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DESCRIPTION

Technical Field

[0001] The present invention relates to a multicore fiber capable of suppressing the cutoff
wavelength of a specific core from increasing while reducing crosstalk.

Background Art

[0002] Currently, an optical fiber used in an optical fiber communication system that is widely
used has such a structure that the circumference of one core is surrounded by a cladding, and
an optical signal propagates through the core, whereby information is transmitted. With the
spread of the optical fiber communication system in recent years, the amount of transmitted
information is increasing dramatically. With an increase in the amount of transmitted
information, a large number of optical fibers ranging from several tens to several hundreds are
used in the optical fiber communication system, to thereby enable large-volume and long-
distance optical communication.

[0003] In order to decrease the number of optical fibers used in such an optical fiber
communication system, a technique of transmitting a plurality of signals via light that
propagates through cores of a multicore fiber in which the circumferences of a plurality of
cores are surrounded by one cladding is known.

[0004] However, in the multicore fiber, inter-core crosstalk may occur. Thus, when the
diameter of the multicore fiber decreases, since the inter-core distance decreases, the
crosstalk occurs more easily. Thus, there is a demand for a multicore fiber that can reduce
inter-core crosstalk.

[0005] Patent Document 1 described below discloses an example of a multicore fiber that can
reduce such inter-core crosstalk. In this multicore fiber, a plurality of cores are disposed in the
cladding, and a leakage reducing portion (low-refractive index layer) having a lower refractive
index than the cladding is formed so as to surround the circumferential surface of each of the
cores. Specifically, the circumferential surface of each of the cores is surrounded by an inner
cladding layer having the same refractive index as the cladding, and the circumferential
surface of each of the inner cladding layers is surrounded by the leakage reducing portion that
has a lower refractive index than the cladding. Another example of the related art can be found
in Patent Document 2.

Citation List
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Patent Document

[0006]
[Patent Document 1] WO 2010/082656 A

[Patent Document 2] US 2010/195965 A1

Summary of the Invention

Objects to be Achieved by the Invention

[0007] With the configuration of Patent Document 1 described above, the inter-core crosstalk
can be reduced. However, as a result of studies, the present inventors have found that, in the
multicore fiber disclosed in Patent Document 1, the cutoff wavelength of a specific core may
increase due to the arrangement of cores, and it is not possible to perform single-mode
communication in the specific core under the same conditions as the other cores.

[0008] Therefore, an object of the present invention is to provide a multicore fiber capable of
suppressing the cutoff wavelength of a specific core from increasing while reducing inter-core
crosstalk.

Means for Achieving the Objects

[0009] The present inventors have intensively studied the causes of an increase in the cutoff
wavelength of a specific core due to the arrangement of cores in a multicore fiber in which
each core is surrounded by a low-refractive index layer. As a result, it was found that the
phenomenon in which the cutoff wavelength increases occurs in a core that is located at a
position where the core is surrounded by three or more cores. Thus, the present inventors
have made a further progress in the studies and have reached the present invention.

[0010] Namely, a multicore fiber of the present invention is defined in claim 1 and its
dependent claims.

Effect of the Invention
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[0011] As described above, according to the present invention, a multicore fiber capable of
suppressing the cutoff wavelength of a specific core from increasing while reducing inter-core
crosstalk is provided.

Brief Description of the Drawings

[0012]

FIG. 1A and 1B are a diagram illustrating a configuration of a multicore fiber according to a first
embodiment, not part of the invention but useful for understanding the present invention.

FIG. 2A and 2B are a diagram illustrating a configuration of a multicore fiber according to a
second embodiment, forming part of the present invention.

FIG. 3A and 3B are a diagram illustrating a configuration of a multicore fiber according to a
third embodiment, not part of the present invention.

FIG. 4A and 4B are a diagram illustrating a configuration of a multicore fiber according to a
fourth embodiment, forming part of the present invention.

FIG. 5A and 5B are a diagram illustrating a configuration of a multicore fiber according to a fifth
embodiment, not part of the present invention.

FIG. 6A and 6B are a diagram illustrating a configuration of a multicore fiber according to a
sixth embodiment, not part of the present invention.

FIG. 7A and 7B are a diagram illustrating a configuration of a multicore fiber according to a
seventh embodiment, not part of the present invention.

