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Abstract. An interferometric range finder that uses both phase-locked
and modulation-amplitude-locked techniques in a sinusoidal phase-
modulating interference signal is described. It allows us to perform un-
ambiguous and real-time distance measurement. Also, external distur-
bance superimposed on the interference signal is eliminated by the
feedback control. Our preliminary experiments indicate a measurement
error of 17.7 um rms. © 2004 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction

Conventional interferometers cannot detect a distance that
is larger than a half wavelength. Many kinds of approaches
have been proposed to overcome this problem. Some of the
most common approaches are multiple-wavelength interfer-
ometries that use two or more wavelengths. Generally, as
two-wavelength interferometers use two separate laser
sources,”? it is difficult to align the optical axes, and the
setup is complicated. In such cases, the wavelength tunabil-
ity of a laser diode (LD) is very useful, in that we can use
different wavelengths with a single LD. For instance, quasi-
two-wavelength interferometry (QTWI) that uses a single
LD has been proposed.® We also proposed QTWI and dem-
onstrated measurements of a step profile* and of absolute
distance.’ In these measurements, we used phase-locked
(PL) LD interferometry,® a method capable of measuring
phases through feedback control. Although the optical setup
in these devices is simple, the measurement range and the
accuracy are restricted because the phase term of the inter-
ference signal is sensitive to the change of the optical path
difference (OPD) and because the phase detection is much
affected by external disturbances, respectively.

On the other hand, compared with the phase, the modu-
lation amplitude is less sensitive to changes in the OPD.
Some approaches, as in double sinusoidal phase-
modulating (DSPM) interferometers,® use this feature for
distance measurement. In these interferometers, two differ-
ent sinusoidal signals are used simultaneously to modulate
the interference signal. The distance is measured from the
modulation amplitude in the sinusoidal phase-modulating
(SPM) interference signal by use of a frequency analysis.
But it is difficult to implement the measurement in real
time, because a lot of calculations are required in a com-
puter.

In this paper, a real-time range finder based on both PL
and modulation-amplitude-locked (MAL) techniques is de-
scribed. We control not only the phase but also the modu-

lation amplitude in the SPM interference signal by means
of electronic feedback circuits. Measurement ambiguity
caused by phase wrapping is thereby eliminated. Combined
PL and MAL techniques allow us to stabilize the interfer-
ence signal and achieve real-time signal processing.

2 Principle

2.1 Sinusoidal Phase Modulation of the Interference
Signal

The configuration of our system is shown in Fig. 1. We
used a Fizeau interferometer whose initial OPD is 2L. It
consists of a beamsplitter (BS2) as a reference and a mirror
(M) as an object. The signal-processing unit (SPU) is com-
posed of a LD modulator (LM), feedback controllers
(FBC1,FBC2), and an amplitude detector (AMD). Both
FBC1 and FBC2 are simultaneously used to perform PL
and MAL controls for the interference signal, respectively.
The fundamental sinusoidal signal

I(t)=acos w.t (1)

is fed into the SPU from the oscillator (OSC). The ampli-
tude of I,(t) is controlled by FBC2, and the modulation
current

1,(ty=m cos w ! (2

is generated so as to achieve MAL control. Thus the SPM
interference signal

S(1)=S4c1 +Socos[Z cos w .t + a(t)] (3)
is obtained,® where
Z=4mmBLIN] 4)

is the modulation amplitude, and
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Fig. 1 Experimental setup: LD, laser diode; BS, beamsplitters; M,
mirror; PH, pinhole; PD, photodiode; LM, laser modulator; FBC,
feedback controllers; OSC, oscillator; AMD, amplitude detector.

a(t)=4mLI, (5)

is the phase, which depends on both the OPD and the wave-

length used. The symbols S,. B, and A represent the am-

plitude of the interference signal, the modulation efficiency,

and the central wavelength of the LD, respectively. Finally,

S4c1 is the dc component of the background intensity.
From the expansion of S(r) expressed as

S(1)=S4c1+So cos a()[Jo(Z) —2J5(Z)cos 2wt ++ -]
— 8y sin a(1)[2J,(Z)cos w.t—2J5(Z)cos 3wt
+:-4], ©)

we can find that the second term of S(¢) contains another
dc component,

Saea=SoJo(Z)cos a(t), ™

where J,(Z) is the n’th-order Bessel function. We eliminate
Sac2 by use of the PL control as described in the next sec-
tion.

