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Interferometric Fiber-Optic Gyroscope Using
Multi-Core Fiber

Shinji Mitani, Kenichiro Nigo, Tadahito Mizutani, Satoshi Karasawa, Haruyuki Endo, Taketoshi
Takahata, Yuichi Takushima, Member, IEEE and OSA, and Shigeru Nakamura

Abstract— We proposed a novel interferometric fiber optic gyro
(I-FOG) sensor coil consisting of multi-core fiber (MCF) spliced
with fan-in/fan-out (FIFO) devices. We fabricated a 102-m long,
seven-core MCF coil with FIFO devices and demonstrated the
operation of the proposed I-FOG for the first time to our
knowledge. The angular random walk performance of 0.002
deg/h was achieved, thereby confirming that the seven-core
waveguide loop works successfully as a Sagnac interferometer as
expected.

Index Terms— Interferometric fiber-optic gyroscope, Sagnac
effect, Space division multiplexing, Multi-core fiber,
Fan-in/fan-out, Free space optics

I. INTRODUCTION

MPROVING the sensitivity of the interferometric fiber-optic

gyroscope (I-FOG) as a rotation-rate sensor contributes to
usher in a new era of highly precise and autonomous mobile
systems in space, marine and other applications. One solution
for such sensitivity improvement is applying long fiber in the
sensing coil. In fact, it is reported that the 5-km-long
polarization-maintaining fiber coil have been used for space
navigation grade [1] and a giant [-FOG with a 15-km-long
single mode fiber coil is demonstrated for low noise property
[2].

However, longer sensing fiber loop causes other problems. A
non-reciprocal phase shift error [3] becomes relatively high
compared to the reduced short-term noise and the unique
manufacturing process of winding called symmetry winding [4]
is inevitable. Symmetry winding process must require perfect
qualification without coil turn number error or winding flaw.
Therefore, the unique manufacturing process of winding such a
long length of fiber into multiple layers to form a coil requires
elaborate and costly skill.

To solve for the above problems in I-FOGs, here, we discuss
a new approach by using multi-core fibers (MCFs). So far,
MCF technologies including their related optical devices have
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been massively exploited to increase the transmission capacity
in optical networks [5]-[8]. Recently, MCFs having a few tens
of transmission cores have been developed, and their feasibility
was successfully examined in Peta-bit/s—scale transmission
experiments [7][8]. In Ref. [9], the possibility of using MCFs in
I-FOGs has been briefly discussed, but, the practical
implementation of the MCF coil has not been shown yet.

In this paper, we propose a novel configuration of a fiber coil
using an MCF and a pair of fan-in/fan-out (FIFO) devices, and
show that an integrated single optical path can be formed by
connecting multiple cores’ optical paths in serial. Thus, the
effective fiber length can be increased by a factor of the number
of cores, which leads to higher sensitivity. We first explain the
proposed configuration of the fiber coil and discuss its
advantages. Then, we fabricate the proposed fiber coil by using
a 102-m long, seven-core MCF and implemented it into an
open-loop I-FOG system. (Hereafter, we call it ‘MC-FOG.”)
In the experiment, we confirm its superior performance as a
rotation sensor.

II. OPERATING PRINCIPLE AND PROBLEMS OF I-FOG
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Fig. 1. Schematic of conventional I-FOG configuration.

In order to clarify the advantage of using MCF, we first
briefly explain the operation of a conventional I-FOG. Figure 1
shows a schematic of the I-FOG. The signal light (from a
broadband light source) is divided by directional coupler 1
(DC1), and the two divided beams propagate in the fiber coil in
the clockwise (CW) and counterclockwise (CCW) directions.
Then both beams are recombined by DC1. As is well known as
the Sagnac effect, a relativistic phase delay occurs depending
on the rotation rate, and the phase difference between both
beams (in the CW and CCW directions), A¢gg, can be expressed
as:

Adr = 2aLD/Ac)-Q €))
where Q is the rotation rate, L is the length of fiber in the coil, D
is the diameter of the fiber coil, and 4 and ¢ are the wavelength
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and speed of light in vacuum [10], respectively. Thus, the phase
shift is proportional to Q and can be measured by detecting the
interference signal.