FIG. 8 is a diagram illustrating a cross-sectional structure vertical to a longitudinal direction of a
multicore fiber according to an eighth embodiment, not part of the present invention.

FIG. 9A and 9B are a diagram illustrating a configuration of a multicore fiber according to a
ninth embodiment, not part of the present invention.

FIG. 10A and 10B are a diagram illustrating a configuration of a multicore fiber according to a
tenth embodiment, forming part of the present invention.

FIG. 11Aand 11B are a diagram illustrating a configuration of a multicore fiber according to an
eleventh embodiment, not part of the present invention.

FIG. 12A and 12B are a diagram illustrating a configuration of a multicore fiber according to a
twelfth embodiment, forming part of the present invention.

Embodiments
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[0013] Hereinafter, preferred embodiments of a multicore fiber will be described in detail with
reference to the drawings.

(First Embodiment, not part of the invention but useful for understanding the
invention)

[0014] FIG. 1A and 1B are a diagram illustrating a configuration of a multicore fiber 100
according to a first embodiment. Specifically, FIG. 1A is a diagram illustrating a cross-sectional
structure vertical to a longitudinal direction of the multicore fiber 100, and FIG. 1B is a diagram
illustrating a refractive index distribution along a line B-B of the multicore fiber 100 illustrated in
FIG. 1A.

[0015] As illustrated in FIG. 1A, the multicore fiber 100 according to the present embodiment
includes a cladding 40, a specific core element 10b disposed at the center in the radial
direction of the cladding 40, three or more core elements 20a disposed in the cladding 40 so
as to surround the core element 10b, an inner protective layer 41 that covers the
circumferential surface of the cladding 40, and an outer protective layer 42 that covers the
circumferential surface of the inner protective layer 41. FIG. 1A illustrates a case where one
core element 10b is surrounded by six core elements 20a.

[0016] The core element 10b includes a core 11, an inner cladding layer 12 that surrounds the
circumferential surface of the core 11, and a low-refractive index layer 13b which surrounds the
circumferential surface of the inner cladding layer 12 and of which the circumferential surface
is surrounded by the cladding 40. The respective core elements 20a are disposed in the
cladding 40 so that the centers thereof are arranged at equal intervals. Moreover, the
respective core elements 20a have the same structure as the core element 10b, and each
include the same core 21 as the core 11, an inner cladding layer 22 that surrounds the
circumferential surface of the core 21 and has the same structure as the inner cladding layer
12, and a low-refractive index layer 23a which surrounds the circumferential surface of the
inner cladding layer 22 and of which the circumferential surface is surrounded by the cladding
40. In the present embodiment, the diameters of the respective cores 11 and 21 of the core
elements 10b and 20a are the same, the outer diameters of the respective inner cladding
layers 12 and 22 are the same, and the outer diameters of the respective low-refractive index
layers 13b and 23a are the same. Thus, the thicknesses of the respective inner cladding layers
12 and 22 are the same, and the thicknesses of the respective low-refractive index layers 13b
and 23a are the same. Although the sizes of the respective members that constitute the
multicore fiber 100 are not particularly limited, for example, the cores 11 and 21 have a
diameter of 8.2 ym, the inner cladding layers 12 and 22 have an outer diameter of 19 pm, the
low-refractive index layers 13b and 23a have an outer diameter of 27 ym, the cladding 40 has
a diameter of 150 um, the inner protective layer 41 has an outer diameter of 220 ym, and the
outer protective layer 42 has an outer diameter of 270 um.
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[0017] In the present embodiment, the respective cores 11 and 21 of the core elements 10b
and 20a have the same refractive index (n¢) , and the respective inner cladding layers 12 and
22 have the same refractive index (ny). As illustrated in FIG. 1A and 1B, although the low-
refractive index layers 23a of the core elements 20a have the same refractive index (n3g), a
refractive index n3p, of the low-refractive index layer 13b of the core element 10b is higher than
the refractive index nzg of the low-refractive index layer 23a of the core element 20a. Here,

when the core elements 10b and 20a are classified according to the refractive index, the
plurality of core elements 10b and 20a can be classified into a partial core element 10b and the
other partial core elements 20a.

