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A Multicore Fiber-Based Velocity Sensor
Xin Ma

Abstract—In some special working environments, such as high
temperatures, strong electromagnetic fields, dark and narrow
spaces, existing technologies such as laser doppler velocimetry
(LDV) and high-speed photography velocimetry (HSP) cannot ef-
fectively measure the velocity of objects. Multi-core fiber (MCF) is a
new type of microstructure optical fiber, which combines the char-
acteristics of traditional optical fibers such as high temperature
resistance and electromagnetic field resistance. At the same time,
its structure is more compact and its volume is smaller, making it
very suitable for working in harsh environments. In this article, we
will use the special core layout structure of MCF, combined with
their compact volume, to measure the velocity of object. The effects
of distance between adjacent fiber cores and the number of cores
on average coupling efficiency of spatial light are analyzed. Velocity
error caused by the uniformity of fiber core layout is analyzed. An
experimental comparison between MCF method and HSP method
is conducted to verify the feasibility of the method.

Index Terms—Optical fiber sensing, velocity sensor, multicore
fiber (MCF).

I. INTRODUCTION

V ELOCITY measurement based on optical methods is
widely used in fields such as scientific research, trans-

portation, chemical engineering, energy, and manufacturing.
The main measurement methods currently include laser doppler
velocimetry, high-speed photography, and other methods. Laser
doppler velocimetry (LDV) uses interference fringes to measure
object velocity, which has the characteristics of high accuracy
and high spatial resolution [1], [2], [3], [4]. However, the light
source must be a coherent light source, and the generation of
interference fringes requires strict and complicated optical align-
ment, making the measurement system complex and expensive.
High speed photography (HSP) is based on image processing
technology, which has a high measurement frequency and can
effectively identify subtle changes in objects [5], [6], [7], [8].
However, this technology is mainly limited by factors such as
lighting conditions, image exposure, and whether the moving
object is well focused. In some special working environments,
such as narrow pipelines and strong electromagnetic interfer-
ence, LDV and HSP cannot perform effective measurements.
Multi-core fiber (MCF) is a new type of microstructure fiber that
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Fig. 1. Four types of MCFs: (a) Single axis distribution structure (b) cross
distribution structure (c) regular hexagonal distribution structure (d) double cross
distribution structure.

contains multiple cores within the same cladding [9], [10], [11],
[12], [13], [14], [15]. Compared to conventional optical fibers,
MCF can simultaneously transmit multiple optical signals, serve
as both optical sensing and transmission devices, and have a
more compact structure and smaller size. In this article, we will
use the special core layout structure of MCF, combined with their
compact volume, to measure the motion velocity of objects. The
research content of this article includes: (1) Analysis of average
coupling efficiency of MCF (2) Analysis of velocity error of
MCF (3) Experimental research. This work will provide a new
method for velocity measurement based on optical methods,
which is expected to be applied to harsh conditions such as
extremely limited measurement space, strong electromagnetic
interference, and high temperature.

II. PRINCIPLE

Based on the current reported MCF and the characteristics of
fiber core layout [9], [10], [11], [12], [13], [14], [15], we classify
MCF into four categories: single axis distribution structure, cross
distribution structure, regular hexagonal distribution structure,
and double cross distribution structure, as shown in Fig. 1. The
first type of structural feature is that the fiber cores are uniformly
distributed on a single axis a as shown in Fig. 1(a); the second
type of structural feature is that the fiber cores are uniformly
distributed on the a and b axes, and the angle between adjacent
axes is π/2 as shown in Fig. 1(b); the third type of structural
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feature is that the fiber cores are uniformly distributed on the
a, b, c axes; and the angle between adjacent two axes is π/3 as
shown in Fig. 1(c); the forth type of structural feature is that
the fiber cores are uniformly distributed on the a, b, c, and d
axes, and the angle between adjacent two axes is π/4 as shown
in Fig. 1(d). If the fiber core located at the center of the MCF is
considered as the origin, there is a positional offset roj between
the origin and the jth fiber core, and the angle between the two
adjacent axes is Θj.