In Eq. (1), the scale factor 27LD/Ac expresses sensitivity
relative to the rotation rate, and the design guideline for better
sensitivity is to increase L. However, increasing L is not so
simple due to a problem intrinsic to the I-FOG, called the Shupe
effect [10]. It entails a non-reciprocal phase shift caused by a
time-varying distribution of temperature and stress in the fiber
coil, and inevitably leads to measurement error depending on
the environmental conditions [3]. In order to mitigate the
influence of this effect, a unique winding pattern (called
symmetrical winding) is typically applied to the coil [4]. This
entails, however, a very meticulous winding process, and the
number of turns of the fiber coil consequently increases the
manufacturing cost. In addition, because an imperfect winding
pattern could actually enhance measurement error, it is not easy
to make a coil with a long length of fiber.

III. PrROPOSED FIBER COIL USING MCF AND FIFOs

In order to mitigate the above problems in conventional
I-FOGs, we propose a novel fiber coil configuration. Figure 2
shows a schematic of the proposed fiber coil using an N-core
MCF and a pair of FIFO devices. (In the case of MCF, spatial
multiplexers/demultiplexers are referred to as fan-in/fan-out
(FIFO) devices and are used to efficiently couple light from
individual single mode fibers to each core of the MCF and vice
versa.)

CWin
—

W x N turns
sensing loop

MCF coil
(W turns)

fan-out (FO) cross sectional view

Fig. 2. Schematic of the proposed fiber coil using MCF with bundled N-core
waveguides.

Here, port n of the FI device is connected to the port (n-1) of
the FO device (n =2,-:-,N). Port 1 of the FI device and port N of
the FO device are connected to DC1, and thus serve the role of
input/output for the fiber coil. For example, the signal source
light is led into port 1 of the FI device, travels in the CW
direction through all the MCF core’s waveguides N times, and
is derived from port N of the FO device. In this way, an
integrated single waveguide loop is realized by using FIFO
devices, and the fiber coil’s effective optical path length can be
increased by a factor of V.

One of the clear advantages of using MCF is that it allows us

to drastically reduce the fiber length while maintaining the
gyro’s sensitivity. Since the number of turns of the fiber coil
becomes 1/N, the cost of the winding process can be also
drastically reduced. Moreover, due to the small core-pitch of
MCF, many core waveguides are densely packed in the coil.
This results in the fiber coil being very compact, thereby the
influence of the Shupe effect could be suppressed to some
extent.

Another advantage of using MCF with FIFO devices is the
flexibility and comprehensiveness of core-to-core connectivity
at the end of MCF having any core arrangement. This
advantage is particularly effective for MCFs with large number
of cores and/or complex core-arrangement.

On the other hand, MCF and FIFO devices essentially
introduces wavelength-dependent crosstalk between different
cores, that could act as noise or interferences in the proposed
system. The impact of the crosstalk among core channels is a
unique problem on the proposed I-FOG using MCFs and is still
an open question to be discussed in the future study.

IV. FIFO DEVICES FOR MCF GYROSCOPE

Various configurations of FIFO have been reported so far.
The most common techniques use: 1) fused tapers or bundled
fibers [11][12], 2) 3D waveguides [13][14] and 3) free space
optics [15][16]. Table I shows the advantages and
disadvantages of each type of configurations. The key
parameters which could affect the sensing performance and the
practical implementation are the insertion loss, crosstalk among
core channels, compactness, and so on. Therefore, the proper
choice of the FIFO devices is important. Even though each of
these approaches has its own merits, it is still challenging to
realize low crosstalk for highly-dense MCFs having a small
core pitch distance.

Connection using fused tapers and that using 3D waveguides
are associated with comparatively large splice loss and
waveguide loss, although they are effective to realize a
small-sized coil. On the contrary, connection using free space

TABLEI
VARIOUS CONFIGURATIONS OF FIFOS
Configuration Advantage Disadvantage
Fused tapers Small size Large fused loss
3D waveguides Small size Large waveguide loss
Free space optics Low loss Large size