[0018] As illustrated in FIG. 1B, the refractive index n» of the inner cladding layers 12 and 22
and the refractive index ny of the cladding 40 are lower than the refractive index nq of the core
11, and the refractive indices ns, and ns, of the respective low-refractive index layers 13b and
23a are further lower than the refractive index ny of the inner cladding layers 12 and 22 and
the refractive index ng of the cladding 40. That is, the respective refractive indices nq to ng
satisfy the following relation:

Iy > My > N3, Nap

N, > I

Naa, Ngp < Iy
and

iz < M3p-

[0019] In the present embodiment, the refractive index ns of the inner cladding layer 12 is the

same as the refractive index n4 of the cladding 40. That is, np = ng.

[0020] In this manner, when the respective core elements 10b and 20a are seen from the
perspective of the refractive index, since the low-refractive index layers 13b and 23a of the
core elements 10b and 20a have a groove shape, the respective core elements 10b and 20a
have a trench structure. With such a trench structure, it is possible to suppress bending loss of
the multicore fiber 100. Moreover, since a mass production method for the optical fiber having
a trench structure is well established, it is possible to easily manufacture the multicore fiber 100
at a low cost. In the present embodiment, since the refractive indices of the respective low-
refractive index layers 13b and 23a are uniform in the low-refractive index layers 13b and 23a,
the refractive indices n3p and n3, of the low-refractive index layers 13b and 23a have the same

meaning as an average refractive index.

[0021] In order for the multicore fiber 100 to have such a refractive index, the cores 11 and 21
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are formed, for example, of quartz in which impurities such as germanium that increases the
refractive index are added, and the inner cladding layers 12 and 22 and the cladding 40 are
formed of pure quartz in which no impurities are added. Further, the low-refractive index layers
13b and 23a are formed of a material that has a lower refractive index than the cladding 40
and the inner cladding layers 12 and 22, for example, quartz in which impurities such as
fluorine that decreases the refractive index are added, and the amounts of impurities added to
the low-refractive index layer 13b and the low-refractive index layer 23a are different.
Moreover, the inner protective layer 41 and the outer protective layer 42 are formed of different
types of ultraviolet-curable resins, for example.

[0022] Propagation characteristics of an optical fiber are defined by a relative refractive index
difference A to the refractive index of the cladding 40 based on the above refractive index.
When i = 1, 2, 3a, and 3b, the relative refractive index difference A; of a layer having a

refractive index of n; to the cladding 40 is defined by the following expression.

2 2
.
S 2nd

[0023] In the multicore fiber 100, since the refractive indices n3, and n3, of the low-refractive

index layers 13b and 23a of the respective core elements 10b and 20a are lower than the
refractive index ny of the inner cladding layer 12 and the refractive index ny4 of the cladding 40,
the light confining effect in the core 11 increases, and light may not easily leak from the core
11. Thus, the light propagating through the core 11 can be prevented from leaking from the
core elements 10b and 20a. Further, the low-refractive index layers 13b and 23a having a low
refractive index and the cladding 40 become barriers, and the crosstalk between the cores 11
and 21 of the adjacent core elements 10b and 20a or between the cores 21 of the adjacent
core elements 20a can be suppressed.

[0024] The relative refractive index difference of the cores 11 and 21 is defined by a mode
field diameter MFD that a core should have as characteristics. Although in many cases, the
relative refractive index difference of the inner cladding layers 12 and 22 to the cladding 40 is
approximately zero as in the present embodiment, the relative refractive index difference is
appropriately set to a positive or negative value for adjustment of wavelength dispersion
characteristics. That is, the refractive index ny of the inner cladding layers 12 and 22 is set to

be between the refractive index nq of the cores 11 and 21 and the refractive index ng4 of the
cladding 40, or is set to be between the refractive indices n3g; and ng, of the low-refractive

index layers 13b and 23a and the refractive index ng4 of the cladding 40.

[0025] Moreover, as described above, the refractive index nsy, of the low-refractive index layer
13b of the core element 10b is higher than the refractive index n3, of the low-refractive index

layer 23a of the core element 20a and satisfies a relation of nag < nap.
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[0026] Thus, the low-refractive index layer 13b of the specific core element 10b has larger
light confinement loss in the core 11 than the low-refractive index layers 23a of the three or
more core elements 20a that surround the specific core element 10b. That is, in the specific
core element 10b, the effect of the low-refractive index layer confining light in the own core is
weaker than that in the core elements 20a that surround the specific core element 10b, and
light can easily escape from the core element 10b. Thus, in the specific core element 10b
which is the partial core element, light in high-order modes can easily escape than the core
elements 20a which are the other partial core elements.

