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Real-time displacement measurement with large range
and high accuracy using sinusoidal phase modulating
laser diode interferometer
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To resolve the conflict of large measurement range and high accuracy in the existing real-time laser diode
(LD) interferometers for displacement measurement, a novel real-time LD interferometry for displacement
measurement is proposed and its measurement principle is analyzed. By use of a new phase demodulation
algorithm and a new phase compensation algorithm of real-time phase unwrapping, the measurement
accuracy is improved, and the measurement range is enlarged to a few wavelengths. In experiments, the
peak-to-peak amplitude of the speaker vibration was 2361.7 nm, and the repeatability was 2.56 nm. The

measurement time was less than 26 us.
OCIS codes: 120.3180, 220.4840, 230.5750.

Optical heterodyne techniques are used to measure dis-
placements of an object in many systems such as in-
formation storage and micro-electro-mechanical systems
(MEMSs)' 3], Sasaki et al. have proposed a sinusoidal
phase modulating (SPM) interferometer. The phase
modulating required in a SPM interferometer can be
more easily performed than that in a heterodyne inter-
ferometer. The interferometer has been widely used to
measure the surface profile, displacement, vibration, and
angle displacement with high accuracy*=8]. Recently,
laser diodes (LDs) have been incorporated into SPM in-
terferometer as light sources and phase modulators. LD
is small in size and has some attractive features such
as wavelength tunability and high efficiency, thus it is
suitable for the SPM interferometer with the advan-
tages of small size, simple modulation, high efficiency,
etc.®=11. When the displacement is measured using the
SPM-LD interferometer'>!3 the measurement range
and accuracy are contradictory®1%. Several methods
have been reported to enlarge the displacement measure-
ment rangel'*19] but the range is only enlarged to one
wavelength and the measurement accuracy is relatively
low. Therefore, it is important to improve properties
of the existing interferometer for displacement measure-
ment to meet the measurement request of large range
and high accuracy.

In this paper, a novel real-time SPM-LD interferome-
ter for displacement measurement with large range and
high accuracy is proposed. The phase signal can be
obtained in real time from the interference signal with
two real-time phase detection circuits. The real phase is
obtained using a phase unwrapping circuit to calculate
the displacement. The measurement range is enlarged to
a few wavelengths or more, the measurement accuracy is
improved too.

Figure 1 shows the schematic diagram of the real-time
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SPM-LD interferometer for displacement measurement
with large measurement range and high accuracy. A LD
serves as the light source, a Twyman-Green interferome-
ter is used as the optical system. After collimated by lens
L1, the laser beam is split into two beams by a beam split-
ter (BS). One beam is reflected by mirror M and serves
as the reference beam and the other is reflected by the
object’s surface to be measured and serves as the object
beam. The interference is formed by the two beams.
The interference signal is detected with a photodiode
(PD), and then sent to the two real-time phase detection
circuits shown in Fig. 2. The real-time phase detection
circuit mainly consists of two amplifiers, a calculator, a
filter, and a dividing circuit. The detection signals P (¢)
and P, (t) can be obtained by the real-time phase detector
circuits 1 and 2, respectively. The signals P;(t) and Py(t),
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Fig. 1. Schematic diagram of the real-time LD interferome-
ter for displacement measurement with large range and high
accuracy.
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Fig. 2. Two real-time phase detection circuits.

corresponding to different frequencies, are input into a
real-time phase unwrapping circuit to obtain the phase.
Therefore, the displacement of the measured object can
be calculated.

The modulation voltage signal of the LD is generated
by a signal generator. It can be transformed into sinu-
soidal modulation current Iy,(¢) by the LD modulator
(LM), and I,,(¢) is represented by

I (t) = acoswyt, (1)

where a = KpyA, Ky is the conversion efficiency of
the LM, and A is the amplitude of the modulation volt-
age signal. The injection current of the LD consists of
modulation current I, (t) produced by the LM and di-
rect current (DC) Iy. The wavelength change of the LD
is BIn(t), B is the wavelength modulation coefficient of
the LD. Neglecting the noises, the interference signal de-
tected by the PD is given byl

S(t) = S1 + Socos[z coswpt + g + ar(t)], (2)

2z = 4maBDy/ 2, (3)
a0 = Do, )
ar(t) = (47/Xo)r(t), (5)

where S7 is the DC component of the interference signal,
So is the amplitude of the alternating current (AC) com-
ponent, z is the SPM depth, )\ is the central wavelength
of the LD determined by the DC current Iy, ag is the
initial phase which is determined by the initial optical
path difference between the two arms of the interferom-
eter, «,(t) is the phase change of the interference signal
arising from the displacement r(¢).