The measurement method of velocity is based on a principle
called spatial filtering velocimetry [16]: Taking Fig. 1(a) as an
example, typically, the uniformly arranged fiber cores on a- axis
form an array of fiber cores. When an object passes along the
a-axis direction at velocity v, the reflected or scattered light of
the object will be sequentially received by the fiber cores on the
a-axis to generate a periodic signal with a frequency of fa. The
relationship between this signal and the velocity of the object is:

v = fa p/m (1)

Where m is the magnification of the imaging system.
If an object passes through a multicore fiber with a multi

axis structure (cross, hexagon, double cross structure), taking
Fig. 1(b) as an example, the velocity v is composed of two
velocity components: velocity va and velocity vb:

va = vcosΘj, vb = vsinΘj (2)

where va and vb can be determined by the following methods:

va = fa p/m, vb = fb p/m (3)

where fa is the frequency of the output signal of the fiber core
array on the a-axis, and fb is the frequency of the output signal of
the fiber core array on the b-axis. Other measurement methods
for multi axis structures (hexagon, double cross structure) can
refer to the above methods.

A. Analysis of Spatial Optical Coupling Efficiency in MCFs.

The coupling between MCF and space light is very important.
From the above analysis, it can be seen that the number and
layout structure of cores in different types of MCF are different.
In this section, we will analyze the impact of these factors on
the coupling between MCF and spatial light.

If the fiber core located at the center of the MCF is considered
as the origin, there is a positional offset roj between the origin
and the jth fiber core, and the angle between the two adjacent
axes is Θj, the coupling efficiency of the jth fiber core to spatial
light is:

ηj =

∣∣∫∫ A∗
L (rlj) BL (rlj, roj) ds
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Where AL(rlj) is the mode field of the incident light at the
distance rlj from the center of the pupil on the incident pupil
surface, A∗

L(rlj) is its conjugate, and BL(rlj, roj) is the backward
transmission mode field of a single mode fiber located at the

Fig. 2. Effect of distance between adjacent fiber cores on average coupling
efficiency ηav of hexagon array.

incident pupil surface rlj, R is the radius of the coupling lens,
ωa is the backward transmission mode field radius of a single
mode fiber, λ is the wavelength, and f0 is the focal length.

J0 is a Bessel function:

J0(x) =
1

2π

∫ 2π

0

exp(ixcosΘj)dΘj (5)

Where i is an imaginary number (i2 = −1)
Define a coupling parameter:
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Where ω0 is the mode field radius of a single mode fiber.
If ρ = rlj /R is set, then ηjcan be further simplified as
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Average coupling efficiency of n cores in MCF is:

ηav =

∑n
j=1 ηj

n
(8)

Where n is the total number of cores of MCF.

III. RESULTS AND DISCUSSION

According to (8), we calculate and analyze the effect of
distance between adjacent fiber cores on the average coupling
efficiency of spatial light to multicore fibers, including average
coupling efficiency of hexagonal distribution structure MCF,
cross distribution structure MCF, and double cross distribution
structure MCF.

For the hexagonal distribution of fiber cores, as shown in
Fig. 2, the horizontal axis represents the distance between ad-
jacent fiber cores, and the vertical axis represents the average
spatial optical coupling efficiency of MCFs. As the distance
gradually increases, the average coupling efficiency changes
of MCFs represented by 7 cores, 13 cores, 25 cores, and 37
cores are divided into two stages. In the first stage, as the
distance increases, the average coupling efficiency of all four
types of MCFs continues to decrease. In the second stage, when
the distance increases to a certain extent, the average coupling
efficiency does not change significantly. When the distance is
same, the average coupling efficiency of 7 cores is higher than
that of 13 cores, 25 cores, and 37 cores. The smaller the number
of fiber cores, the higher the average coupling efficiency.
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Fig. 3. Effect of distance between adjacent fiber cores on average coupling
efficiency ηav of cross array.

Fig. 4. Effect of distance between adjacent fiber cores on average coupling
efficiency ηav of the double cross array.

For the cross distribution of fiber cores, as shown in Fig. 3,
the horizontal axis represents the distance between adjacent
fiber cores, and the vertical axis represents the average spatial
optical coupling efficiency of MCFs. As the distance gradually
increases, the average coupling efficiency changes of MCFs rep-
resented by 7 cores, 13 cores, 25 cores, and 37 cores are divided
into two stages. In the first stage, as the distance increases, the
average coupling efficiency of all four types of MCFs continues
to decrease. In the second stage, when the distance increases to
a certain extent, the average coupling efficiency does not change
significantly. When the distance is same, the coupling efficiency
of 7 cores is higher than that of 13 cores, 25 cores, and 37 cores.
The smaller the number of fiber cores, the higher the average
coupling efficiency.

