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We developed a method of detecting incident light levels on the oscillator surfaces and light pulses that include two interfering pulses with a phase
shift of m/2 (phase-shifted optical pulse interferometry). This system enables the measurement of displacements greatly exceeding the half
wavelength of the laser. Moreover, it allows measurements at multiple locations with a single optical fiber for using optical pulses. In this study, we
conducted an interference experiment using 30ns optical pulses and transmitted them at 1 pus intervals. We confirmed that the above two
measurements are possible. Furthermore, from the data of the oscillator used for verification, we showed that measurements on the order of
nanometers are possible. Since this method does not require a power supply to the oscillator, its widespread applications in physical exploration

can be expected. © 2016 The Japan Society of Applied Physics

1. Introduction

In earthquake observation, ground motion is measured using
an accelerometer and a velocity meter (called a seismometer);
the measured data are used to determine the earthquake
mechanism, ground structure, and internal structure of
Earth.! Furthermore, when observing volcanoes, a seis-
mometer is used to estimate the position and scale of a
magma chamber to verify the mechanism of eruptions and
predict volcanic eruptions.*® To examine the mechanism
of an earthquake hypocenter in detail, seismometers must
be positioned around the epicenter. However, earthquakes
associated with subducting plates often have epicenters in
the ocean. Therefore, seismic observation only on land is
insufficient, and earthquake observation networks have been
installed on the sea floor around Japan as well as in other
parts of the world.” In the field of geophysical exploration,
which includes resource exploration, observations are made
at multiple points in a wide area to improve the resolution.
Therefore, in sea-floor exploration, sensors that do not
require a power supply and a system that uses optical fiber for
transmission are desired.'%!!

There are several methods for measuring acceleration
using optical fibers. For example, there are methods using the
Fabry—Perot interferometer,'>!3 amplitude modulators,'¥
and differential optical detectors;'> others measure the vibra-
tion of a micromachine silicon cantilever with light-density
modulation using multimode fibers,'® involve fiber Bragg
gratings (FBGs),!*!1729) or are interferometric meth-
o0ds.?*?” Among these, FBG'®!1:2D and interferometric®
methods are primarily used for actualizing frequencies of
0.1 to several hundreds of Hz, which are necessary in
earthquake observations including geophysical exploration,
with a dynamic range of 100dB.

FBG methods mainly use the measurement principle of
a contact-type hydrophone, and optical fibers are wrapped
around seismometers such as moving-coil-type seismome-
ters. There exists a method to convert the vibration of the
spindle inside a seismometer to the expansion and contraction
of optical fibers to detect vibration;'®!" another method uses
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the optical fiber itself as an accelerometer.”?!) These methods
do not require a power source between the fibers and the
sensor; thus, they are currently used in sea-floor earthquake
observation.

In the FBG methods,?® it is generally necessary to use an
FBG with a central reflection wavelength that is different in
the number of multi points, although there are exceptions.
Therefore, a wide-bandwidth light source that covers the
entire wavelength range or a frequency-sweep light source is
required, which is a disadvantage.

In contrast, interferometry enables measurement using a
single-wavelength laser and is advantageous in that its
sensitivity can be increased. For example, Zumberge et al.>>
measured the vibration of an STS1 seismometer in real time
and conducted phase unwrapping. Assuming that an ampli-
tude of several centimeters is captured with a resolution less
than 1pm, they showed that the performance of the STS1
seismometer can be maximized by light interferometry.
The impact of these results was significant in the field of
earthquake observation, especially as it presented a good
prospect for high-precision observation that does not require
a power source for the sensor. However, their proposed
method uses continuous light; thus, creating multi points in
the measurement system using a time-division multiplex is
difficult.

In this paper, we propose phase-shifted optical pulse
interferometry, which enables the easy integration of multiple
observation points for application to a seismometer. Shindo
et al.>” provided a description of the method of using optical
pulses and multiple observation points. In their interference
method, they attached the fiber directly to the oscillator
and observed the expansion and contraction of the oscillator
during vibration using interference. Therefore, although a
power supply is not required for the sensor, there is a
disadvantage in that the oscillator amplitude cannot be
measured beyond the half wavelength of the pulsed light.