Low crosstalk

Fiber collimator x N

|
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Fig. 3. Schematic diagram of the inside of FIFO devices using free space
optics for N-core MCF
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optics enables sufficiently low loss connectivity with
sacrificing the size of the coil. Free space optics configuration
has additional advantages of low crosstalk and low
polarization-dependent loss (PDL). Figure 3 shows a schematic
diagram of the inside of the free-space-optics type of FIFO
device. The signal lights transmitted through the cores of the
MCEF are collimated with a GRIN lens and separately launched
into the corresponding fiber collimators. In this way, the
optical connection between MCF and N SMFs can be realized
and this device can work as a fan-in device (from N SMFs to
MCEF) as well as a fan-out device (from MCF to N SMFs).
Since the signal lights are separated in space, the crosstalk is
essentially small. In addition, unlike waveguide devices, the
polarization dependence is also small. These properties are
suitable for application in the I-FOG. As the result of the above
trade-off, we adopted the free space optics for the experimental
hardware which is explained in the next section.

As for FIFO design, we utilized a seven-core MCF which has
hexagonal close—packed structural core arrangement design.
Table II shows its specifications. The cladding diameter of
MCEF is 150 pm. The mode field diameter of its cores is 10 um.
The cores are being placed with the pitch of 45 pum. The
measurement results of fabricated FIFO devices are shown in

Table III. Although their size reduction remains to be
implemented, low loss and PDL properties were successfully
achieved in both of Fan-In and Fan-Out.

V. EXPERIMENTAL SETUP OF A SEVEN-CORE MC-FOG

For demonstration purposes, we fabricated the proposed
MCEF coil implemented in an I-FOG system. Figure 4 shows a
photograph of the fabricated coil. A 102.7-m long MCF was
wound on a titanium bobbin (¢128 mm) with the symmetric
winding pattern (octupole winding) with a total of eight layers.
The loss of the wound MCEF at the center core was measured to
be 0.39 dB/km at a wavelength of 1550 nm.

We also used the pair of FIFO devices based on free-space
optics shown in previous section. The FIFO devices and the
MCF coil were fusion-spliced. Table IV summarizes the
fabricated MCF coil performance. The total optical path length
of the sensing loop was 823.8 m, including the extra length of
MCF and the length of the seven SMFs between the FI and FO.
The total insertion loss and PDL of the fiber coil (including the
FIFOs) were measured to be 8.4 dB and 0.05 dB, respectively.
It should be noted that the total insertion loss is increased by the
splicing losses among the MCF coil and the FIFO devices.

TABLE II TABLE IV
SPECIFICATIONS OF THE UTILIZED MULTI-CORE FIBER [17] PERFORMANCE OF THE FIBER CoIL COMPOSED OF MCF AND FIFO
Item Specification Description Item Measurement Description
Number of cores 7 Core arrangement design; Total optical length 823.8 m
Hexagonal close-packed Insertion loss 8.40 dB
structure PDL 0.05 dB
Core pitch 45+1 um Return loss 45.9 dB for the light launched from
Clad diameter 15041 pm “CW in” in Fig. 2
MFD 10£1 um At 1550 nm 48.0 dB for the light launched from
Crosstalk <-30 dB/km At 1550 nm “CCW.in” in Fig. 2
Cutoff wavelength <1530 nm
We then constructed an MC-FOG by using the seven-core
TABLE Il fi : : H
iber coil hown in Fig. 5. In order to ft n the fiber
PERFORMANCE OF THE FABRICATED FIFO (FREE SPACE OPTICS) b'e’ coll, as Show rie > order fo focus on the b?
— coil’s performance, we implemented an open-loop system in
Item Measurement Description . . . . . . .
Size 928 x 88 mm Without pigtails which a simple lock—ll} Qetectlon is used to obtalp the r'otatlon
Insertion loss <0.3dB All 7 ports rate, (rather than a digital closed-loop system in which the
PDL <0.05dB All 7 ports detected signal is feedbacked for wider measurement range
Return loss > 50 dB All 7 ports

//

o

Fl device

FO device

Fig. 4. Fabricated fiber coil using seven-core MCF and FIFO for
demonstration purposes.

with good linearity, thereby concealing the coil’s imperfection
[10].) As a broadband light source, we wused a
super-luminescent diode (SLD) with output power of 25 mW
and a spectral width of 50 nm. The SLD output was led to an
integrated optical circuit (IOC) consisting of a Y-branch
waveguide and a push-pull phase modulator (for lock-in
detection of the phase shift), divided into CW and CCW light

polarizer . fan-in
10C depolarizer

multi-core
fiber coil

fan-out

signal generator
lock-in amplifier

rotation rate output

Fig. 5. Functional diagram of the implemented MC-FOG open-loop system.
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signals, and phase-modulated with a rectangular signal at
frequency f,. We set f,, to 127.6 kHz, which corresponds to the
inverse of the propagation time of the fiber coil’s optical path
length.

