Sinusoidal-wavelength-scanning interferometer
with double feedback control for real-time

distance measurement

Osami Sasaki, Kazuhiro Akiyama, and Takamasa Suzuki

In addition to a conventional phase « the interference signal of a sinusoidal-wavelength-scanning inter-
ferometer has a phase-modulation amplitude Z,, that is proportional to the optical path difference L and

amplitude b of the wavelength scan.

L and b are controlled by a double feedback system so that the

phase « and the amplitude Z, are kept at 3w/2 and m, respectively. The voltage applied to a device that
displaces a reference mirror to change the optical path difference becomes a ruler with scales smaller than
a wavelength. Voltage applied to a device that determines the amplitude of the wavelength scan
becomes a ruler marking every wavelength. These two rulers enable one to measure an absolute
distance longer than a wavelength in real time. © 2002 Optical Society of America

OCIS codes:

1. Introduction

Real-time distance measurement with a laser inter-
ferometer is important in applications such as
semiconductor-wafer positioning, disk-drive calibra-
tion, and machine-tool control. Many instruments
for measuring interferometric distance take a rela-
tive distance measurement with a single-wavelength
interferometer. If there are short interruptions in
the optical path, the relative distance measurement
ends in failure. Many applications for distance me-
trology require absolute distance measurements.
To meet this requirement, two-wavelength inter-
ferometers equipped with a function of real-time
measurement have been developed. For real-time
measurement, electronic circuits are employed to
process two interference signals instead of computer
processing. The unique techniques of real-time elec-
tronic processing in heterodyne interferometry and
sinusoidal-phase-modulating interferometry were re-
ported in Refs. 1 and 2, respectively. Recently
wavelength-scanning interferometers with a wide
scanning width of ~10 nm have been applied to ab-
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solute distance measurement. In Ref. 3 linear
wavelength scanning was used in heterodyne inter-
ferometry to obtain a wide range and high accuracy in
the measurement. In Ref. 4 sinusoidal wavelength
scanning was used in sinusoidal-phase modulating
interferometry. However, measurement accuracy
and the range of the interferometer in Ref. 4 were not
sufficient for practical applications.

In this paper we employ the same sinusoidal-
wavelength-scanning interferometer by using a super-
luminescent diode as in Refs. 4 and 5 and propose
interference signal processing with feedback controls
to obtain a high accuracy of several nanometers. In
sinusoidal-phase-modulating interferometers the con-
ventional phase a of the interference signal can be
easily locked at a constant value as reported in Ref. 6,
and the amplitude of sinusoidal wavelength scanning
can be precisely controlled as reported in Ref. 4.
These two advantages are utilized in the interferome-
ter proposed here. In addition to phase «, the inter-
ference signal of the sinusoidal-wavelength-scanning
interferometer has a modulation amplitude Z, that is
proportional to the optical path difference (OPD) and
amplitude of the wavelength scan. First phase « is
kept at a constant value of 3w/2 by controlling the
position of the reference mirror or the OPD with a
feedback system. The OPD changes from the initial
valueof LtoL, = L — L, = 3\o/4 + m\,, where A\, is
the central wavelength and m is an integer. Next the
voltage V,, which determines the amplitude of the
wavelength scan, is controlled with a feedback system
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Fig. 1. SWS interferometer for real-time distance measurement:
BS1, BS2, beam splitters; DA, divider; OSC, oscillator.

so that the modulation amplitude Z,, is kept at = for an
OPD of L,. Discrete values of the voltage V, exist as
stable points in the feedback control according to inte-
ger values of m. Therefore the stable points of the
voltage V, become a ruler marking every wavelength.
Voltage applied to a piezoelectric transducer (PZT)
that causes a change L_ in the OPD becomes a ruler
with scales smaller than a wavelength. An OPD L
longer than a wavelength can be measured accurately
with two rulers in real time. A great advantage is
that the ruler marking every wavelength can be cali-
brated automatically with double feedback control by
changing the OPD at intervals of approximately a
wavelength.