Our method applies a pulse with a partial z/2 phase
modulation to the front and back surfaces of a spring-
suspended mass. When optical pulses are made to interfere by
applying an appropriate delay on one side of the spring-
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suspended mass, the light incident on the spring-suspended
mass can also be measured and the changes in incident light
intensity due to environmental fluctuations can be removed.
Simultaneously, phase unwrapping becomes possible, which
allows the measurement of a displacement that exceeds half
the wavelength. A prototype of the spring-suspended mass
was prepared, and a vibration measurement was conducted
with the proposed light interferometry method to show that
the measurement of a displacement that greatly exceeds the
wavelength of the incident light is possible, as indicated by the
principle. We also showed from the observation record of the
spring-suspended mass that nanometer-order measurement is
possible. Furthermore, by using a 30ns optical pulse trans-
mitted at 1 MHz, we conducted a simultaneous experiment
for the two sensors to show that measurement at multiple
locations is possible. For this transmission condition, meas-
urement with up to 20 sensors is possible in a calculation.

2. Phase-shifted optical pulse interferometry

Generally, to measure the interference signal obtained
through light interferometry, the phase difference 0 between
the reference light r and the measurement light s is obtained.
The electrical signal level I of interference light i resulting
from interference between the reference light » and measure-
ment light s is expressed as

I=|r+s>=R+S+2vRScosé. (1)

At this time, R, S, and [ are the electric signal level of the
reference light r, measurement light s, and interference light i,
respectively, which are equal to the square of the effective
amplitude of each light. In the conventional method, R and S
are treated as constants; therefore, the variation error due to
intensity fluctuation on the transmission pathway could not be
separated, implying that the conventional method is unsuit-
able for a measurement that requires long-term stability, such
as a field observation. In the present study, the light signal
was pulsed and made to interfere with the reference light by
appropriately delaying the measurement light. This allows
for a design in which the interference output pulse can be
obtained as a time-division multiple pulse of the portion of the
reference light only R, interference light portion / where the
reference light and measurement light overlap, and the portion
of the measurement light only S. Thus, the electric signal
levels R, I, and S can be obtained simultaneously. Con-
sequently, cos € can be obtained using Eq. (1).

Questions that use Eq. (1) are output with cos 8 ranging
from —1 to 1; however, because the measurement error is So
large that |cos ] is closer to 1, it is necessary, in practice, to
take measurements within the range of |cosd| < 1/+/2,
where good linearity exists. Therefore, a light accelerometer
with an automatic drift compensation function built into the
light source has already been created so that 6 is constantly
around 7/2.” However, in this method, only a displacement
shorter than half the wavelength can be measured, limiting
the dynamic range.

The method proposed in the present study allows for con-
tinuous measurement without adjusting the phase of the light
source. Two pulses with phases differing by z/2 are used, as
shown in Fig. 1(a). The reference light interferes with the
measurement light, which is delayed by 7, to obtain two
interference outputs, namely, /; and I, in addition to R and S.
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Fig. 1. (Color) (a) Schematic diagrams of reference light, measurement

light, and interference light. (b) Schematic diagram of phase-shifted optical
pulse interferometry.

If the input pulse length in Fig. 1(a) is 37, x/2 phase
modulation is applied only to the final z. Through inter-
ference resulting from applying a delay 7 to the input pulse
on one side of the vibration plane, an output pulse with length
47 is obtained. At this time, the following holds:

(h—R-S5)
cosf) = ————, 2
1 S JRS (2)
(IZ—R—S) T
cosh=————, 6,=0,——-. 3
b 2JRS b 1=5 (3)
By taking the ratio of (2) and (3),
cosf, sind, (IL-R-2S5)
= = 0O =——. 4
cosf; cos0O and I;—R-29) @

Therefore,

(L-R-S (I -R-S
O, =tan”' [ ———= | =cot™ [ ———— ). 5
L (h—R—S) 0 (Q—R—S) ©)
Hereafter, 6, will be written as 6.
In the tangent function, @ diverges at +x/2, while in the
cotangent function, € diverges at 0 and z. To avoid these
divergence points, we chose the function with the absolute

value closer to O in order to calculate € in the range
—n £ 6 < 7 as follows:
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L-R-S$ L-R-S
tan_l 27 when 27 Sl
L-R-S L-R-S
0 . (6)
(L —R-5 L-R-S$
cot — when | ———| > 1
L-R-S L—R-S

The variation A@(r) at a time ¢ is calculated from 6 obtained
for every sampling interval At:

A1) = 6(t) — O(t — At). 7

When the above value exceeds z, 27 is subtracted; when
the value is below —z, 27z is added for adjustment.

