respectively, for the x and the y direction. We attached the

Proposed system : O Forward, [J Reverse
Autocollimator  : ) Forward, < Reverss
80
8 60
a0t
E 2}
LY
0 L 1
0 20 40 60 80
6, (given) (arcsec)
(b)

Fig. 6 Measured rotation angle for (a) the x direction and (b) the y direction in the range of
0 to 80 arcsec. “Forward” and “Reverse” mean increment and decrement of the angular displacement.
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Fig. 7 Measured rotation angle for (a) the x direction and (b) the y direction in the range of
0 to 20 arcsec. The measurement was made in the “Forward™ direction.

metal bar to one of the micrometers and moved it with the
motorized micrometer head. The micrometer head was po-
sitioned at the end of the metal bar. We used a dedicated
laser sensor whose resolution is 0.1 um to monitor the dis-
placement of the metal bar. The reflector attached to the
metal bar reflects the sensor beam. The displacement D is
monitored by the sensor at a distance H of 11 mm. The
angles of rotation driven by the micrometer heads are given
by

B: (D
0x=;rtan ! 7 (24)
and

B, _ (D
0y=5;-‘;tan' q) (25)

respectively. Although the rotation angle can be confirmed
precisely by the autocollimator, we can estimate it roughly
by monitoring D.

4 Results

We measured the rotation angles by using grating S1 to
confirm the performance of the proposed system. From
Eqgs. (14) and (15), the maximum measurable ranges of the

500
g Theoretical
£ 400 1 o 4
~ —--8--PI(1.5mm)
.. 300 —
§ s-=x-++ F2(1.7mm)
g 200
E 100
<

0
0 100 200 300 400
8, (given) (arcsec)
(a)

(arcsec)

6y (measured)

angular displacement are calculated as 175.3 arcsec for
both directions. Figure 6 shows the measurement results, in
which “Forward™ and “Reverse” mean increment and dec-
rement of the angular displacement, respectively. The solid
lines in Fig. 6(a) and 6(b) show a slope of 45 deg. The
“given” angles were calculated by using Eqgs. (24) and (25).
The angle was measured at intervals of =4 and =3 arcsec
for the x and the y direction, respectively, by using our
system and the autocollimator. While a large hysteresis
loop is observed in Fig. 6(a), the results obtained by our
system and by the autocollimator agreed very well., Be-
cause a lot of experiments had been made only for the x
direction rotation, the screw of the micrometer could have
been worn down. It seems likely that the hysteresis comes
from this wear. We presume to show this result because the
nonlinear change well confirms the measurement perfor-
mance. The measurement results plotted in Fig. 6(b) show
the linear dependence on the rotation angle that is given by
the mirror-rotating system. The angles measured with our
system and the autocollimator agreed well also in the y
direction.

In these experiments. angular displacement was mea-
sured in the range of O to 80 arcsec. but we finely mea-
sured the rotation angle in the narrow range of
0 to 20 arcsec for the x and y directions to confirm the
measurement error. The angle was measured every

500
Theoretical

40 | o A

—-e-- PI(1.5mm)
300 [...x-- F2(1.7mm)
200
100 .

P

0 100 200

300
8, (given) (arcsec)

500

Fig. 8 Rotation angles for (a) the x direction and (b) the y direction measured with two-pitch grating
S2. Plots on the dot-dash line and dotted line are obtained with a single pitch. Plots on the solid line

are obtained by the two-pitch method.
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=1 arcsec for the “Forward” direction by use of our system
and the autocollimator. Measurement for the x direction
was made in the linear regions in Fig. 6(a), avoiding the
ponlinear range. Results are shown in Fig. 7(a) and 7(b).
respectively, for the x and the y direction. No major differ-
ences were found between the results obtained by our sys-
tem and by the autocollimator. The differences between the
measurement results obtained by the two devices are found
to be 0.35 and 0.34 arcsec rms for the x and the y direction,
respectively. These results allow us to estimate a measure-
ment accuracy of =0.4 arcsec.

Next, we tried applying the 2-D two-pitch method by
using S2. Although the maximum measurable ranges are
estimated as 175.3 and 154.7 arcsec for p, and p,, respec-
tively, from Egs. (14) and (15), it is expected that the mea-
surement ranges for the both directions can be expanded up
1o =~1314 arcsec, because the synthetic pitch is p,=p,
=p,=12.75 mm. Results obtained with S2 are shown in
Fig. 8. In the x direction, measurements were conducted 30
times every =15 arcsec for p; and for p,, as shown in Fig.
8(a). As we expected, the results obtained for p; and p,
‘were discontinuous at =175 and =155 arcsec. respec-
tively; but the rotation angle was measured without such
discontinuities over the whole range when the two-pitch
method was applied. The continuous plots agreed well with
the theoretical line. The deviation from the theoretical line
was 0.79 arcsec rms for the x direction. The same experi-
ment was performed in the y direction. The angular dis-
placement was measured every =12 arcsec for the y direc-
tion. Because the coefficient B, is smaller than B,. while
every displacement of the metal bar driven by the motor-
ized micrometer was the same for the x and the y direction.
an angular displacement in the y direction was smaller than
one in the x direction. Although the results obtained by p,
and p, were discontinuous as shown in Fig. 8(b). the two-
pitch method allowed us to compensate the discontinuity.
The deviation from the theoretical line was 0.48 arcsec rms
for the y direction.

5 Conclusion

We have proposed and demonstrated a small-rotation-angle
measurement system that has wide measurement range. A
precise two-dimensional measurement scheme was realized
with a simple setup. Although the system proposed in this
paper is a modification of our-previous one, the configura-
tion, the signal processing, and the performance are much
improved. The laser light enables us to focus the beam on
the object mirror, and it removes the requirement on the
size of the object mirror. A simple and highly efficient sig-
nal processing scheme was proposed for calculating the
phase difference. Several measurements confirmed that the
measurement accuracy is =0.4 arcsec in our proposed sys-
tem. The performance matched a high-priced autocollima-
tor in accuracy. The two-pitch method enabled us to expand
the measurement range. In our prototype, it covers the
range from 0 to 1314 arcsec, which is superior to an auto-
collimator.
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