Expanding Eq. (2) and neglecting the DC component,

we havel6]

S(t) = Sp {cosa(t)[Jo(z) — 2J2(z) cos 2wot + - - -]

—sina(t)[2J1(z) coswot — 2J3(2) cos 3wot + -+ -] }, (6)

where a(t) = ag + ar(t), J,(z) is the nth order Bessel
function. In the real-time phase detection circuit 1 shown
in Fig. 2(a), the interference signal and the modula-
tion signal are amplified by amplifiers 1 and 2, respec-
tively. The two amplified signals are multiply operated
by the calculation and filter circuit 1. Subsequently, af-
ter filtered by the low-pass filter (LPF), the signal Ps(¢)
is obtained. The gains of the amplifiers 1 and 2 are K,
and Kog, respectively. The coefficient of the calculation
circuit is K,s, and the gain of the filter is K5, and the

cut-off frequency is less than wy/10. Therefore, the signal
Py(t) is given by

Py(t) = K15 K25 K s KisS0AJ1(2) sina(t) = K sin a(t),

(7)
where KS = KlSKQSKCSKISSOAJl (Z)
After the signal P,(t) is squared and filtered, the root
is extracted, Ps(t) is obtained as

Ps(t) = K. (8)

With the division operation between the signal Ps(t)
and P,(t) by the dividing circuit 1, the detection signal
Py (t) is given by

P (t) = sin a(t). 9)

In the same way, a signal P.(t) is obtained with the
real-time phase detection circuit 2 shown in Fig. 2(b),
given by

P.(t) = K1.Ka2c Koo K150 Ad 2 (2)cosa(t) = K. cos a(t),

(10)

where K, = K1.K9.K..K;.S0AJ2(z). Correspondingly,
K. and Ks. are the gains of the amplifiers 3 and 4, re-
spectively, K. is the coefficient of the calculation circuit,
and K. is the gain of the low-pass filter. The detection
signal P»(t) is then given by

Py(t) = cos a(t). (11)

Figure 3 shows the block diagram of the displacement
calculation circuit, which consists of a dividing circuit,
an arctan circuit, a real-time phase unwrapping circuit,
and a calculation circuit. The two detection signals Ps ()
and P, (t) are led to the circuit. Using the dividing circuit
and the arctan circuit, the phase is obtained as

a(t) = arctan[Ps(t)/P.(t)]. (12)

According to the phase processed by the calculation
circuit, the displacement of an object is obtained by

r(t) = —Za(t). (13)

The displacement is independent of the change of light
intensity, the initial optical path difference, the am-
plification coefficient of the circuit, the modulation
depth, and the Bessel function. Compared with the
method in Ref. [7], the displacement measurement accu-
racy is enhanced.

If just using Eq. (12) to obtain the phase, the mea-~
surement range of the phase «(t) is from —7/2 to
/2. Therefore, the maximum measurement range of
r(t) is A/2. To enlarge the measurement range, the
phase unwrapping technique is used. When the displace-
ment exceeds the maximum measurement range of \/2,
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Fig. 3. Block diagram of the displacement calculation circuit.
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Table 1. Phase Compensation

sina(t) cosa(t) 4-1 Selector Phase Compensate Aa  Real Phase @' Range of o
1 1 1 0 o 0— /2
1 0 1 0 e —7m/2-0
0 0 1 0 T+ 0—m/2
0 1 1 0 2r + « —7/2-0
«(t)= arctan [P.(tYP.(D)] object to be measured was a mirror attached to a speaker,
i LT which was driven by a sinusoidal signal. The interference
P.(1)= 1 | signa@ was detected b}{ a PD, and transformed into elec-
sina(f)|  voltage F tric S{gnal. The electric 51gna1' was processed by the two
~comparator 1™ =/, . real-time phase detector circuits and the real-time phase
P (D)= i Z_S.Z e (o unwrapping circuit to obtain the displacement, the result
g -2 p a > was displayed by an oscilloscope.
cosa(t R 7 . ” : X .
L).. voltage | ‘“4—& In the experiments, the sinusoidal signal from the sig-
comparator 2 — nal generator with the frequency of 200 Hz drived the
“ggic( 5 Bladder 3| speaker to vibrate sinusoidally along the optical axis.
JT E—

Fig. 4. Block diagram of the real-time phase unwrapping cir-
cuit.

the phases are discontinuous. By detecting the change
of the values of sin «(t) and cos a(t), we can compensate
the phase of interference signal to enlarge the measure-
ment range. The phase compensation principle is shown
in Table 1. In this way, the measurement range can be
more than one wavelength. For real-time measurements,
the phase unwrapping can be completed by the real-time
phase unwrapping circuit shown in Fig. 4.