The variation A6(7) is the quadruple of the phase difference
caused by the amplitude of the actual oscillator. As shown
in Figs. 1 and 5, this is due to the interference of light that
was measured on both sides of the oscillator.

If 6" is assumed as AO when the sampling interval At is
sufficiently small, the actual phase change O(¢) is calculated
as

@m:fam. (8)
0

The calculated displacement D(f) can be obtained by
multiplying ©(¢) by the wavelength of the measurement
light 4 as

D@:%/@ﬁ (9)
0

In this method, as long as the measurement is within range,
there is no limit to the number of phase unwrapping steps.
We call this interferometry as phase-shifted optical pulse
interferometry.

3. Spring-suspended mass as an accelerometer

3.1 Measurable range

The condition that enables phase unwrapping through phase-
shifted pulse interferometry allows for the determination of
the vibration direction with A@; thus,

A
|Awm<g,mwm0@u<gx—- Z (10)

2 4
must be true.

At this point, let us assume that the spring-suspended
mass vibrates at the displacement d(f) = A sin(2zft). The
maximum displacement rate of this spring-suspended mass
d(f)max 18 27fA. Therefore, the maximum change in displace-
ment, |Ad(?)|, with the sampling rate of the laser light F' (Hz)
is 2zAf/F. As we will discuss in Sect. 4.1, if the design
allows for interference with a reflected wave on applying an
optical pulse from both sides of the spring-suspended mass,
the light path of the optical pulse D(f) becomes four times
the actual displacement of the spring-suspended mass d(7).
Therefore, the condition for the maximum amplitude of the
measurable spring-suspended mass A and frequency f is

87A A
|ADUN=|4Aﬂ0|=_%;f<Z.

(11
Since this system is a magnifying structure, it is possible
to enlarge fine fluctuations and capture them. Hence, it has
the advantage of precision.

If the wavelength and sampling rate of the laser light used
are 1.55um and 1 MHz, respectively, the amplitude A must
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Fig. 2. Amplitude characteristics of an accelerometer.

be less than 1.55/(32zf)m. For example, it is possible to
observe a vibration with f = 10 Hz as long as the amplitude A
of the spring-suspended mass is less than 1.5 mm.

3.2 Preparation of the spring-suspended mass as an
accelerometer

To apply the phase-shifted optical pulse interferometry to the
observation of vibrations such as earthquakes, we prepared a
spring-suspended mass as an accelerometer. When measuring
vibrations such as ground motions using a spring-suspended
mass, a damping force proportional to the velocity of the
spring-suspended mass is typically applied. The equation of

motion for such a system is*"
d*y dy ) d*x

where y is the relative displacement of the spring-suspended
mass, y (= hwg) is the attenuation rate, 4 is the attenuation
constant, @ is the natural angular frequency of the spring-
suspended mass, and x is the displacement input from
outside.

The frequency characteristics of a seismometer are
generally expressed as a response when a sine-wave ground
motion is applied. Considering x(f) = sin ot with @ =2x/T,
we obtain

y(t) = U(w) sin[wt + d6(w)], (13)
where
2
-2
Ulw) = @ and tané = 273/602
\/(a)(z) — 02)? + 4y w? Wy —w

Regarding the amplitude in Eq. (13), the normalized
displacement amplitude of the spring-suspended mass is
expressed in a graph with a normalized frequency (Fig. 2). If
® <K @y, the amplitude of y(r) does not depend on the input
frequency, but instead takes a value depending on the input
acceleration.