[0027] Such a multicore fiber 100 is manufactured in the following manner. First, a specific
core element glass member that becomes the core 11, the inner cladding layer 12, and the
low-refractive index layer 13b and a plurality of core element glass members that become the
core 21, the inner cladding layer 22, and the low-refractive index layer 23a are prepared.
Further, these core element glass members are disposed in a cladding glass member that
becomes the cladding 40 or a portion of the cladding 40 to allow the glass members to
collapse, whereby a fiber base member of which the cross-sectional arrangement is similar to
that of the multicore fiber 100 illustrated in FIG. 1A excluding the inner protective layer 41 and
the outer protective layer 42 is manufactured. The manufactured fiber base member is heated,
melted, and spun into a multicore fiber, and the multicore fiber is covered with the inner
protective layer 41 and the outer protective layer 42 to obtain the multicore fiber 100. The core
element glass member may be disposed in the cladding glass member that becomes the
cladding 40 or a portion of the cladding 40 and spinning may be performed while allowing the
glass members to collapse.

[0028] As described above, the multicore fiber 100 according to the present embodiment
includes the cladding 40 and the plurality of core elements 10b and 20a that are provided in
the cladding 40 and include the cores 11 and 21, the inner cladding layers 12 and 22 that
surround the cores 11 and 21, and the low-refractive index layers 13b and 23a that surround
the inner cladding layers 12 and 22 and have a lower average refractive index than the
cladding 40 and the inner cladding layers 12 and 22. The plurality of core elements are
disposed so that the specific core element 10b is surrounded by three or more core elements
20a. The low-refractive index layer of a partial core element of the plurality of core elements
has larger light confinement loss in the core than the low-refractive index layers of the other
partial core elements. The partial core element is the specific core element 10b, and the other
partial core elements are the three or more core elements 20a that surround the specific core
element 10b.

[0029] According to such a multicore fiber 100, it is possible to suppress inter-core crosstalk
as described above.

[0030] Moreover, when the multicore fiber includes a plurality of core elements in which the
core is surrounded by a low-refractive index layer as in the core elements 10b and 20a of the
present embodiment, and the specific core element is surrounded by three or more core
elements, the cutoff wavelength of the specific core element tends to increase. However,
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according to the multicore fiber 100 of the present embodiment, as described above, the own
low-refractive index layer 13b of the specific core element 10b has larger light confinement loss
than the three or more core elements 20a that surround the specific core element 10b. That is,
in the specific core element 10b, the effect of the low-refractive index layer confining light in the
own core is weaker than that in the three or more core elements 20a that surround the specific
core element 10b, and light can easily escape from the core element 10b. Thus, light in high-
order modes can easily escape from the specific core element 10b. On the other hand, the
low-refractive index layers 23a of the core elements 20a that surround the core element 10b
make the light in high-order modes difficult to escape from the specific core element 10b.
Thus, in the specific core element 10b, it is possible to take a balance between the easiness of
the light in high-order modes to escape due to the own low-refractive index layer 13b and the
difficulty of the light in high-order modes to escape due to the low-refractive index layers 23a of
the respective core elements 20a that surround the specific core element 10b. Thus, the cutoff
wavelength of the specific core element 10b can be suppressed from increasing as compared
to that of the core elements 20a that surround the core element 10b. In this manner, it is
possible to suppress the cutoff wavelength of the respective core elements 10b and 20a from
changing and to suppress the conditions for performing single-mode communication in the
respective core elements 10b and 20a from changing.

[0031] In the present embodiment, as described above, the refractive index nj, of the low-

refractive index layer 13b of the specific core element 10b is higher than the refractive index
N3, of the three or more core elements 20a that surround the core element 10b, and the low-

refractive index layer 13b of the core element 10b has higher light confinement loss in the core
11 than the low-refractive index layer 23a of the core element 20a. Thus, just by changing the
material of the low-refractive index layer 13b of the specific core element 10b with the material
of the low-refractive index layers 23a of the core elements 20a that surround the specific core
element 10b, the respective core elements 10b and 20a can have the same size. Thus, the
degree of freedom in design is improved.