For the double cross distribution of fiber cores, as shown
in Fig. 4, the horizontal axis represents the distance between
adjacent fiber cores, and the vertical axis represents the average
spatial optical coupling efficiency of MCFs. As the distance
gradually increases, the coupling efficiency changes of MCFs
represented by 7 cores, 13 cores, 25 cores, and 37 cores are
divided into two stages. In the first stage, as the distance in-
creases, the average coupling efficiency of all four types of MCFs
continues to decrease. In the second stage, when the distance
increases to a certain extent, the average coupling efficiency
does not change significantly. When the distance is same, the
coupling efficiency of 7 cores is higher than that of 13 cores, 25
cores, and 37 cores. The smaller the number of fiber cores, the
higher the average coupling efficiency.

Comparing the average coupling efficiency of three structures
as shown in Fig. 5. In the first stage, average coupling efficiency
of three structures decreases with the increase of distance be-
tween adjacent fiber cores. In the case of the same number of

Fig. 5. Comparison of average coupling efficiency ηav of three types of MCFs.

Fig. 6. Effect of the number of cores on average coupling efficiency ηav of
hexagon array.

fiber cores, the coupling efficiency of the double cross structure
is the highest, followed by the hexagonal structure, and the cross
structure is the lowest. In the second stage, average coupling
efficiency of three structures does not significantly change with
the increase of the distance: In the case of the same number of
fiber cores, the coupling efficiency of the three types tends to be
the same.

According to (8), we calculate and analyze the effect of the
number of fiber cores on the average coupling efficiency of spa-
tial light to MCFs, including the average coupling efficiency of
hexagonal distribution structure MCF, cross distribution struc-
ture MCF, and double cross distribution structure MCF.

For the hexagonal distribution of fiber cores, as shown in
Fig. 6, the horizontal axis represents the number of cores in
multi-core optical fibers, and the vertical axis represents the
average spatial optical coupling efficiency of MCF. As the
number of cores increases, the average coupling efficiency of all
MCFs decreases. When the number of fiber cores is the same, the
coupling efficiency of MCFs with a distance between adjacent
fiber cores of 6 microns is the highest, followed by 7 microns, and
40 microns is the lowest. The average spatial optical coupling
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Fig. 7. Effect of the number of cores on average coupling efficiency ηav of
cross array.

Fig. 8. Effect of the number of cores on average coupling efficiency ηav of the
double cross array.

efficiency decreases with the increase of the distance between
adjacent fiber cores.

For the cross distribution of fiber cores, as shown in Fig. 7. The
average coupling efficiency of all MCFs decreases as the number
of cores increases. In the case of the same number of fiber cores,
the average coupling efficiency of MCFs with a distance between
adjacent fiber cores of 6 microns is the highest, followed by 7
microns, and 40 microns is the lowest, which indicates that the
average coupling efficiency decreases with the increase of the
distance between adjacent fiber cores.

For the double cross distribution of fiber cores, as shown in
Fig. 8. As the number of cores increases, the average coupling
efficiency of all MCFs decreases. When the number of fiber cores
is the same, the coupling efficiency of MCFs with a distance
between adjacent fiber cores of 6 microns is the highest, followed
by 7 microns, and 40 microns is the lowest. The average coupling
efficiency decreases with the increase of the distance between
adjacent fiber cores.

As shown in Fig. 9, the average coupling efficiency of three
different types decreases with the increase of the number of
fiber cores; when the distance between adjacent fiber cores is
6 microns, the coupling efficiency of double cross distribution
is the highest, followed by hexagonal distribution, and cross
distribution have the lowest coupling efficiency; when the spac-
ing between adjacent fiber cores is 7 microns, the coupling
efficiency of double cross distribution is the highest, followed
by hexagonal distribution, and cross distribution have the lowest
coupling efficiency; When the spacing between adjacent fiber
cores is 40 microns, the coupling efficiency of three different
types tends to be the same. The difference in average coupling
efficiency between three different types will decrease as the fiber
core increases.

Fig. 9. Comparison of average coupling efficiency ηav of different structure
MCFs.