2. Interference Signal

Figure 1 shows the setup of the interferometer. We
explain the kind of interference signal that is ob-
tained in the sinusoidal-wavelength-scanning (SWS)
interferometer by using a superluminescent laser di-
ode (SLD). The output beam from the SLD is colli-
mated with lens L1 and incident on diffraction
grating G1. The first-order reflection from the grat-
ing is Fourier transformed with lens L2 to obtain the
continuous spectrum of the SLD that appears on the
focal plane of lenses L2 and L3. The central wave-
length of the spectrum is A,.  Slit SL is placed on the
focal plane, and a portion of the spectrum is trans-
mitted. The slit is connected to the magnetic coil of
a speaker and vibrates sinusoidally with an angular
frequency of w,. The central wavelength of the light
passing through the slit is sinusoidally scanned and
expressed as

AE) = Ng + b cos(wyt). N

The light coming from the slit is Fourier transformed
with lens L3 and is incident on grating G2 so that the
first-order reflection from the grating produces a col-
limated beam whose propagating direction is con-
stant for all wavelengths contained in the spectrum
of the SLD. The collimated beam becomes the out-
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Fig. 2. Block diagram of feedback signal generator 1:
tiplier; LF, low-pass filter.

MA, mul-

put of a SWS light source for an interferometer. The
time-varying intensity of the collimated beam is de-
noted by I,,(¢), which is detected by photodiode PD2.

The output beam from the SWS light source is
divided into two beams. One of them is reflected by
an object. The other is reflected by reference mirror
M2, which is displaced by the PZT. Interference sig-
nal Sp(t) detected with photodiode PD1 is divided by
intensity I,,(¢) to obtain an interference signal as fol-
lows:

S(t) = Sp(t)/I,(t) =A + B cos(Z, cos wyt + ), (2)
where A and B are constants,
Z, = (2wb /NS L, 3)
o= —(2%w/N) L, (4)
where L is an OPD.
3. Measurement Principle

A. Measurement of L with Feedback Control

We now explain how to measure a fractional value of
OPD L by feedback control. The construction of the
feedback signal generator, FSG1, is shown in Fig. 2.
Multiplier MA multiplies signal S(¢) with cos(2w,t),
and the output of MA is fed to low-pass filter LF
whose cutoff frequency is (w,/2)/10 to obtain a feed-
back signal,

A, = BdJ,(Z,)cos o = g cos a, (5)

where oJ, is the second-order Bessel function. Feed-
back controller FC1 produces voltage V, applied to
the PZT. The feedback system controls the position
of reference mirror M2 or the OPD so that the feed-
back signal A; becomes zero. The speed of the feed-
back control is determined mainly by the cutoff
frequency of the low-pass filter, LF, in the feedback
signal generator, FSG1. A change in the OPD
caused by this feedback control is illustrated in Fig. 3.

In Fig. 3 negative feedback works in the region
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Fig. 3. Change in the OPD by feedback control, which keeps
phase a at 3w/2.
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Fig. 4. Block diagram of feedback signal generator 2: SH, sam-

ple holder; SB, subtractor.

where the differential coefficient of A; with respect to
a is positive, and the positive feedback works in the
region where the differential coefficient is negative.
First the OPD is at L and the position of signal A, is
at point Q. The position of signal A, is moved to a
stable point, P, by feedback control. Phase «a be-
comes 3w/2 + 2mw, where m is an integer. In Fig.
3 the value of L, is positive when the first OPD L
changes to a smaller OPD L, by movement of the
reference mirror, M2. L is a fractional value of the
OPD L to be measured. The OPD at the stable point
of the feedback control is given by

Lz =L - L" = 3)\0/4 + m)\(). (6)

It is assumed that the first position, Q, of signal A,
is at a point at which a negative value of signal A, is
very small in the positive feedback region. In this
case it is unclear whether the position moves to the
right-hand side in Fig. 3, because sometimes noise
contained in signal A, pulls the position to the left
side. When the position of signal A; moves to the
left side, the value of L, exceeds \y/2. The same
situation occurs when the first position, Q, of signal
A, is at a point at which a positive value of signal A,
is very small in the positive feedback region. There-
fore the range of L is approximately between —\y/2
and \y/2. If an initial condition is given in which
L,=0atV,=0,L, can be obtained by measuring
the applied voltage V, from the relationship of L, =
BV,, where B is a constant. Its measurement accu-
racy is of the order of nanometers.