2.2 Phase-Locked and Modulation-Amplitude-
Locked Controls

In our system, both the PL and the MAL controls are imple-
mented on the interference signal. The former is mainly
used for eliminating S4.», and the latter is for the distance
measurement. Here, we briefly explain them.

The block diagram of FBC1, which achieves PL control,
is shown in Fig. 2. It consists of a frequency doubler
(FRD), a multiplier, a lowpass filter (LPF), and a

FBC1
I{O_ P11 N0 EY
/‘, LPF HMUL ) _1__50
f(;um(t()o ) 1,©= Gt f2bs%§.

Fig. 2 Block diagram of FBC1: MUL, multiplier; LPF, lowpass filter;
FRD, frequency doubler; PI1, proportional-integral controller.

$,®

QY 1®

Fig. 3 Block diagram of FBC2: HPF, highpass filter; SPG, sampling
pulse generator; SH, sample-and-hold circuits; LPF, lowpass filter;
P12, proportional-integral controller; VCA, voltage-controlled ampli-
fier.

proportional-integral (PI) controller (PI1). The FRD
doubles the frequency of /,(t). The output of the FRD is
given by

-

a’
1,(t)=—,)—c052wct. (8)

Multiplying S(¢) and /,(¢) and passing the product through
the LPF, as shown in Fig. 2, we can extract the feedback
signal'®

Fi(t)=K cos a(t), )

from the signal expressed in Eq. (6), where K
= —S§,a>J5(Z)/2. Here PI1 generates the control current
1.(1) so as to realize the condition F;(t)=0. When the
control current /(¢) is injected into the LD, the phase a(¢)
is automatically adjusted to 7/2. Thus S(t) is converted to

S1(t)=84c1+Sgsin(Z cos w.1). (10)

The component Sy, is eliminated completely in Eq. (10).
In this process. also the external disturbance is eliminated.

At the same time, we control the modulation amplitude
of S(r). Figure 3 shows the block diagram of FBC2 for the
MAL control. Because the second term of S(¢) is the pure
ac component, we can easily extract it from §(t) by using
a HPF as follows:

S4(t)=S8¢sin(Z cos w.1). (11)

The feedback signal for the MAL control is generated from
S»() by use of a sampling technique.

Figure 4 illustrates a series of waveforms in the signal
processing for the MAL control. The sinusoidal signal /,(r)
[Fig. 4(a)] is fed into the sampling pulse generator (SPG).
Then the pulse trains P, and P, are generated at r;
=2im/w, and (2j+1)7/w., respectively, as shown in
Figs. 4(b) and 4(c), where i and j are whole numbers. If
§,(t) is alternately sampled and held at 1; and r; by using
sample-and-hold circuits SH1 and SH2, respectively, we
obtain signals g,(1)=SgsinZ and g,(1)=—SpsinZ as
shown in Fig. 4(d), because cos w. becomes *1 at r; and
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Fig. 4 Schematic of the feedback control: (a) sinusoidal signal for
the phase modulation, (b) and (c) sampling pulses, (d) phase-locked
signal and generation of the feedback signal, (e) phase-locked and
modulation-amplitude-locked signal.

t;. Subtracting g,(t) from g,(¢) and passing the difference
through a LPF, we obtain the feedback signal

Fz(f)=2508inz. (12)

We control F,(r) to be zero by use of PI controller PI2 as
shown in Fig. 3. The amplitude of /,,(¢) is properly adjusted
with a voltage-controlled amplifier (VCA), and the modu-
lating current /,,(1) locks the modulation amplitude Z at 7.
If MAL control is achieved, the levels of g,(t) and g,(1)
coincide with each other. Therefore, we can observe the
final signal

S3(1)=S¢ sin( 7 cos wt) (13)

as shown in Fig. 4(e), in which both the PL and the MAL
control are realized. The phase change from k, to k, is
2Z=21r.