From the above comparison, it can be seen that the average
coupling efficiency of MCF with the double cross distribution is
the highest, followed by the hexagonal distribution, and the cross
distribution has the lowest coupling efficiency; The influence of
distance between adjacent cores and the number of cores on
average coupling efficiency is relatively obvious in the early
stage of growth, but the influence on coupling efficiency will
gradually slow down after reaching a certain number. A smaller
distance between adjacent cores is beneficial for improving
average coupling efficiency.

At the same time, in engineering applications, it is also
necessary to consider the manufacturing difficulty and cost of
MCFs. For example, although the double cross type has the
highest average coupling efficiency, the manufacturing process
is relatively difficult. In contrast, hexagonal type, although the
average coupling efficiency is in the middle, have lower costs,
and have been commercially produced. Simply increasing the
number of fiber cores not only reduces the average coupling
power, but also increases manufacturing difficulties and costs.

A. Analysis of Velocity Error Caused by the Uniformity of
Fiber Core Layout

In the early stages of the development of multi-core l fibers,
each MCF had only a few cores, such as three cores [9]. With
the development of multi-core fiber technology, MCF with more
cores were manufactured, such as 36 cores [11], making the
manufacturing process more complex and potentially causing
uneven distribution between cores. We will analyze the impact
of non-uniformly arranged fiber cores on velocity measurement.

For an array composed of n + 1 fiber cores in a certain
direction, as shown in Fig. 10, the distances between adjacent
fiber cores are p1, p2 … pn, respectively.

The difference between two adjacent cores can be expressed
as:

Δpn = pn − pn−1 (9)
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Fig. 10. N segment fiber core array composed of n + 1 fiber cores.

Fig. 11. Impact of core arrangement uniformity on average error εav of
velocity.

In an ideal situation where the fiber cores are evenly arranged,
there are p1 = p2 = . . . = pn = p, so Δ pn = 0.

In the case of non-uniform arrangement of fiber cores, pn �=
pn−1, so Δpn �= 0.

When a moving object passes through adjacent pn-1 and pn
with velocity v, according to (1), and assume a relative error:

εv =
ev
v

=
p

m

(
1

pn−1 + pn
− 1

2p

)
(10)

If an object passes through the entire n-segment fiber core
array with velocity v, the average velocity error can be expressed
as:

εav =

∑
εv
n

(11)

Refer to the MCF parameters produced by YOFC company
(p = 41.5 micrometers, Δ pn = ±1.6 micrometers), Fig. 11
describes the uniformity of fiber core layout and the impact of
fiber core number on the average velocity error. As the absolute
value of Δpn increases, the absolute value of εav also increases;
as the absolute value of Δpn decreases, so does the absolute
value of εav. In the case of same Δpn, the more cores there are,
the greater the absolute value of error. From the above analysis,
it can be seen that non-uniform arrangement of fiber cores will
inevitably affect the measurement of velocity. Therefore, in the
actual design and processing of optical fibers, it is necessary
to make the fiber cores evenly arranged as much as possible to
avoid errors.

B. Experimental Comparison between MCF Method and HSP
Method

To verify the feasibility of the presented measurement
method, an experimental measurement is conducted. The exper-
iment setup is shown in Fig. 12. The three-core fiber (distance
between adjacent cores p = 41.5 micrometers, fiber core diame-
ter r= 8 micrometers, made by YOFC company) is connected to
the circulator and photodetector (PD) through ports 1, 2, and 3

Fig. 12. Experiment setup for velocity measurement.

Fig. 13. Example of the measured temporal signal.

of the MCF fan in/out module (FAN IN/OUT). The circulator is
connected to the light source -Amplified Spontaneous Emission
(ASE) source with a power of 10 mw. The PD is connected to the
oscilloscope and PC. The light emitted by the light source passes
through ports 1 and 2 of the circulator, and then through port 1
of the MCF FAN IN/OUT module, emitting from core 1 of the
three-core fiber. When a particle with a diameter of about 100
microns passes through the end face of the three-core fiber at a
velocity v (the velocity of the particle is controlled by a rotator),
the light emitted by the three-core fiber will be reflected by the
particle and received by the three fiber cores in sequence. The
reflected light will enter the PD through the MCF FAN IN/OUT
module and the circulator. The PD converts optical signals into
electrical signals and sends them to an oscilloscope and PC for
analysis. An example of output signal from the PD is shown in
Fig. 13. Basically, when the particle passes through the MCF,
it will pass through the three cores of the MCF in sequence,
and the three cores will receive the reflected light signal of the
particle one after another, which means that each fiber core will
generate its own temporal signal, finally generating a temporal
signal with three peaks.