B. Measurement of L, with Feedback Control

We explain how to measure an integer multiple of the
wavelength in the OPD L. Since the phase « is kept
at 3w/2 by feedback control, the interference signal is

S(t) = A — B sin(Z, cos wt), (7
where
Z,=(2wb/N\y)L.. (8)

The construction of feedback signal generator FSG2
is shown in Fig. 4. Signal S(¢) is sampled with sam-
ple holders, SHs, when cos w,¢ = 1 and cos w,t = —1
so that signals S, = A - BsinZ,andS_, =A + B
sin Z, are obtained. From these signals a feedback

signal
A3=S,1—Sl=2BSian (9)

is generated. A feedback controller, FC2, produces
voltage AV, that is fed to the voltage control ampli-
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fier, VCA, and determines the amplitude V, of the
voltage applied to the speaker. The feedback system
controls the amplitude V, or the amplitude b of the
wavelength scanning so that the signal A, becomes
zero. This makes modulation amplitude Z, equal to
7. Then we have

b = \o*/2L. = 2\o/(4m + 3). (10)

The values of b are discrete, corresponding to the
values of m. Since amplitude & is proportional to
amplitude V, with a form of b = D,V, + D, the
values of V,, are also discrete. These discrete values
of the amplitude V, at which Z, is equal to = are
referred to as stable points of V.

The measured value of b is obtained from the mea-
sured value of V,, and the measured value of L, is
calculated by the relationship of L, = \,?/2b. Since
L, is given in Eq. (6), the following value is calculated
by using the measured value of L,:

m. = (L. = 3\o/4)/\q. (11)

Integer m can be decided by rounding off the value of
m, to an integer if a measurement error of L, is
smaller than Ay/2. Finally the OPD is calculated
with

L = 3No/4 + mAy + L,,. (12)

Note that once the relationship between the inte-
ger values of m and the stable points of V, is given,
the OPD can be obtained directly from Eq. (12) with-
out calculating m,. This means that the stable
points of V, are regarded as a ruler marking every
wavelength, and the voltage V_ is regarded as a ruler
with scales smaller than a wavelength. The calibra-
tion of the ruler produced by the voltage V, can be
made automatically by double feedback control by
changing the OPD at intervals of approximately a
wavelength.

4. Experiment

An interferometer for real-time distance measure-
ment shown in Fig. 1 has been constructed. The
central wavelength A, and the spectral bandwidth of
the SLD were 788.7 and 20 nm, respectively. A
1200-line/mm holographic grating was used for G1
and G2. The focus length of lenses L1 and L2 was 25
mm, and the width of slit SL. was ~100 pm. The
angular frequency of w,/2mw was 400 Hz.

Mirror M1 fixed on a stage was used as an object.
We displaced the object with a micrometer to change
the OPD. By increasing the OPD at intervals of
approximately one wavelength, we could move a sta-
ble point of V, to the next point sequentially. We
obtained 83 stable points of V,, whose order is denoted
by the number N of 0—-82, as shown in Fig. 5. The
stability of the stable points with time is shown in
Fig. 6. The numbers of the stable points are N =
1-3 in Fig. 6(a) and N = 80-82 in Fig. 6(b). The
difference between two values of V, at the adjacent
stable points becomes smaller as the number N in-
creases. In Fig. 6(a) it is easy to distinguish the
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Fig. 5. Stable points of V.

three stable points. The maximum value of V,, de-
pends on the spectral bandwidth of the SLD. It is
486 V at N = 0. Figure 6(b) shows the limit in
distinguishing the three stable points. The mini-
mum value of V, is 1.93 V at N = 82.

We need the relationship between b and V,, to con-
vert the measured value of V,, into a value of b. We
explain how to obtain the relationship from the in-
terference signal given by Eq. (7), in which the feed-
back control of V,, does not work. First we fixed the
value of V, and detected the interference signal given
by Eq. (7). We calculated the value of Z, from the
interference signal with a computer by the method of
sinusoidal-phase-modulating interferometry de-
scribed in Ref. 7. By changing the OPD L, we found
the relationship of Z, = yL. Since y = 2mwb/\y>%, we
could calculate the value of 5. Next we changed the
value of V,, and we obtained the relationship between
b and V,, as shown in Fig. 7. From this result the
relationship of b6 = 1.59V, + 0.059 was determined.

