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1 Introduction

Abstract. A laser diode interferometer that uses an optical fiber is pro-
posed. The laser diode simultaneously functions as a light source, a
phase modulator, and a phase compensator. Detection of the vibration
and reduction of external disturbance are carried out using a feedback
control for the injection current of the laser diode. Thus it can measure
vibration accurately in real time with a simple signal processing circuit.
The optical fiber not only functions as a flexible probe, enabling us to
measure the vibration of an object that cannot be moved onto the optical
bench, it also acts as a reference mirror, thereby simplifying the unit
construction. The principle of the feedback control in laser diode interfer-
ometer is also described in detail. ©® 1997 Society of Photo-Optical Instrumenta-
tion Engineers. [S0091-3286(97)01109-4)

Subject terms: interferometer; laser diode; optical fiber; feedback control; vibra-
tion measurement.
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Although optical interferometry is useful for the precise
measurement of vibration and surface profile, because no
physical contact is necessary, conventional types of inter-
ferometers do have certain disadvantages: (1) measuring
displacements that exceed a half wavelength requires phase
unwrapping to obtain accurate displacement; (2) the inter-
ferometer itself is vulnerable to external disturbance, there-
fore measurement must be carried out on an optical bench:
(3) a complicated signal processing system is required to
measure vibration in real time; and (4) it is difficult to
measure the vibration of an object that cannot be moved
onto the optical bench. To overcome these problems. we
devised a ‘‘feedback’ type of laser diode (LD) interferom-
eter equipped with an optical fiber. The LD is used as a
light source. a phase modulator,' and a phase compensator
simultaneously in this interferometer.

The feedback is very useful to eliminate the external
disturbance in real time, and was used in the previous
studies.?~> Besides. the feedback can be used for the mea-
surement of vibration® or surface profile. The measurement
of surface profile can be realized accurately by using the
phase-locked technique®~® for a fixed object. On the other
hand, for a vibrating object, changes in the feedback signal
represent the vibration of the object. However, since the
observed signal does not tell us the amplitude of the vibra-
tion exactly, the observed amplitude must be calibrated
with an amplitude observed by other methods. Here we

*Current affiliation: University of Arizona, Optical Sciences Center. Tuc-
son, AZ 85721.

present a theoretical analysis of the relationship between
the observed signal and the actual amplitude. The accurate
vibration measurement is then carried out in real time by
observing the feedback signal.

In addition. the need for phase unwrapping is eliminated
in this type of interferometer because the phase change is
minimized by the feedback control. External disturbance is
also eliminated in this interferometer, by the same
mechanism.>~> This compensation is realized by adjusting
the amount of feedback in the LD injection current. Con-
scquently, while the measurement range is expanded, and
distortion is reduced to insignificant levels.

Other advantages of this system lie in the extensive use
of optical fiber. First. since a reflected light from the exit
face of the optical fiber is used as a reference beam in our
system. the optical system itself becomes a sort of simple
Fizeau type of interferometer’ and is therefore itself insen-
sitive to external disturbance. Second, the sysiem cnables
the placement of the probe at virtually any location.

In Sec. 2. this paper first describes the measurement
principle and then discusses a theoretical treatment of the
feedback control system in detail. The experimental results
are shown in Sec. 3, where we discuss the difference of the
measurable range depending on the control system.

2 Principle

2.1 Configuration of the Experimental Setup

The configuration of our interferometer is shown in Fig. I.
The light from the LD is collimated with lens L1 and
passed through an optical isolator, a beamsplitter (BS), and
an optical fiber. Part of the beam passing through the fiber
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Fig. 1 Experimental setup of the feedback-type LD interferometer:
LD, laser diode; LM, laser diode modulator; ML, microlens; FBC,
feedback controller; FBSG, feedback signal generator; PD, photo-
detector; and PH, pin hole.

is reflected back from the exit fuce and is used as a refer-
ence beam. The output beam from the fiber is collimated
with a microlens (ML) and irradiates the object mirror (M).
The reference and object beams whose optical pass differ-
ence is 2Dg return to the same pass. They are then detected
by a photodetector (PD) as an interference signal S(1).
Therefore, a Fizcau-type interferometer is constructed in
our optical system. The signal S(r) is fed in sequence to the
LD. first, through a feedback system and. then. an LD
modulator (LM) to compensate for the phase change caused
by the vibration d(t) of the object. The injection current of
the LD consists of dc bias current /. modulation current
I,,(t). and control current /.(¢) generated from S(¢). The
central wavelength A\ is determined by /. The modulation
current i1s given by