The signals were then depolarized by passing through the
Lyot fiber depolarizer which need to be inserted because the
MCEF is non-polarization-maintaining type [10], and led into the
fiber coil shown in Fig. 4. The output signals from the fiber coil
were recombined at the IOC, and their interference signal was
detected by a photodetector (PD). In this experiment, the power
received at the PD was measured to be 20.4 pW, which was
sufficient for I-FOG operation. By using the lock-in amplifier,
we demodulated the amplitude at f,, and derived phase shift Agr
(i.e., the rotation rate).

VI. PERFORMANCE OF THE SEVEN-CORE MC-FOG

First, we set the fiber coil on the rotation table as is shown in
Fig. 6 and measured sensitivity relative to the rotation rate.
Figure 7 shows the measurement result of the rotation rate in
the range of £10 deg/s (applied around the rate-sensitive axis).
As can be seen, the proposed system could sense the rotation
rate even at a higher rate of rotation.

I
One axial rate table with
thermostatic chamber

= MC-FOG open-loop
system on the table

Fig. 6. MC-FOG placed on the rotation table and measurement instruments.

10 F
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o
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Fig. 7. Measured rotation rate in the range of 10 deg/s.

Next, in order to evaluate the measurement limit of using this
MCF coil, we placed the fiber coil horizontally so that its
sensitive axis would be vertical, and recorded the measured
rotation rate derived by the proposed system at rest. Figure 8
shows the measurement result for 12 hours at a sample rate of 1
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Fig. 8. Output rate profile at 1 Hz sampling statically.
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Fig. 9. Allan deviation plot and theoretical ARW noise limit.

Hz. It should be noted that Earth’s rotation rate was 8.85 deg/h
around the vertical axis at our experiment site (latitude:
36.022°). As can be clearly seen, this system has sufficient
performance to sense Earth’s rotation rate.

Figure 9 shows the Allan deviation derived from the result in
Fig. 8. From the part with a 1/Vz slope, we can calculate the
angular random walk (ARW). (Note that ARW expresses the
power of rate noise in the short term.) From Fig. 9, ARW of this
system was measured to be 0.002 deg/\Nh. We also calculated
the theoretical limitation of ARW caused by the shot noise of
the signal received at the detector and the excess relative
intensity noise (RIN) of the light source [10]. The two solid
lines and the dotted line in Fig. 9 show the theoretical ARWs
for I-FOGs with 100-m and 700-m long fiber coils, and
measured ARW, respectively. Although only the 102-m long
fiber was used, its performance was very close to the theoretical
limit of that of the 700-m long fiber coil. In this way, the
advantage of using MCF was clearly confirmed.

Before concluding this section, we briefly discuss the Shupe
sensitivity of the fabricated MC-FOG. Here, we conducted a
simple experiment to evaluate the temperature changing rate
dependence (i.e. Shupe effect) of the rotation rate bias
measured by the fabricated MC-FOG [18]. In this experiment,
we covered the MCF coil and FIFO devices with an aluminum
chassis, and attached ceramic heaters onto the chassis directly
to control the temperature of the sensing elements. We
gradually changed the temperature of the chassis while
measuring the rotation rate. The starting temperature was 25 °C
(room temperature), and the chassis was heated with a changing
rate of about 0~200 °C/h. Once the temperature was raised to
36 °C, the heater was turned off and the chassis was cooled
down to room temperature again. During this temperature
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change, the sensitive axis of the MCF coil was kept vertical
statically. Then, by using the measured rotation rate, we
expressed the rotation rate bias as a function of the temperature
and the temperature changing rate, and numerically separated
their contributions (to evaluate the Shupe sensitivity). The
results of Fig. 10 showed that the excellent low sensitivity to
the temperature changing rate was measured to be less than
0.001 deg/h/(°C/h). For further discussion, experimental and
analytical studies on MC-FOGs with various types of winding
pattern would be pursued, although we successfully
demonstrated that the fabricated MC-FOG had a low Shupe
sensitivity for application in strategic grade (< 0.001 deg/h
[10]) gyroscope sensors.