We tried to determine the integer m. We con-
verted the stable points of V, shown in Fig. 5 into
values of b with the relationship b6 = 1.59V, + 0.059
and obtained measured values of L, = A\,>/2b. The
values of m, were calculated from the measured val-
ues of L, by Eq. (11). Figure 8 shows the differences
between the value of m_ and the integer of its round
number. Since the absolute value of the difference
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Fig. 6. Stability of the stable points with time:
3, (b) N = 80, 81, and 82.
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Fig. 7. Relationship between V, and b.

was less than 0.5 in the region of N = 20-70, we could
determine the values of integer m. From this result
the relationship of m = 46 + N was obtained.

Mirror M1 fixed on a stage was used as an object.
Displacement D of the object with a micrometer
changed the OPD at intervals of ~5 pm. We calcu-
lated the values of m, from the measured values of V,
at the stable points by using the relationship b =
1.59V, + 0.059. Measured results are shown at Ta-
ble 1. The values of L, were calculated with rela-
tionship L, = BV, where 8 = 83.37 nm/V. Since
the measurement error in V_ was estimated to be less
than 0.1 V, the measurement error in L, or L was less
than 8 nm. The differences between the value of m,
and an integer of its round number were within 0.03,
which means that the measurement was carried out
exactly.

Displacement D of the object with a micrometer
changed the OPD at intervals of ~10 um. Measured
results are shown at Table 2. In this measurement
we determined values of m by the relationship be-
tween the values of m and the stable points of V.
Although many measured values of L, were between
—Xo/2 and A,/2, we sometimes encountered mea-
sured values larger than Ay/2. In Table 2 the mea-
sured value was 467 nm at 2D = 60 pm. We
confirmed that the measurement range was from 37

Fig. 8. Values of m — m_ at the stable points of V,, shown in Fig.
5.
Table 1. Results of Measurements with a Value of b
2D vV, b L, V., L., L AL
(um) (V) (om) (am) (V) (am) m, (nm) (nm)
0 260 4.19 74799 -3.0 -250 93.69 74792
5 243 392 79953 -3.1 —-258 100.20 79536 4744
10 230 3.72 84400 -0.2 -17 105.82 84529 4994
15 217 351 89372 -2.0 -167 112.09 89131 4602
20 2.06 3.33 94060 2.1 175 118.01 94225 5094
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Table 2. Results of Measurement with a Value of m

2D
(pm) V, V) m V, (V) L,nm) Lmnm AL (nm)
0 4.77 47 -3.2 ~267 37551

10 3.92 60 1.8 150 48264 10713
20 3.32 73 -23 -192 58218 9954
30 2.80 87 1.8 150 69648 11430
40 2.46 99 3.3 275 79277 9629
50 2.17 112 3.6 300 89598 10321
60 1.98 125 5.6 467 100061 10463

to 102 pm in which the value of b changed from 8.3 to
3.1 nm. The measurement rate was ~20 Hz, which
was determined by the cutoff frequency of the low-
pass filter employed in the feedback control of V.

5. Conclusion

We have proposed a sinusoidal-wavelength-scanning
interferometer in which the OPD and the amplitude
of the sinusoidal wavelength scan are controlled by
the double-feedback-control system. The voltage
applied to the PZT that displaces the reference mirror
and makes the phase « equal to 37w/2 becomes a ruler
with scales smaller than a wavelength. The voltage
applied to the speaker that determines the amplitude
of the wavelength scan and makes the amplitude Z,
equal to w becomes a ruler marking every wave-
length. The ruler marking every wavelength could
be calibrated automatically with double feedback
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control by changing the OPD at intervals of approx-
imately a wavelength. These two rulers enabled us
to measure an absolute distance longer than a wave-
length in real time. The measurement range was
from 37 to 102 pm, and the measurement error was
less than 8 nm. The measurement rate was ~20 Hz.
Studies are now under way to improve these charac-
teristics.
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