I, (t)=a cos wt, ()

which alters the wavelength of LD by B1/,,(t) and provides
for the direct modulation of the interference signal, where 8
is a modulation efficiency of the LD. Then, S(¢) is given by

S(1)=8,+S8y cos [z cos w.r+ ag+ayt)], (2)

where S| and S are the dc component and the amplitude of
the ac component, respectively: z=4maBDy/\y> is a
modulation coefficient;

47
ay=—
0= %, 0
is an initial constant phase determined by the optical path
difference 2D; and

4
ad(t)=)\—0d(t) (4)

Is a phase change introduced by the vibration d(r). To
realize a feedback control for the compensation of phase
change, the feedback signal that contains a4(t) is required.

The feedback signal is created in the feedback-signal
generator (FBSG) shown in Fig. 1. [t multiplies modulation
signal /(1) and interference signal S(r). and passes the
product through a low-pass filter (LPF). the cutoff fre-
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Fig. 2 Block diagram of the control system. One of two kinds of
FBCs, that is (a) a proportional controller or (b) a proportional-
integral controller, is used in the experiments, and (c) the propor-
tional control system: K,,, proportional gain; Ky, gain of the LD
modulator; 8, modulation efficiency of the LD; K., gain depending
on the optical path difference; Ky, transfer function from the dis-
placement of the object to phase change; and K,, amplitude of the
feedback signal.

quency of which is lower than one tenth of the modulation
frequency. Then the carrier component is removed suffi-
ciently and the feedback signal,

F(1)=Kj sin [ay(t)+a, (1) ]=K,a(1). (5)

is obtained.®> where K, is an amplitude of the feedback
signal and a(r)=a,+ a,(t). Since the gradient of
sin a(1) is unity near a(r)=2nm. the feedback signal is
approximated to K,a(t) around the point of origin. Feed-
back signal F(r) is then fed into the feedback controller
(FBC) and control current /(1) is injected into the LD
through the LM. Then the phase of the interference signal
is compensated. We explain the principle of the phase com-
pensation in the following sections.

2.2 Block Diagram of the Control System

To simplify the explanation. we consider a vibration whose
frequency is much lower than the cutoff frequency of the
LPF. Then, the influence of the LPF is negligible. A block
diagram of the control system is shown in Fig. 2. In our
experiments, a proportional (P) controller or a proportional-
integral (P1) controller was used as the FBC. An amplifier
whose gain is K, is used as the P controller. as shown in
Fig. 2(a). The PI controller is constructed with the amplifier
used in the P controller, an integrator whose integral time is
T,. and an adder, as shown in Fig. 2(b). Figure 2(c) shows
the scheme of the P control system. The units are repre-
sented under cach transfer function. The FBC converts the
error signal e(r) to the control voltage V.(¢), and the LM
converts it to the control current /.(1). Their gains are K,
and K 5, respectively. The modulation efficiency S of the
LD represents a rate of the wavelength change correspond-
ing to the injection current. The K, is a transfer function
from A .(f) to e,.(1) and its gain is discussed in the follow-
ing section. The K,;=4a/\, is a transfer function from
d(1) to a,(1). which is given by Eq. (4). Gain K. the
amplitude of the feedback signal. occurs at the interferom-
eter and the FBSG and is shown in Eq. (5).

Optical Engineering. Vol 36 No. 9. September 1997 2497



Suzuki et al.: Real-time vibration measurement . . .

2.3 P Control System

When only an amplifier whose gain is K, is used as the
FBC. the control current /.(t) changes the wavelength of
the LD by A.(¢)=pBI.(t). Then the phase of the interfer-
ence signal is given by

_4m[Do+d(n)] N 6
a(1)= ot A1) ~apg+{ay)—al1)]. (6)
where

4'ﬁ'DO
a (1)=— N (1) (7
Ao

is @ compensating phase introduced by the feedback con-
trol. Therefore. the gain K, is given by 47Dy/\y> as a
coefficient of A .(¢r) from Eq. (7). Since the K. is deter-
mined by the ratio between D, and \g°. it becomes quite
large compared with the other gains and contributes to the
phase compensation strongly. Thus. it enables us to reduce
the control current /.(t) for phase compensation. Then, the
intensity modulation in the LD induced by the injection
current is negligible. The phase change is then compen-
sated by a.(1).