(Second Embodiment)

[0032] Next, a second embodiment, forming part of the present invention, will be described
with reference to FIG. 2A and 2B. The same or equivalent constituent elements as those of the
first embodiment will be denoted by the same reference numerals unless otherwise particularly
stated, and redundant description thereof will not be provided.

[0033] FIG. 2A and 2B are a diagram illustrating a configuration of a multicore fiber 101
according to the second embodiment. Specifically, FIG. 2A is a diagram illustrating a cross-
sectional structure vertical to a longitudinal direction of the multicore fiber 101, and FIG. 2B is a
diagram illustrating a refractive index distribution along a line B-B of the multicore fiber 101
illustrated in FIG. 2A.
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[0034] As illustrated in FIG. 2A, the multicore fiber 101 according to the present embodiment
is different from the multicore fiber 100 according to the first embodiment, in that the multicore
fiber 101 includes a specific core element 10c that is disposed at the same position as the core
element 10b instead of the specific core element 10b according to the first embodiment.

[0035] The specific core element 10c includes the same core 11 as the core 11 of the first
embodiment, the same inner cladding layer 12 as the inner cladding layer 12 of the first
embodiment, surrounding the circumferential surface of the core 11, and a low-refractive index
layer 13c that surrounds the circumferential surface of the inner cladding layer 12. Moreover,
as illustrated in FIG. 2B, the refractive index n3c of the low-refractive index layer 13c is the

same as the refractive index nag of the respective low-refractive index layers 23a of the three

or more core elements 20a that surround the specific core element 10c. Further, the thickness
t3c of the low-refractive index layer 13c is smaller than the thickness t3, of the low-refractive

index layer 23a. Thus, the low-refractive index layer 13c of the specific core element 10c has
larger light confinement loss in the core 11 than the low-refractive index layers 23a of the
respective core elements 20a.

[0036] In the present embodiment, the outer diameter of the core element 10c is smaller than
the outer diameter of the core element 20a by an amount corresponding to the difference
between the thickness of the low-refractive index layer 13¢c and the thickness of the low-
refractive index layer 23a. Here, when the respective core elements 10c and 20a are classified
according to the cross-sectional structure of the core element, the core elements 10c and 20a
can be classified into the partial core element 10c¢ and the other partial core elements 20a.

[0037] Such a multicore fiber 101 may use the specific core element glass member that
becomes the core 11, the inner cladding layer 12, and the low-refractive index layer 13c
instead of the specific core element glass member that becomes the core 11, the inner
cladding layer 12, and the low-refractive index layer 13b used in manufacturing of the multicore
fiber 100.

[0038] According to the multicore fiber 101 of the present embodiment, as described above,
since the low-refractive index layer 13c of the specific core element 10c is thinner than the low-
refractive index layers 23a of the respective core elements 20a, the low-refractive index layer
13c of the core element 10c has larger light confinement loss in the core 11 than the low-
refractive index layers 23a of the respective core elements 20a. Thus, in the specific core
element 10c, the low-refractive index layer 13c makes the light in high-order modes easy to
escape from the core 11, and the low-refractive index layers 23a of the respective core
element 20a make the light in high-order modes difficult to escape. Thus, the cutoff wavelength
of the core element 10c can be suppressed from increasing as compared to the core element
20a. With such a configuration, the low-refractive index layer 13c of the specific core element
10c can be formed of the same material as the low-refractive index layers 23a of the
respective core elements 20a. Thus, the degree of freedom in selecting the material of the low-
refractive index layer is improved.
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(Third Embodiment, not part of the invention)

[0039] Next, a third embodiment will be described with reference to FIG. 3A and 3B. The
same or equivalent constituent elements as those of the first embodiment will be denoted by
the same reference numerals unless otherwise particularly stated, and redundant description
thereof will not be provided.

[0040] FIG. 3A and 3B are a diagram illustrating a configuration of a multicore fiber 102
according to the third embodiment. Specifically, FIG. 3A is a diagram illustrating a cross-
sectional structure vertical to a longitudinal direction of the multicore fiber 102, and FIG. 3B is a
diagram illustrating a refractive index distribution along a line B-B of the multicore fiber 102
illustrated in FIG. 3A.