In actual seismometers, the damping factor is of the order
of 0.7 to prevent an increase in vibration near the natural
frequency of the oscillator. In the case of detecting ground
displacement, the region of @ > @ is used, and in the case of
detecting ground acceleration, the region of @ < wy is used.
Considering ours as a device for system verification, we used
the region of the accelerometer where the oscillator is not
damped and conducted the verification.

© 2016 The Japan Society of Applied Physics
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Fig. 5. (Color) Structure of the test bed in phase-shifted optical pulse interferometry. This method uses laser-pulse inputs R and S. The pulse duration is

30ns. The phase of the last 10ns is progressed (regressed) to z/2 against the first 20 ns. This pulse is transmitted every 1 ps.

In a typical earthquake observation, measurements are
taken at 100Hz or lower; therefore, a spring-suspended
mass is prepared with a natural frequency of approximately
300 Hz, along with that with a natural frequency of approxi-
mately 50 Hz to verify the measurements of large amplitudes
at the low frequency by phase-shifted optical pulse inter-
ferometry.

Sensor parts of the spring-suspended mass with a natural
frequency of approximately 300 Hz are shown in Fig. 3. The
outer shape of the sensor prepared for this study consists
of nickel-plated brass, and the total size of the sensor is
36 x 36 mm?. The spring of the sensor is made of beryllium
copper, and is the outer diameter is 25¢.

A three-dimensional (3D) computer aided design (CAD)
model of the vibrating part in this sensor is shown in Fig. 4.
The spring characteristics in the design of this model were as
follows: through mode analysis with the peripheral portion of
the spring fixed, the primary mode was vertical against the
plane of the spring, and the natural frequency was 371 Hz.

4. Spring-suspended mass measurement system

4.1 System structure
By using the principle of phase-shifted optical pulse inter-
ferometry presented in Sect. 2, we prepared a test bed
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that measures the vibration of the spring-suspended mass
discussed in Sect. 3. This system consists of a phase-shifted
optical pulse generator, a sensor signal processor, and a
sensor connected to the tip of an optical fiber (Fig. 5).

In the phase-shifted optical pulse generator, a continuous
light of 1.55 um wavelength was generated as the interference
light source by using a highly stable laser transmitter with a
narrow line width of 5kHz. A high-speed lithium niobate
(LN) intensity modulator and an LN phase modulator that
can provide GHz-band behavior were used for the laser light,
and an optical pulse with a total pulse width of 30ns and a
relative phase difference of z/2 at 20 ns to the front and 10 ns
to the back was generated and transmitted at 1 us intervals.

A polarization-maintaining fiber was used for transmission
to the sensor. At the sensor, the optical pulse is branched
by couplers after passing through a polarizer. After reflecting
on reflexive mirrors attached to both sides of the spring-
suspended mass, the light interferes and enters the sensor
signal processor.

The sensor signal processor converts the light signal into
an electric signal, and subsequently conducts A/D con-
version at a sampling rate of 3.6 GHz, extracting the inter-
ference pulse at intervals of 1pus to obtain R, S, I}, and I,.
Next, it calculates the displacement from A# of the spring-

© 2016 The Japan Society of Applied Physics
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suspended mass that has gone through 2000th-order moving-
average processing, and it outputs with 1 MHz sampling.

A frequency band of 200Hz or less is used in the field
of natural earthquakes and physical exploration. Therefore, as
the preliminary processing of the obtained data, we applied a
comb filter that cuts off frequencies above 500 Hz. Since this
study involves 1 MHz sampling data, we decided to take a
2000th-order moving average.

4.2 Vibration experiment

An anti vibration table was installed for the vibration experi-
ment. A metal box containing gel was placed on this table,
and the vibration table was placed on top of this box. As
we aimed to obtain the value of acceleration actually applied
to the spring-suspended mass, the servo-type accelerometer
JA40GA manufactured by Japan Aviation Electronics
Industry, Ltd. was also set on this table to adjust the input
of the vibration table. JA40GA is an accelerometer often used
for earthquake observations in Japan®? and is flat from 0
to approximately 200Hz, allowing measurements up to
+39.6 m/s2.3)

The spring-suspended mass from Sect. 3 was placed on the
vibration table. Figure 6(a) shows a Lissajous figure obtained
with the 1 MHz sampling of a sine wave at an acceleration
rate of 2.94m/s, a frequency of 30 Hz, and an observation
time of 0.05s. cos#; and cosf, were calculated using
Egs. (2) and (3), respectively. The Lissajous figure shows a
change along a true circle.