I
2

bias (deg/h)
o

change in rate

-100 0 100
temperature change rate (°Clh)

Fig. 10. Temperature changing rate dependence of measured rotation rate bias
(Shupe sensitivity) of the fabricated MC-FOG. The gray dot plots show the
change in the rotation rate bias as a function of the temperature changing rate
(obtained from the measured rotation rate bias data), and the solid line shows
its linear fitting. Its linear coefficient is less than 0.001 deg/h/(°C/h).

VII. CONCLUSION

A novel configuration of an optical gyroscope which consists
of multi-core fiber (MCF) and fan-in/fan-out (FIFO) devices
was proposed, and demonstrated for the first time to our
knowledge. The demonstration of the MC-FOG will expand the
possibility of MCF's new application and further development
of I-FOG sensor. Since it is reported that the number of MCF
cores increases to 36 cores currently [7][8], extremely longer
optical loop coil more than 10 km, for example, can be
implemented with a shorter physical fiber length. Trial
production and performance evaluation of this kind of optically
longer coil are awaited. In practical use, temperature
dependence of the MCF coil including the FIFO is of great
importance. Although we briefly mentioned Shupe sensitivity
in this paper, the detailed analysis will be reported in future
papers.

For future prospects, it is necessary to consider the
miniaturization of MCF coil including FIFO and the practical
product integration. Due to the size of FIFO that we utilized, the
MC-FOG fabricated is large, but it is reported that the same
free-optics type of FIFO is downsized to 28 mm in length [19].

Finally, in order to improve the low-drift performance to be
operated as [-FOG, the following two items are worth to be
considered: (1) the integration of MC-FOG into digital
closed-loop, (2) development polarization-maintaining (PM)
MCF and PM FIFO and applying them to the MCF coil.

(2]

(3]

(4]

(5]

(6]

(7]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

REFERENCES

G. Cros, Ph. Loubieres, 1. Laine, S. Ferrand, Th. Buret, and Ph. Guay,
“European ASTRIX FOGS in-orbit heritage,” 8" International ESA
Conference on Guidance, Navigation & Control Systems, 2011.

Y. Li, R. Luo, F. Benm D. He, S. Deng, F. Chen, C. Peng, and Z. Li, “A
giant interferometric fiber optic gyroscope: design and realization,” The
7™ Asia-Pacific Optical Sensor Conference, P11, 2018.

D. Shupe, “Thermally Induced Nonreciprocity in the Fiber-Optic
Interferometer,” Appl. Optics, vol. 19, no. 5, p. 654-655, 1980.

N. Frigo, “Compensation of Linear Sources of Non-reciprocity in
Sagnac Interferometers,” Proc. of SPIE, Vol. 412, Fiber Optic and Laser
Sensors I, p. 268, 1983.

G. M. Saridis, D. Alexandropoulos, G. Zervas, and D. Simeonidou,
“Survey and evaluation of space division multiplexing: from
technologies to optical networks,” ITEEE Commun. Surveys and
Tutorials, vol. 17, no. 4, pp. 2136-2156, 2015.

W. Klaus, B. J. Puttnam, R. S. Luis, J. Sakaguchi, J.-M. D. Mendinueta,
Y. Awaji, and N. Wada, “Advanced space division multiplexing
technologies for optical networks [invited],” IEEE J. Opt. Commun.
Netw., vol. 9, no. 4, pp. C1-11, 2017.

B. J. Puttnam, R. S. Luis, W. Klaus, J. Sakaguchi, J.-M. Delgado
Mendinueta, Y. Awaji, N. Wada, Y. Tamura, T. Hayashi, M. Hirano and
J. Marciante, “2.15 Pb/s transmission using a 22 core homogeneous
single-mode multi-core fiber and wideband optical comb,” 2015 Eur.
Conf. Opt. Commun. (ECOC2015), paper PDP 3-1, 2015.

J. Sakaguchi, W. Klaus, J.-M. Delgado Mendinueta, B. J. Puttnam, R. S.
Luis, Y. Awaji, N. Wada, T. Hayashi, T. Nakanishi, T. Watanabe, Y.
Kokubun, T. Takahata, and T. Kobayashi, "Large spatial channel
(36-core x 3 mode) heterogeneous few-mode multicore Fiber," J.
Lightwave Technol., vol. 34, no. 1, pp. 93-103, 2016.