[0041] As illustrated in FIG. 3A and 3B, the multicore fiber 102 according to the present
embodiment is different from the multicore fiber 100 according to the first embodiment, in that
the multicore fiber 102 includes a specific core element 10e disposed at the same position as
the core element 10b instead of the specific core element 10b of the first embodiment and
includes three or more core elements 20d disposed at the same positions as the respective
core elements 20a instead of the three or more core elements 20a of the first embodiment.

[0042] As illustrated in FIG. 3A, the core elements 10e and 20d include the same cores 11
and 21 as the core 11 of the first embodiment and the same inner cladding layers 12 and 22 as
the inner cladding layers 12 and 22 of the first embodiment, surrounding the circumferential
surfaces of the cores 11 and 21. Moreover, the core element 10e includes a low-refractive
index layer 13e which surrounds the circumferential surface of the inner cladding layer 12 and
of which the circumferential surface is surrounded by the cladding 40, and the core element
20d includes a low-refractive index layer 23d which surrounds the circumferential surface of
the inner cladding layer 12 and of which the circumferential surface is surrounded by the
cladding 40.

[0043] Each of the low-refractive index layers 13e and 23d includes a plurality of low refractive
index portions 5 that has a lower refractive index than the cladding 40 and the inner cladding
layers 12 and 22 and surrounds the inner cladding layers 12 and 22. In the present
embodiment, a plurality of circular holes are formed in the low-refractive index layers 13e and
23d, and the holes are the low refractive index portions 5. Thus, the low refractive index
portion 5 has a circular cross-sectional shape.

[0044] As illustrated in FIG. 3A, at least one of the plurality of low refractive index portions 5 of
the respective core elements 10e and 20d is disposed on a straight line that connects the
cores 11 and 21 of the own core elements and the cores 11 and 21 of the other core elements.
Specifically, a partial low refractive index portion 5 of the plurality of low refractive index
portions 5 of the core element 10e is disposed on a straight line that connects the core 11 of
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the own core element 10e and the core 21 of the core element 20d. Further, in the respective
core elements 20d, one low refractive index portion 5 of the plurality of low refractive index
portions 5 is disposed on a straight line that connects the core 21 of the own core element 20d
and the core 11 of the core element 10e, and at least another low refractive index portion 5 of
the plurality of low refractive index portions 5 is disposed on a straight line that connects the
core 21 of the own core element 20d and the core 21 of the other core element 20d. In this
manner, since the low refractive index portion 5 is interposed between the own core and the
other cores, it is possible to further suppress the inter-core crosstalk.

[0045] In the present embodiment, the number of low refractive index portions 5 of the low-
refractive index layer 13e of the specific core element 10e is smaller than the number of low
refractive index portions 5 of the low-refractive index layer 23d of the core element 20d.
Further, in the present embodiment, the regions of the respective low-refractive index layers
13e and 23d other than the low refractive index portion 5 are formed of the same material as
the cladding 40 and the inner cladding layer 12. Moreover, as illustrated in FIG. 3B, since the
low refractive index portion 5 is a hole, the refractive index n5 of the low refractive index portion
5is 1 and is lower than the refractive indices ny and ny4 of the inner cladding layers 12 and 22
and the cladding 40, the average refractive indices n3e and nzq of the low-refractive index

layers 13e and 23d are lower than the inner cladding layer 12 and the cladding 40.

[0046] Since the number of low refractive index portions 5 of the low-refractive index layer 13e
is smaller than the number of low refractive index portions 5 of the low-refractive index layer
23d, the average refractive index nse Of the low-refractive index layer 13e is higher than the
average refractive index nsg of the low-refractive index layer 23d. In this manner, the low-

refractive index layer 13e of the specific core element 10e has larger light confinement loss in
the core 11 than the low-refractive index layers 23d of the respective core elements 20d.

[0047] Here, when the respective core elements 10e and 20d are classified according to the
cross-sectional structure of the core element and the average refractive index of the low-
refractive index layer, the core elements 10e and 20d can be classified into the partial core
element 10e and the other partial core elements 20d.

[0048] As described above, although there are no boundaries between the regions of the low-
refractive index layers 13e and 23d other than the low refractive index portion 5, and the inner
cladding layer 12 and the cladding 40, the boundaries are depicted by imaginary lines in FIG.
3A for better understanding.

[0049] Such a multicore fiber 102 is manufactured in the following manner.