In our system, we conducted the experiment by adjusting
the phase shift of the pulse to be z/2 in the phase-shift cycle
of the pulse, causing a circular display of the Lissajous figure,
as shown in Fig. 6(a), and by simultaneously confirming it.
When we used the ellipse fitting method®* for the Lissajous
figure in Fig. 6(a), the major axis of the ellipse was 0.999, the
minor axis was 0.965, and the major axis/minor axis ratio
was 1.03. In addition, the tilt of the ellipse was 0.1rad, and
we could confirm that the Lissajous figure is almost a circle.

Therefore, it is confirmed that the z/2 phase shift of the
incident pulse was achieved; i.e., the phase difference between
6, of Eq. (2) and 6, of Eq. (3) is #/2. Furthermore, we can
see that the transfer at 2z, which exceeds the wavelength of
the laser light in Eq. (8), is appropriately achieved. Af in
Fig. 6(b) was obtained by applying a 2000th-order moving
average to the results of Eq. (7), and the amplitude roughly
changed with a sine wave of 0.003 rad, confirming that the
measurements were within the limit stipulated by Eq. (10).

In Fig. 6(c), the displacement of the spring-suspended
mass is approximately 1 um, and the frequency is 30 Hz. As
shown in Figs. 6(a) and 6(b), the measurements are appro-
priate; thus, the displacement in Fig. 6(c) expresses the actual
displacement of the spring-suspended mass. This is a result of
the oscillator used in this study, and when the parameters of
the oscillator used such as resonant frequency and Q-value
change, the maximum acceleration also varies.

4.3 Consistency of light interferometer record by inputting
a square wave

Next, a square wave of 0.1 Hz frequency was input into the
vibration table, and a single-degree-of-freedom attenuating
vibration was measured. The displacement of the vibration
table that uses a laser displacement meter and the acceleration
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of the vibration table with a servo accelerometer were
simultaneously measured using one data logger with 1kHz
sampling. We examined the consistency with the displace-
ment of the spring-suspended mass with light interferometry
obtained at 1 MHz sampling and detected small, free natural
vibrations.

Figure 7(a) shows the acceleration of the vibration table
measured using the servo accelerometer and the displacement
of the sensor measured using light interferometry when a
square wave of 0.1 Hz frequency and 0.55 mm amplitude was
input. Figure 7(b) shows the overlapping Fourier spectrum
for each measurement.

The damping ratio { calculated from the envelope of
the sensor displacement shown in Fig. 7(a) was 0.05027.
As the attenuation is small, the displacement of the spring-
suspended mass will show a natural vibration of the sensor on
the line proportional to the input acceleration. The graph
showing an overlap with the acceleration measured using the
accelerometer at the same time indicates that the measured
displacement of the spring-suspended mass agrees with the
theory, implying that our technique provides correct measure-
ments [Fig. 7(a)]. The graph showing the Fourier spec-
trum for each measurement [Fig. 7(b)] further confirms the
validity of the interferometry technique. When Fourier
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Fig. 7. (Color) (a) Acceleration measured using the accelerometer and

displacement of the sensor obtained using light interferometry. (b) Fourier
spectra of the accelerometer and spring-suspended mass.

analysis was conducted on the displacement of the spring-
suspended mass, the natural frequency was 320 Hz. This is
approximately 15% off the design value of 371 Hz indicated
in Sect. 3.2. The reason for this difference is that the spring-
suspended mass is not completely fixed, and the spring
constant is lower than the calculated value.