The distance L is then expressed as

— ap LW

ami2

| LPF Jef1mL |:£_1{0

Fig. 5 Block diagram of the amplitude detector: MUL, multiplier;
LPF, lowpass filter.
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Fig. 6 Dependence of 8 on OPD error.
L=\}/4mB (14)

from Eq. (4). That is, the distance can be measured by
detecting the amplitude m of 1,,(t). In order to detect m, we
evaluate the product

am am
I(DX1,(1)= =+ —

cos2w,t. (15)
The first term am/2 is extracted by use of the LPF, and we

can easily detect /n because a/2 is a constant. The detection
of i is implemented in the AMD that is illustrated in Fig. 5.

2.3 Evaluation of B

When we determine L with Eq. (14), evaluation of B is
important. Substituting 7 for Z in Eq. (4), B is given by

B=\j/4mL. (16)

Equation (16) shows that we can determine B by using the
MAL interference signal if L is known exactly. Assuming
that L contains an error of AL. however, Eq. (16) is ex-
pressed as ﬁe=>\(2)/4rrx(L+AL). and it is simply repre-
sented by

B.=B(1—AL/L) (17)
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Fig. 7 Measured B versus L.
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Fig. 8 Observed waveforms in the series in signal processing.

as an approximation. Numerical calculations of 8, are
shown in Fig. 6. in which Ay=6852nm, B=4
X 1073 nm/mA, and the correct m that is obtained when
AL equals zero were used. We can find some discrepancies
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Fig. 9 Absolute distance measured at L~8 mm.

between B, and the exact 8 when L contains an error,

whereas no dependence is observed between 8, and L if
they are evaluated exactly.

3 Experiment

The experimental setup is shown in Fig. 1. The initial dis-
tance of the Fizeau interferometer was Ly=~8 mm. The mir-
ror M is mounted on the x axis stage in a way that allows it
to move along the optical axis. The displacement of M is
monitored by a dedicated sensor whose resolution is 0.1
pm. The operating wavelength and the maximum output
power of the LD are 685.5 nm and 30 mW, respectively.
The frequency of the sinusoidal signal /,(t) was 20 kHz.
The cutoff frequencies of the LPF in FBCI, FBC2, and
AMD were 4, 2, and 4 kHz, respectively. The cutoff fre-
quency of the HPF in FBC2 was 2 kHz.

First, the modulation efficiency B was evaluated by ob-
serving S(t). We moved M from L, to Ly+2 mm in
0.2-mm increments. The value of Z was kept at 7 by manu-
ally adjusting the amplitude of 7,,(¢) while M was moved.
At the same time, the amplitude m was precisely measured.
Values of B obtained from Eq. (16) are plotted in Fig. 7.
When we set the initial Ly at 8.36 mm, no dependence was
observed between  and L. We can conclude that they are
accurately evaluated from the discussion in the previous
section. Thus B was determined as 4.27X 1073 nm/mA
from this experiment.

We next observed waveforms in the series in signal pro-
cessing as shown in Fig. 8. Here S(¢) contains dc compo-
nents Sg.;. Sqo and an external disturbance as shown in
Fig. 8(a) when no feedback controls are implemented.
When the PL control is applied to S(z), the waveform be-
comes symmetric as shown in Fig. 8(b). We find that Sy,
and the external disturbance are eliminated. Passing S,(t)
through the HPF as shown in Fig. 3, we obtained S,(7) as
shown in Fig. 8(c). This shows that all dc components were
removed. Moreover, as illustrated in Fig. 8(d), Z becomes =
when the MAL control is achieved. At the same time, the
modulating signal /,,(¢), which realized the MAL control,
was observed as shown in Fig. 8(e). The distance is ob-
tained by use of Eq. (14) after detecting the amplitude of
Im(t)-

Finally, the position of the mirror was measured. We
moved the mirror from Lg to Ly+0.8 mm in 50-um incre-
ments. Measured distances are plotted in Fig. 9 along with
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the theoretical solid line whose slope is one. The deviation
between the measurements and the theoretical line was es-
timated as 17.7 um rms in our prototype. This error will be
decreased if the control parameters are appropriately tuned
and the wavelength-tuning range is widened by using a
wavelength-scanning light source such as a distributed-
Bragg-reflector LD. A

4 Conclusions

A simple range finder that uses an ordinary LD is proposed
and demonstrated. Our system requires no complicated
phase detection in a computer. The use of both phase-
locked and modulation-amplitude-locked controls enables
us to realize real-time distance measurements free from ex-
ternal disturbances. Preliminary experiments indicate a
measurement error of 17.7 um rms.