The maximum value of sensor measurement speed is mainly
limited by the bandwidth of photodetector (PD) and the sampling
rate of the data collector (oscilloscope). In actual measurement,
the bandwidth of PD should be at least equal to the maximum
frequency of the velocity signal of the measured object, and the
sampling rate of the data collector should be at least 5 times
the maximum frequency of the velocity signal of the measured
object. The parameters of the above devices directly determine
whether the velocity signal of the measured object can be ac-
curately measured. Based on the above principles, combined
with the PD parameters (DC-10 MHz) currently used by the
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Fig. 14. Binary pictures of the moving particle target with different velocities
(captured by phantom high speed camera with 100 frames per second and 719 ×
525 pixels, vision research, the USA). Red cross is the center of the particle.

sensor and the oscilloscope parameters (1 GSa/s), the maximum
measurable speed of the sensor is 415 m/s theoretically.

HSP is a widely used and valuable technique for measuring
object velocity. The basic principle of using HSP can be de-
scribed as: using high-speed photography to record the motion
trajectory of a moving object. The displacement of an object
is determined by the change in the position of the object in
the two frames of the image, and the velocity is determined
by the ratio of displacement to time. To confirm the feasibility
of the velocity measurement method proposed in this paper, we
conducted HSP experiments for comparison. Fig. 14 shows a set
of images of a particle target moving at different speeds captured
using HSP. The images in the example have been binarized.
In order to obtain the position of the target in the image, it is
necessary to first record the pixel coordinates of the target, and
then mark the geometric center of the target with a red cross.
We can intuitively see from Fig. 14 that for targets moving at
the same velocity, the position of the target in the horizontal two
frames of the image changes significantly; As the velocity of the
target increases from 11.46 mm/s to 19.74 mm/s, the position
of the target in the vertical three frame images is also changing,
specifically manifested as the faster the velocity, the higher the
relative position.

The comparison results between MCF method and HSP
method is shown in Fig. 15. The horizontal axis represents the
velocity of the object, and the vertical axis represents the mea-
sured velocity in Fig. 15. The results show that the MCF method
has made some progress in measurement accuracy compared

Fig. 15. Comparison results between MCF method and HSP method.

to the HSP method. The reasons that affect the accuracy of
HSP may be attributed to factors such as whether the particulate
target is well exposed during photography, whether the moving
target is well focused, and the accuracy of the HSP system
itself. For MCF, due to its end face being close in size to the
particle, it can better focus on the observation of small particle
movements at closer observation distances and smaller fields
of view. Therefore, MCF technology has high measurement
accuracy and efficiency in theory. Considering the small and
flexible structure of MCF sensing probe, our method may serve
as a supplement to HSP in certain fields. For example, for fluid
measurement inside centrifugal pumps, a compact probe is easier
to place and has less disturbance to the measurement.

The scale of measuring targets mainly depends on the research
object and practical applications, rather than the testing limits
of optoelectronic devices. Our research object in this article is
small-scale particles, and the potential application scenarios of
sensors are narrow spaces, strong radiation, and environments
with high temperature differences. Therefore, it is necessary to
simultaneously consider issues such as particle size, probe size,
and the degree of matching between probe and particle size.
Our measurement of particles mainly utilizes light scattering.
This article is based on the classic Fraunhofer diffraction for the
particle. The Fraunhofer diffraction theory is a simplification of
Mie scattering theory when the particle size is much larger than
the incident light wave (note that the wavelength of the light
source used in this article is about 1.5 microns). At present, the
size of multi-core optical fibers is generally between 125–300
microns, which is close to the size of particles. This advantage
allows the probe to detect particles more accurately. On the other
hand, the probe structure is more compact, and the compact
probe is easier to arrange. At the same time, it retains the non-
contact measurement advantages of optics; Based on the above
theoretical analysis and experiments, the measurement range of
the object is approximately between 100 and 250 microns. Of
course, if it is necessary to detect larger objects, it is possible
to consider adding optical lenses, or choose multi-core fibers or
fiber arrays that contain more fiber cores.