Next, to confirm that the spring-suspended mass captures
displacements with small free vibrations, we show the meas-
urement values from approximately 0.3s after adding a
square-wave displacement (Fig. 8). Figure 8(a) shows the
Lissajous expressions of cos#; and cos @, calculated using
Eqgs. (2) and (3), which indicate that the phase barely
changed. Figure 8(b) shows A@ obtained by applying a
2000th-order moving average taken for a duration of 0.01s
from approximately 0.3s after adding a square-wave dis-
placement. The obtained A shows sine-wave oscillation
with an amplitude of 20 uyrad. The optical path difference of
the laser light was four times A6, indicating that the 5 urad
variation in the displacement difference of the spring-
suspended mass is captured. If the path difference is ex-
pressed as a length, that is as the wavelength of the laser light
of 1.55um, it is 1.55x% [5x (107%/27)] = 1.2 x 1076 um;
thus, this system has the ability to capture a displacement of
1.2 pm. The displacement in Fig. 8(c) obtained using Eq. (9)
is affected by the integral at both ends, but the measurement
captures the displacement of a natural vibration with an
amplitude of approximately 1.5nm. In addition, when we
took the time variation obtained from the laser displacement
meter as the input quantity, carried out a dynamic simulation
of the mass-spring damper system, and determined the
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displacement with respect to the housing of the optical
sensor, we confirmed that it matched well with the output
value of the optical sensor.

4.4 Connecting multiple spring-suspended masses

In addition to the structure presented in Sect. 4.1, the optical
pulse was branched using a coupler. By delaying one branch,
we can show that two spring-suspended masses can be meas-
ured with time division.

In the optical pulse generator, the optical pulse with a
width of 30ns was prepared as indicated in Sect. 4.1 and
transmitted with 1ps intervals. In the sensor, light passes
through a polarizer and is branched using a coupler. One
branch of the pulse is reflected at reflexive mirrors attached to
both sides of the spring-suspended mass, as in the previous
section, and then made to interfere. The other branch of the
pulse is delayed by 50ns, and then the wave reflected from
the spring-suspended mass interferes in the same manner.
With this delay, the interference pulse from two spring-
suspended masses is transmitted to the signal processor with

© 2016 The Japan Society of Applied Physics
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(Color) Configuration diagram of the test bed when conducting simultaneous multiple observations with phase-shifted optical pulse interferometry.

This method uses laser-pulse inputs R and S. The pulse duration is 30 ns. The phase of the last 10 ns is progressed (regressed) to z/2 against the first 20 ns. This

pulse is transmitted every 1 ps.
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Fig. 10. (Color) Photograph of the spring-suspended mass and sensor
during observations.

a 10 ns shift; thus, the components can be sequentially output
without interference with each other (Fig. 9).

In this experiment, two spring-suspended masses with a
natural frequency of approximately 50 Hz are installed on the
vibration table and forced to vibrate at 35 Hz. If the param-
eters other than the natural frequency of the spring-suspended
masses are the same, a spring-suspended mass with a lower
natural frequency will show a higher amplitude. The ampli-
tude of the 50Hz spring-suspended mass is higher than
that of the 320Hz spring-suspended mass; therefore, while
simultaneous observations were made for the two spring-
suspended masses, their amplitudes were also verified. A
photograph of the observation is shown in Fig. 10. The red
part at the bottom of Fig. 10 is the vibration base that
moves up and down. The sensor in the front is the servo-type
accelerometer, and the two parts lined on the top are the
spring-suspended masses. These spring-suspended masses
can simultaneously vibrate on one vibration table.

The observation results were processed in the same manner
as before, and the displacement waveforms [Fig. 11(a)] and
spectra [Fig. 11(b)] of the spring-suspended masses were
identified. Figure 11(a) indicates that the frequencies of the
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Fig. 11. (Color) (a) Output waveform obtained during simultaneous
vibration. (b) Fourier spectra obtained during simultaneous vibration.

two spring-suspended masses are in agreement, but the
displacement amplitudes are different.

Since the parts containing the spring are not exactly the
same, there is a possibility that an error may have occurred in
the thickness and length; since the oscillator configuration is
not completely fixed, it is likely that variations have occurred.
Since the objective of the current study is to check the
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Fig. 12. (Color) Schematic diagram of multiple observation points.

behavior under multiple sensors, the uniformity of sensor
performance has not been focused upon. However, since the
homogeneity of the oscillator performance is important for
future practical applications, we would like to resolve this
issue in the future.