In Table 1, when the value of sin«(t) or cosa(t) is
plus, we express it as 1, and when the value of sin «(t)
or cosa(t) is minus, we express it as 0. The 4-1 selector
has four output paths, only one path works in the same
time. In Fig. 4, the value of sin «(t) or cosa(t) as 0 or 1
is obtained using the voltage comparator.

The real phase o/(t) is obtained using the 4-1 selector
and adder circuit, and o/(t) = Aa + a. Only one of the
4-1 selector circuit output paths works in the same time,
for example, only the 2th path when sina(t) = 1 and
cosa(t) = 0. The displacement of the object is obtained
by the displacement calculation circuit, r(t) = 31\_7;0‘, (t).

Delay time of signal processing is mostly dependent on
the filtering time and calculation circuit running time of
the real-time phase unwrapping circuit. The total delay
time of this signal processing system is about 26 us.

The phase unwrapping mainly includes two types, one
is Fourier transform method which is a non-real-time
displacement measurement techniquel®, the other is a
real-time one by synchronous sampling of the sinusoidal
phase modulated interference signall®!. The time delay
of the signal processing of the non-real-time one is rela-
tively long.

The experiment was performed using the setup shown
in Fig. 1. The LD’s maximum output power was 10 mW.
The central operating wavelength Ag was 785 nm. The
wavelength modulation coefficient 3 was 1.56 x 1073
nm/mA. The frequency of the SPM signal was 20 kHz.
The gains of amplifiers 1 and 2 were 78.2 and 86.9,
respectively. The conversion fraction of LM was 0.02
mA/mV and the coefficient of the calculation circuit
was 5 x 107> mV~!. We chose a 3rd order LPF with the
cut-off frequency of 300 Hz, the gain of LPF was 8. The

When the frequency of the SPM signal wy was 20 kHz,
we adjusted the voltage of the sinusoidal signal and
the optical path difference to guarantee the modulation
depth 2.35 rad. Figure 5(a) shows the measurement
result, the peak-to-peak amplitude (V,—,) of the curve
is 2361.7 nm and the frequency is 100 Hz. Figure 5(b)
shows another measurement result. The time interval
between the two measurements was a few minutes. The
repeatability derived from multiple measurements was
2.56 nm. The measurement range is 6 times of that in
Ref. [13] with a better repeatability.

The measured displacement with the frequency of the
sinusoidally driven signal of 200 Hz is shown in Fig. 6(a).
The V,—, value of the measured curve is 1163.8 nm,
and the frequency is 100 Hz. Figure 6(b) shows another
result. The repeatability derived from multiple measure-
ments is 2.92 nm.

For comparison, we measured the displacement using
the photothermal modulated SPM-LD interferometer!*%.
The frequency of the sinusoidal voltage signal on the
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Fig. 5. Measured displacement-time curves with 100-Hz fre-
quency.
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Fig. 7. Measurement results with (a) the photo-thermal

LD SPM interferometer and (b) the interferometer shown in
Fig. 1.

speaker was 150 Hz and the vibration amplitude of
the vibrating mirror attached to the speaker was 1008
nm. In the photothermal modulated LD SPM inter-
ferometer, electric signal output from the PD was am-
plified by an amplification circuit and input into a com-
puter by the acquisition card. With the discrete Fourier
transformation'®) and the algorithm for enlarged mea-
surement range, the displacement of the speaker was ob-
tained. The result is shown in Fig. 7(a). The amplitude
of the curve is 1010.16 nm and the frequency is 150 Hz.
The root-mean-square (RMS) error is 1.52 nm after mul-
tiple measurements. One of the LDs of the photothermal
modulated LD SPM interferometer was removed to form
the optical system shown in Fig. 1. The two real-time
phase detection circuits and the real-time phase unwrap-
ping circuit were used to process the interference signal.
Figure 7(b) shows the displacement measurement result.
In this curve, V,—, is 1011.98 nm and frequency is 150
Hz. The RMS error between the two measurements is
3.16 nm. The measurement range was not enlarged fur-
ther because of the limits of experimental conditions.

In this paper, a novel real-time LD interferometer for
displacement measurement with high accuracy and large
range is proposed. The displacement can be measured
with two real-time phase detection circuits and a real-
time phase unwrapping circuit. The measurement range
is enlarged to a few or more wavelengths. By use of
a novel disturbance elimination technique, the measure-
ment result is independent of the fluctuation of light
intensity, initial optical path difference, amplification
coefficient of the circuit, modulation depth, Bessel func-
tion, and the measurement accuracy is improved. In

experiments, the displacement measurement range was
2361.7 nm and the repeatability was 2.56 nm, the mea-
surement time was less than 26 us. The improvement in
measurement accuracy and range of the interferometer is
verified.
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