Conscquently, under P control. the observed signal or
the feedback signal F(r) is given by

F= —2% 4 Ribs 8
=17g, ot Trg, 9 ®
where

Go=K,KimBK K/ (9)

is a loop gain. Since the reference signal ry is set o zero in
our system. the center of vibration of the phase is moved o
the point of origin by this feedback control. Then, from Eq.
(8), the vibration d(¢) is represented by

J _I+G0F
()= KK, (). (10)

If the loop gain is much greater than unity. Eq. (10) can be
rewritten simply by

KLuBK.
d(t)~———K,F(1). (1)
K4 !

Since the coefficient K is not contained in this formula, the
fluctuation of the amplitude of the interference signal does
not contribute very much to the measurement accuracy.

2.4 Pl Control

When an amplifier and an integrator are used as the FBC.
the control voltage V (r) is given by
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-
V"(,)zk”e(')+F,J e(t) di

K,
=—K,,K,a‘/(l)—[K,,K,a0+?j j @, dr]
1

—ﬁfa,(l)dl. (12)
T, ¢

because the error signal e(r) is —F(1)=-KJa,
+ a4(1)]. when the fecdback loop is opened. where T is an
integral time. [f the vibration of the object is periodic, such
as a sinusoidal signal, the integration of the last term in Eq.
(12) becomes zero. The first term and the second term
change the wavelength of the LD by A.(+)=81.(r) and
ANy, =pBl, . respectively. where [, is a dc control current
generated by the integral control. The wavelength changes
A(t) and A, compensate for the phase change introduced
by the vibration of the object and the initial phase, respec-
tively. This is explained by the following formula, which is
the same as Eq. (6):

_47T[D()+d(’)_]
a(t)—m'v(au ap)+ay)—al1)]. (13)
where
4Ti'D() ‘
ab(t)%Tj—)\;, (14)
0

is a compensating phase generated by the integral control.
and it compensates the initial phase g to be zero com-
pletely. Therefore. the second term in Eq. (12) becomes
zero. The phases a,. «a,. and «.(t) are represented by
Egs. (3), {4), and (7), respectively. In this case, the vibra-
tion d(r) is also given by Eq. (10).

2.5 Operating Point on the Feedback Signal

Here it is necessary to explain the illustration of the center
of vibration of the phase or the operating point on the feed-
back signal shown in Fig. 3. When the feedback loop is
opened. the operating point is as illustrated in Fig. 3(a).
While d(1) is small. the observed signal or the feedback
signal F (1) is proportional to d(r). because sin a(r) is al-
most linear near the point of origin. But when the phase of
the operating point extends beyond the region of = 7/2 as a
result of vibration of the object, the observed signal is dis-
torted. as shown in Fig. 3(a).

However, when the feedback loop is closed and the P
control works, the operating point is as illustrated in Fig.
3(b). The operating point is caused 1o return to its original
position as a result of phase compensation. The nonlinear-
ity in the feedback signal sin a(r) is also compensated by
the feedback control even if the operating point is not
around the point of origin. so long as the compensated
phase of the operating point is not beyond the region men-
tioned previously. Thus. the observed signal is not actually
distorted by the phase change caused by the vibration of the
object. If the phase of the opcrating point, however. moves
out of that region, by force of extremely large vibrations.



Suzuki et al.: Real-time vibration measurement . . .

F(u Operating point

Measured d(t)
- / !

—_ aft)

Feedback signal F(t)
d(t)

(a)

Operating pomt

Mcugurcd d(t)y

Cry 4 e

. (1)
7: % \ l

Opcrating pomnt

Fh Measured dt)

4\\ /\ i / t)
Y

on B

ca
[P

N’

(<)

Fig. 3 Schematic explanations of the operating point on the feed-
back signal: (a) feedback off, (b) P control, and (c) Pl control.

the feedback loop destabilizes. thus precipitating oscilla-
tion. Dynamic range and feedback loop gain increase con-
sequently. but unfortunately the stability of the feedback
loop is deteriorated in the process. In the case of Figs. 3(a)
and 3(b). the observed signals contain offset signals, be-
cause of the existence of initial phase ag. It restricts the
measurable range in the P control.