IV. CONCLUSION

In this work, we classified existing MCFs, analyzed and
compared the effects of distance between adjacent fiber cores
and the number cores of MCFs. The results showed that: (1)
average coupling efficiency of three structures decreases as the
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increase of distance between adjacent fiber cores and the number
of fiber cores. (2) average coupling efficiency of MCF with
the double cross distribution is the highest, followed by the
hexagonal distribution, and the cross distribution has the lowest
coupling efficiency. We analyzed velocity error caused by the
uniformity of fiber core layout. It showed that: In the case of
uneven fiber core layout, the more fiber cores there are, the
greater the measurement error.

The above conclusion tells us that in engineering applications,
we should choose appropriate types of MCFs for measurement
based on specific work conditions. The larger the number of
fiber cores and the more complex the structure, the greater the
processing error, the higher the cost, and the lower the efficiency.

An experimental comparison between MCF method and HSP
method is conducted to verify the feasibility of our method. The
results show that the MCF method has made some progress in
measurement accuracy compared to the HSP method. Consid-
ering the small and flexible structure of MCF sensing probe,
our method may serve as a supplement to HSP in certain fields.
For instance, for fluid measurement inside centrifugal pumps, a
compact probe is easier to place and has less disturbance to the
measurement.

REFERENCES

[1] A. O. Ojo et al., “Thermographic laser Doppler velocimetry,” Opt. Lett.,
vol. 40, no. 20, pp. 4759–4762, 2015.

[2] S. Sudo et al., “Analysis of molecular dynamics of colloidal particles
in transported dilute samples by self-mixing laser Doppler velocimetry,”
Appl. Opt., vol. 51, no. 3, pp. 370–377, 2012.

[3] N. Zhou et al., “Investigation of velocity field and oil distribution in an
oil-water hydrocyclone using a particle dynamics analyzer,” Chem. Eng.
J., vol. 157, no. 1, pp. 73–79, 2010.

[4] W. Sun and N. Huang, “Influence of slope gradient on the behavior of
saltating sand particles in a wind tunnel,” Catena, vol. 148, pp. 145–152,
2017.

[5] D. Wang et al., “Statistical analysis of sand grain/bed collision process
recorded by high-speed digital camera,” Sedimentology, vol. 55, no. 2,
pp. 461–470, 2008.

[6] Y. Wang et al., “Measurement of sand creep on a flat sand bed using a
high-speed digital camera,” Sedimentology, vol. 56, no. 6, pp. 1705–1712,
2009.

[7] S. Someya et al., “Combined velocity and temperature imaging of gas flow
in an engine cylinder,” Opt. Lett., vol. 37, no. 23, pp. 4964–4966, 2012.

[8] L. Duarte-Campos et al., “Laser particle counter validation for aeolian
sand transport measurements using a high speed camera,” Aeolian Res.,
vol. 25, pp. 37–44, 2017.

[9] R. Ryf et al., “Space-division multiplexed transmission over 4200-km 3-
core microstructured fiber,” in Proc. Opt. Fiber Commun. Conf., 2012,
Paper PDP5C.2.

[10] M. Jinno, T. Kodama, and T. Ishikawa, “Five-core 1×6 core selective
switch and its application to spatial channel networking,” in Proc. Opt.
Fiber Commun. Conf. Exhib., 2020, pp. 1–3.

[11] J. Sakaguchi et al., “Realizing a 36-core, 3-mode fiber with 108 spatial
channels,” in Proc. Opt. Fiber Commun. Conf. Exhib., 2015, pp. 1–3.

[12] T. Hayashi et al., “End-to-end multi-core fibre transmission link enabled
by silicon photonics transceiver with grating coupler array,” in Proc. Eur.
Conf. Opt. Commun., 2017, pp. 1–3.

[13] D. Soma et al., “2.05 Peta-bit/s super-nyquist-WDM SDM transmission
using 9.8-km 6-mode 19-core fiber in full C band,” in Proc. Eur. Conf.
Opt. Commun., 2015, pp. 1–3.

[14] B. J. Puttnam et al., “2.15 Pb/s transmission using a 22 core homogeneous
single-mode multi-core fiber and wideband optical comb,” in Proc. Eur.
Conf. Opt. Commun., 2015, pp. 1–3.

[15] K. Takenaga et al., “High-density multicore fibers,” in Proc. Opt. Fiber
Commun. Conf. Exhib., 2016, pp. 1–3.

[16] Y. Aizu and T. Asakura, Spatial Filtering Velocimetry, Fundamentals.
Berlin, Germany: Springer, 2006.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