R. A. Bergh, L. Amesen, and C. Herdman, “Fiber Optic gyro
development at Fibernetics,” Proc. of SPIE, Vol. 9852, Fiber Optic
Sensors and Applications XIII, 98520E, 2016.

H. C. Lefevre, The Fiber-optic Gyroscope, 2nd ed., Artech House,
London, 2014.

K. Watanabe, T. Saito and M. Shiino, “Development of fiber bundle type
fan-out for 19-core multicore fiber,” 2014 OptoElectronics and
Communication Conference and Australian Conference on Optical Fibre
Technology, pp. 44-46, 2014.

B. Zhu, T. F. Taunay, M. F. Yan, J. M. Fini, M. Fishteyn, E. M. Monberg,
and F. V. Dimarcello, “Seven-core multicore fiber transmissions for
passive optical network,” Opt. Express, vol. 18, no. 11, pp. 11117-11122,
2010.

R. R. Thomson, R. J. Harris, T. A. Birks, G. Brown, J. Allington-Smith,
and J. Bland-Hawthorn, “Ultrafast laser inscription of a 121-waveguide
fan-out for astrophotonics,” Opt. Lett., vol. 37, no. 12, pp. 2331-2333,
2012.

G. N. Poulopoulos, D. Kalavrouziotis, P. Mitchell, J. R. Macdonald, P.
Bakopoulos, and H. Avramopoulos, "SiN-assisted polarization-
insensitive multicore fiber to silicon photonics interface", Proc. SPIE
9520, Integrated Photonics: Materials, Devices, and Applications III,
95200E, June 2015.

Y. Tottori, T. Kobayashi, and M. Watanabe, “Low Loss Optical
Connection Module for Seven-Core Multicore Fiber and Seven
Single-Mode Fibers,” IEEE Photon. Technol. Lett., vol. 24, no. 21, pp.
1926-1928, 2012.

Y. Jung, J. R. Hayes, S. U. Alam and D. J. Richardson, “Multicore fibre
fan-in/fan-out device using fibre optic collimators,” 43" European
Conference on Optical Communication (ECOC2017), paper SC1-17,
2017.

T. Hayashi, T. Taru, O. Shimakawa, T. Sasaki, and E. Sasaoka,
“Ultra-low-crosstalk multi-core fiber feasible to ultra-long-haul
transmission,” Opt. Fiber Commun. Conf. (OFC), pp. PDPC2, 2011.

S. Mitani, K. Nigo, S. Karasawa, H. Endo, and T. Takahata,
“Interferometric multi-core fiber optic gyroscope under temperature

This document is provided by JAXA



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 6

changing environment,” 12 International Conference on Space Optics,
2018.

[19] T. Kobayashi, Y. Minagawa, Y. Tottori, and H. Tsuboya,
"Characteristics of compact fan-out device for MCF using free space
optics," Proceedings of the 2015 IEICE Society Conference, paper
B-10-29 (in Japanese), 2015.

Shinji Mitani received a M.S. in the Department of
Aecronautics and Astronautics in Kyoto University in 2004. He
has been with JAXA Tsukuba Space Center for 14 years. While
enrolled in JAXA, he entered Kyoto University and received
the Ph.D. degree in electrical engineering in 2013. His current
position is a senior researcher, research unit I, Research and
Development Directorate. He has been engaged in the R & D of
Advanced Sensors and Actuators for Spacecraft Guidance
Control (Fiber Optic Gyro, etc.), R & D of Advanced Attitude
and Orbit Control System for Future Formation Flight missions
and High Precision pointing missions, etc.

Dr. Mitani is a member of the Japanese Society for
Aeronautical and Space Sciences (JSASS) and the Society of
Instrument and Control Engineers (SICE).

Kenichiro Nigo received the B.S. and M.S. degrees in
aeronautics and astronautics from the University of Tokyo,
Japan, in 1999.

He has been with JAXA for 20 years since 1999. He has been
engaged in a dozen of space programs for earth observation
satellites, communication satellites and astronomical satellites
as an attitude control engineer with a background of systems
engineering. He is currently a senior researcher in Research and
Development Directorate, Tsukuba, Japan. His current research
focus is spacecraft attitude control including related sensors
and actuators.