To avoid this restriction, the PI control is useful. The
operating point in the PI control is as illustrated in Fig.
3(c). The initial phase a, becomes zero, and the offset
signal is automatically removed by the integral control.
Then a maximum dynamic range can be obtained in the
vibration measurement.

3 Experiments

The experimental setup is shown in Fig. 1. The central
wavelength Ay, maximum output power, and modulation
efficiency B are 670 nm. 10 mW, and 4X 107* nm/mA.
respectively. The object mirror is mounted on a piezoelec-
tric transducer (PZT). The vibration amplitude of the PZT,
which depends on the applied voltage. was calibrated with
the other interferometer. The length and diameter of the
optical fiber are 600 mm and 80 wm, respectively. The
optical path difference 2D, is 200 mm. The diameter of the
irradiated area on the object mirror was 3 mm. The modu-
lation frequency of the LD was 10 kHz in all experiments.
In this instance. we used a second-order LPF whose cutoff
frequency was 400 Hz. Thus. the frequency response of this
system is less than 400 Hz. But the response can be im-
proved by increasing the modulation frequency. The modu-
lation coefficient z of the sinusoidal phase modulation was
2.53. The gain Ky is 1.3X10°° mA/mV. The transfer
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Fig. 4 Feedback signals observed when the proportional gain was
zero. Upper traces indicated by d(t) are sinusoidal driving signals
applied to the PZT; lower traces are the feedback signals obtained
when the amplitudes of d(t) were (a) 50 nm and (b) 240 nm.

function K . given by Eq. (7). becomes 3.16X 10* rad/nm.
The amplitude K, of the feedback signal was set to 4.52
X 10> mV/rad.

First, we measured sinusoidal vibrations of the mirror by
changing the proportional (P) gain K, in connection with
the explanations in Fig. 3. The frequency of all the vibra-
tions were 100 Hz, which is smaller than the cutoff fre-
quency of the LPF. All results described in this section
were obtained in real time. The measurement results ob-
tained when the feedback loop was opened or the P gain
K,=0 arc shown in Fig. 4. The upper traces indicated by
d(1) are driving signals applied to the PZT. These corre-
spond to the schematic explanation shown in Fig. 3(a). The
vibration amplitudes in Figs. 4(a) and 4(b) were 50 and 240
nm, respectively. Since the phasc change caused by the
vibration is small enough in Fig. 4(a), the operating point
does not exceed the region of * /2. Although external
disturbances were superimposed, the observed signal fol-
lowed the mirror vibration. The maximum amplitude and
frequency of the mechanical disturbance were ~ 100 nm
and less than 100 Hz in this experiment. On the other hand.
when the displacement of the mirror became larger than a
half wavelength of the LD, the observed signal deviated
markedly from the mirror vibration, as shown in Fig. 4(b).

When the P control was worked with K, at 0.28, where
loop gain G, was 20 in this case, the measurable amplitude
of the vibration was dramatically increased to 1440 nm. and
the influence of the external disturbance is also suppressed
very well, as shown in Fig. 5(a). because the phase change
of the operating point was suppresscd by the feedback con-
trol. When the amplitude of the vibration became 1640 nm.

Optical Engineering. Vol. 36 No. 9. September 1997 2499
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Fig. 5 Feedback signals observed when P control was used. Lower
traces are the feedback signals obtained when the amplitudes of
d(t) were (a) 1440 nm and (b) 1640 nm.

however, the observed signal no longer imitates the vibra-
tion of the mirror, as shown in Fig. 5(b). These measure-
ments were carried out under the existence of an offsct
voltage. which was —3 V in this experiments. These corre-
spond to the schematic explanation shown in Fig. 3(b).
Thus the maximum measurable range was 1440 nm with
this P control. If the offset voltage contained in the ob-
served signal can be removed. the measurable range would
be increased, as shown in Fig. 3(c).

The observed signal obtained when PI control was used
are shown in Fig. 6. The P gain K, and the integral / time
T; were 0.28 and 0.82 ms. respectively. When the ampli-
tude of the vibration was 1440 nm, we obtained the signal
shown in Fig. 6(a). The shapes of the measured signals
shown in Figs. 5(a) and 6(a) were the same except for the
offset voltage. Moreover, the observed signal was stable
even if the amplitude became 1640 nm, as shown in Fig.
6(b), because the offset voltage was removed and the dy-
namic range became large.