References

1. Y.-Y. Cheng and J. C. Wyant, “Two-wavelength phase shifting inter-
ferometry,” Appl. Opt. 23(24), 4539-4543 (1984).

2. J. den Boef, “Two-wavelength scanning spot interferometer using
single-frequency diode lasers,” Appl. Opr. 27(2), 306-311 (1988).

3. C. Williams and H. K. Wickramasinghe, *Optical ranging by wave-
](cngth) multiplexed interferometry,” J. Appl. Phys. 60(6), 1900-1903

1986).

4. T. Suzuki, T. Muto, O. Sasaki, and T. Maruyama, *‘Wavelength-
multiplexed phase-locked laser diode interferometer using a phase-
shifting technique,” Appl. Op1. 36(25), 6196-6201 (1997).

5. T. Suzuki, O. Sasaki, and T. Maruyama, “Absolute distance measure-
ment using wavelength-multiplexed phase-locked laser diode interfer-
ometry,” Opt. Eng. 35(2), 492-497 (1996).

6. T. Suzuki, O. Sasaki, and T. Maruyama, *“Phase-locked laser diode
interferometry for surface profile measurement,” Appl. Opt. 28(20),
4407-4410 (1989).

7. O. Sasaki, T. Yoshida, and T. Suzuki, “Double sinusoidal phase-
modulating laser diode interferometer for distance measurement,”
Appl. Opt. 30(25), 3617-3621 (1991).

8. T. Suzuki, H. Suda, and O. Sasaki, “Double sinusoidal phase-
modulating DBR laser diode interferometer for distance measure-
ment,” Appl. Opt. 42(1), 60-66 (2003).

9. O. Sasaki, K. Takahashi, and T. Suzuki, “Sinusoidal phase modulating
laser diode interferometer with a feedback control system to eliminate
external disturbance,” Opr. Eng. 29(12), 1511-1515 (1990).

2746 Optical Engineering, Vol. 43 No. 11, November 2004

10. T. Suzuki, O. Sasaki, S. Takayama, and O. Sasaki, “Real-time dis-
placement measurement using synchronous detection in a sinusoidal
phase modulating laser diode interferometer,” Opt. Eng. 32(5), 1033-
1037 (1993).

11. G. Mourat, N. Servagent, and T. Bosch, “Distance measurement using
the self-mixing effect in a three electrode distributed Bragg reflector
laser diode.” Opr. Eng. 39(3). 738-743 (2000).

Takamasa Suzuki received his BE degree
in electrical engineering from Niigata Uni-
versity in 1982, his ME degree from Tohoku
University in 1984, and his PhD degree in
electrical engineering from Tokyo Institute
of Technology in 1994. He is an associate
professor of electrical and electronic engi-
neering at Niigata University. His research
interests include optical metrology, optical
information  processing, and phase-
conjugate optics.

Tatsuo Iwana received his BE degree in
electrical engineering from Niigata Univer-
sity in 2003. He is currently a master's
course student in the Graduate Schoo! of
Science and Technology at Niigata Univer-
sity. His research interest involves optical
metrology. He currently engages in
wavelength-scanning interferometry.

Osami Sasaki received his BE and ME de-
grees in electrical engineering from Niigata
University in 1972 and 1974, respectively,
-1 and his PhD degree in electrical engineer-

i ing from Tokyo Institute of Technology in

‘1981, He is a professor of electrical and
electronic engineering at Niigata Univer-
sity. Since 1974, he has worked in the field
of optical measuring systems and optical
information processing.