The Fourier spectra in Fig. 11(b) indicate that, for an input
of 35 Hz, two spring-suspended masses respond in the same
manner, showing that the simultaneous measurement of
two spring-suspended masses through the interferometry
technique was successful. When simultaneously measuring
two sensors, an approximate loss of 3 dB is caused by optical
pulse branching, but it does not affect the accuracy of the
measurements. If multiple points are used, the effect of the
loss can be removed by increasing the amplification of the
light in the system.

The seismometer typically requires three components at
one observation station: north—south, east-west, and up-—
down. Furthermore, in this system, a compensation circuit is
inserted to remove the disturbances other than the spring-
suspended mass, implying that there is one observation point
with four components.

If a pulse with = 10ns is transmitted from the pulse
generator at 1 ps intervals, as in Fig. 12, a period of 200 ns is
necessary in the four components. By applying 200 ns for
each observation point, multiple observation points can be
connected using the same optical fiber. Under these con-
ditions, at the maximum in a calculation, the interference
pulse of five observation points and 20 sensors can fit within
1 ps, enabling the installation of five observation points using
one fiber.

5. Discussion

As shown in Fig. 12, we constructed this system to reduce
the system noise and environmental noise by simultaneously
measuring the records of fixed ends and subtracting these
records from the record of each sensor. Incidentally, the
observation records with the fixed ends showed that the noise
is low in high-frequency regions with frequencies higher than
1 Hz and in low-frequency regions with frequencies lower
than 1 Hz; the noise increased with the decrease in frequency.
Next, when the two fixed ends were simultaneously meas-
ured, their noise levels were almost the same over the entire
frequency, and the noise levels obtained from the difference
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between the two showed an improvement of approximately
20dB over the entire frequency range when compared with
the noise levels separately obtained from the individual fixed
ends. However, the spectral shape remains nearly unchanged
from the spectral shapes of individual fixed ends, and we
found that the increasing trend of noise in the low-frequency
regions cannot be eliminated. Since the noise reduction in the
low-frequency regions is directly connected to the practical
applicability of the broadband seismometer, an improvement
in this area is a major challenge for the future.

On the other hand, if the vibration of the geophone can be
directly measured using the proposed interferometry tech-
nique, a more detailed vibration measurement at the sensor
without a power supply can be realized in comparison with
that achieved in the previous study, in which the displace-
ment in the spring-suspended mass vibration in the geophone
was measured as a change in capacitance by using the electric
signal. 3339

By using the phase-shifted optical pulse interferometry
proposed in this paper, the signal levels of reference light, R,
measurement light, S, and interference light, /, can be simul-
taneously measured to remove the loss in the light-signal
path, enabling application in long-distance transmission.
Furthermore, by delaying the light-receiving interval of the
pulse for each sensor, multiple channel measurements by the
same pulse become possible. Therefore, one can consider the
output for temperature compensation and connect multiple
sensors with ease. This characteristic will lead to a long-term
and real-time monitoring network of resources without a
power supply and a seismogram for deep drilling at high
temperatures. In this study, we performed measurements
using the 30ns pulse transmitted at 1 MHz. Under these
conditions, up to 20 components can be measured using one
light source. In the future, by decreasing the optical pulse
length to one-fifth, the maximum number of measureable
components can be increased to 100. Data output in this
study was performed at a high speed (1 MHz sampling),
and in the decimation process, measurements at 1kHz
sampling indicated potential for resource exploration and
those at 100 Hz sampling indicated potential for earthquake
observation.

6. Conclusions

We examined the principle of phase-shifted optical pulse
interferometry and showed that measurements using our
prototype spring-suspended mass of distances significantly
exceeding the wavelength of the incident light are possible,
as suggested by the principle. On the basis of the record of
spring-suspended mass observation, we showed that meas-
urements on the order of nanometers are possible. Further-
more, by using an optical pulse with a length of 30ns trans-
mitted at 1 MHz, we conducted a simultaneous vibration
experiment of two sensors and showed that measurement at
multiple locations with one optical path is possible. In the
future, by using a suitable spring-suspended mass, we plan to
develop an optical seismometer that is practical for field use.
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