Next, various vibration amplitudes were measured by
using the P control and the PI control. Control parameters.
the P gain K, and the / time T, werc as same as those in
Figs. 5 and 6. Results are shown in Fig. 7, in which the
measured voltages are converted to the vibration amplitude
using Eq. (10). Thesec agree quite well with a theoretical
solid line. The measurement accuracy was 40 nm root mean
square (rms) and there were no difterences in the measure-
ment accuracy in both control systems. The maximum mea-
surable amplitude was 1440 nm with P control. but it was
extended to 2000 nm with PI control. Therefore. the dy-
namic range with PI control was 1.4 times as large as that
with P control. These results show that vibration measure-
ment is possible if the feedback loop gain is known in
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Fig. 6 Feedback signals observed when Pl control was used.
Lower traces are the feedback signals obtained when the ampli-
tudes of d(t) were (a) 1440 nm and (b) 1640 nm.

advance. and that PI control is effective to extend the mea-
surable range. It is considered that there arc mainly two
kinds of error sources. One of them is the phase change,
which comes from the quite large external disturbance that
was not eliminated by the feedback control. The other error
source to be considered is the change of the amplitude of
the feedback signal. This comes from the fluctuation of the
optical axis and introduces the change of the gain Ky in the
control system. It is not eliminated by the feedback control.
Thus, to obtain high measurement accuracy, it is required
to have high K, and suppress the change of the visibility of
interference signal.

Third. we investigated the influence of the P gain K,
and the / time T, on the vibration measurements, respec-

o P-control
-0 o Pl-control
0 z 1 ! 1
0 500 1000 1500 2000
Amplitude of d(t) (nm)

Fig. 7 Amplitudes of the sinusoidal vibration measured with the P
control and the P! control.
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Fig. 8 Dependence of the measurable range on the proportional
gain K, .

tively. Figure 8 shows the dependence of the measurable
range on K, , where T; was (.82 ms. Although the response
of the feedback loop becomes worse as the cutoff fre-
quency of the LPF becomes small. the measurable range is
extended. In this case. the LPF functions to stabilize the
control system by reducing the frequency response. But
large loop gain does not always contribute to measuring a
large amplitude of vibration. Thus there is a suitable loop
gain in the control system. The influence of the 7 time 7, on
accuracy of vibration measurement is shown in Fig. 9.
Various amplitudes of vibration whose vibration frequency
was 100 Hz were measured by changing T,. There are no
differences in the measurement accuracy from 0.82 to 3.27
ms of T,.

Finally, we measured triangular vibrations. The P gain
K, . I time T;, and cutoff frequency of the LPF were 0.28.
0.82 ms, and 200 Hz, respectively. The measured result is
shown in Fig. 10. The upper traces indicated by d(r) are
the driving signals applied to the PZT. The amplitude and
frequency of the vibration were 1100 nm and 50 Hz. re-
spectively. The observed signal imitated the vibration of
the mirror very well. Furthermore, various amplitudes of
the triangular vibration were measured by using the PI con-
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Fig. 9 Influence of the integral time T, on accuracy of measurement
of the sinusoidal vibration.
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Fig. 10 Feedback signals observed when the Pl control was used.
Upper traces indicated by d(t) are triangular driving signals applied
to the PZT; lower traces are the feedback signals obtained when the
amplitude of d(t) were (a) 600 nm and (b) 1100 nm.

trol. The measured result is shown in Fig. I1l. It is con-
firmed that the triangular vibration can also be measured
accurately, il the vibration frequency is small compared
with the cutoff frequency of the LPF.

4 Conclusion

We have proposed a fcedback type of interferometer with
an optical fiber and clarified the characteristics of the sys-
tem. Our mechanism has numerous advantages: (1) since it
uses an optical fiber, the measurement probe can be placed
at any desired location; (2) the simplicity of the optical
system is maintained by virtue of the fact that it requires no

o B
(=3 [=]
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T T
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a
o

Measured Amplitu

o

0 500 1000 1500
Amplitude of d(t) (nm)

Fig. 11 Amplitudes of the triangular vibration measured with the P1
control.
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prepared reference mirror: (3) the wavelength unability of
the LD is used for direct phase modulation, thereby climi-
nating the need for a mechanical phase modulator: (4) mea-
surements are carried out in real time. so phase unwrapping
becomes unnecessary: and (S) the external disturbance is
automatically removed. Thesc experiments confirmed that a
wide-range. disturbance-free, and real-time measurement is
possible using this interferometer.
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