Mr. Nigo is a member of the Japanese Society for
Aeronautical and Space Sciences and the American Institute of
Aecronautics and Astronautics.

Tadahito Mizutani received his Ph.D. degree from the
University of Tokyo, Japan, in 2005.

After he worked as a research associate in the University of
Tokyo, he joined Fraunhofer Institute for Non-destructive
Testing in Dresden, Germany, in 2007 and he moved his
working place to Airbus Germany in Bremen in 2008. His
research area was structural health monitoring using fiber-optic
sensors for aircraft structures. Then he joined JAXA in 2010
and he is currently in charge of R&D activities for large-scaled
and precise spacecraft structures.

Dr. Mizutani is a member of the Japanese society for
aeronautical and space sciences and the Japan society of
mechanical engineers.

Satoshi Karasawa, received the B. E. and M. E. degrees in
Mechanical Engineering from Tohoku University, Miyagi,
Japan, in 1996, and 1998, respectively. He has been engaged in
the development on fiber optic gyroscope, MEMS inertia
sensor at TOKYO KEIKI Inc. From 2003 to 2005, he has been
a vising researcher at Human Interface Technology Lab.
(Currently Human Photonics Lab.) at University of
Washington, Seattle WA, USA for the research on micro
optical scanner funded by PENTAX Co. In 2017, he joined

Optoquest Co., Ltd. where he has been engaged in research and
development of I-FOG.

Mr. Karasawa is a member of the japan society of applied
physics and the institute of Electrical Engineers of Japan.

Haruyuki Endo, graduated from Tokyo Kogakuin College of
Technology, Japan, in 1990. He joined Oyokoden Laboratories
Co., Ltd. in 1990. In 2001, he joined Optoquest Co. Ltd.,
Saitama, Japan, where he has been engaged in development of
optical devices and optical polishing technology. His current
research interests include fiber components for precision
I-FOG.

Taketoshi Takahata received the B.A. degrees in mechanical
engineering from Kanazawa Institute of Technology, Ishikawa,
Japan, in 1998. He joined Oyokoden Laboratories Co., Ltd. in
1998. In 2001, he joined Optoquest Co. Ltd., Saitama, Japan,
where he has been engaged in development of optical fiber
devices and modules. His current research interests include
advanced optical fiber devices for multi-core fibers and
few-mode fibers.

Yuichi Takushima (M’95) received the B.S. degree in
electrical engineering and the M.S. and Ph.D. degrees in
electronic engineering from the University of Tokyo, Tokyo,
Japan, in 1990, 1992, and 1995, respectively. He joined the
Research Center for Advanced Science and Technology at the
University of Tokyo in 1995 as a Research Associate, and was
promoted to Associate Professor in 1999. From 2002 to 2003,
he was with the Research Laboratory of Electronics at the
Massachusetts Institute of Technology as a Visiting Scientist
on leave from the University of Tokyo. In 2006, he joined
Korea Advanced Institute of Science and Technology (KAIST),
Daejeon, Korea, as Invited Professor. In 2013, he joined
Optoquest Co. Ltd., Saitama, Japan and then, he has been
engaged in research and development of advanced optical fiber
modules and sub-systems. His current research interests
include nonlinear fiber optics and industrial applications of
high power laser systems.

Dr. Takushima is a member of the IEEE Photonics Society
and OSA.

Shigeru Nakamura, received the B. E degree in applied
physics from Nagoya University, Nagoya, Japan in 1974. In
1974, he joined Tokyo Keiki Inc., Japan and has been engaged
in research and development of inertial sensors such as
fiber-optic gyroscope and micro electro mechanical systems
(MEMS) sensors. From April 2005 to March 2008, he served
as an adjunct lecturer at School of Engineering, Nagoya
University, Japan, while remaining a senior researcher of
Tokyo Keiki. In 2010, he joined Optoquest Co., Ltd., Saitama,
Japan as the Director. Since 2015, he has been engaged in
development of I-FOGs as an advisor.

Mr. Nakamura is a member of the Japan Society of Applied
Physics and the Institute of Electrical Engineers Japan.

This document is provided by JAXA




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