[0050] First, a specific core element glass member that becomes the core 11, the inner
cladding layer 12, and the low-refractive index layer 13e, and a plurality of core element glass
members that become the core 11, the inner cladding layer 12, and the low-refractive index
layer 23d are prepared. The member that becomes the low-refractive index layers 13e and
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23d is a glass tube that is disposed at the positions corresponding to the respective low
refractive index portions so that the respective low refractive index portions (holes) are formed.
These core element glass members are disposed in the cladding glass member that becomes
the cladding 40 or a portion of the cladding 40 and are allowed to collapse with predetermined
pressure applied to the penetration holes of the glass tubes, whereby a fiber base member of
which the cross-sectional arrangement is similar to that of the multicore fiber 102 illustrated in
FIG. 3A excluding the inner protective layer 41 and the outer protective layer 42 is
manufactured. The manufactured fiber base member is heated, melted, and spun into a
multicore fiber with predetermined pressure applied to the penetration holes, and the multicore
fiber is covered with the inner protective layer 41 and the outer protective layer 42 to obtain the
multicore fiber 102. The core element glass member may be disposed in the cladding glass
member that becomes the cladding 40 or a portion of the cladding 40 and spinning may be
performed with predetermined pressure applied to the penetration holes while allowing the
glass members to collapse.

[0051] According to the multicore fiber 102 of the present embodiment, since the low
refractive index portion 5 having a low refractive index is not formed continuously in a circular
form so as to surround the respective cores 11 and 21, the light in high-order modes can
appropriately escape from the respective cores 11 and 21. Thus, it is possible to suppress the
cutoff wavelengths of the respective cores 11 from increasing.

[0052] In the present embodiment, by decreasing the number of low refractive index portions
5 of the specific core element 10e, it is possible to reduce the cost of providing the low
refractive index portion 5 and to provide the low-refractive index layer 13e of the specific core
element 10e easily. Specifically, if the low refractive index portion 5 is a hole, when the hole is
formed by drilling in manufacturing of the fiber base member, it is possible to reduce the drilling
cost. When the hole portion is manufactured using a glass tube, it is possible to reduce the
number of glass tubes. In either case, it is possible to manufacture the fiber at a low cost.

[0053] In the present embodiment, although, since the low refractive index portion 5 is formed
as a hole, the refractive index of the low refractive index portion 5 can be further decreased,
the low refractive index portion 5 is not particular limited to a hole as long as the material of the
low refractive index portion 5 has a lower refractive index than the inner cladding layer 12 and
the cladding 40. For example, the low refractive index portion 5 can be formed of quartz in
which impurities such as fluorine that decreases the refractive index are added. Even in this
case, according to the multicore fiber 102 of the present embodiment, since the amount of
quartz in which expensive fluorine is added can be decreased, it is possible to manufacture the
multicore fiber 102 at a low cost.

(Fourth Embodiment, forming part of the invention)

[0054] Next, a fourth embodiment will be described with reference to FIG. 4A and 4B. The
same or equivalent constituent elements as those of the third embodiment will be denoted by



DK/EP 2682793 T3

the same reference numerals unless otherwise particularly stated, and redundant description
thereof will not be provided.

[0055] FIG. 4A and 4B are a diagram illustrating a configuration of a multicore fiber 103
according to the fourth embodiment. Specifically, FIG. 4A is a diagram illustrating a cross-
sectional structure vertical to a longitudinal direction of the multicore fiber 103, and FIG. 4B is a
diagram illustrating a refractive index distribution along a line B-B of the multicore fiber 103
illustrated in FIG. 4A.

[0056] As illustrated in FIG. 4A and 4B, the multicore fiber 103 according to the present
embodiment is different from the multicore fiber 102 according to the third embodiment, in that
the multicore fiber 103 includes a specific core element 10f that is disposed at the same
position as the core element 10e instead of the specific core element 10e according to the
second embodiment.

[0057] The core element 10f includes the same core 11 as the core 11 of the third
embodiment and the same inner cladding layer 12 as the inner cladding layer 12 of the third
embodiment, surrounding the circumferential surface of the core 11. The core element 10f
includes a low-refractive index layer 13f which surrounds the circumferential surface of the
inner cladding layer 12 and of which the circumferential surface is surrounded by the cladding
40.

[0058] The low-refractive index layer 13f includes a plurality of low refractive index portions 5f
which are formed as a hole having a circular cross-sectional shape. As described above, since
the low refractive index portion 5 of the low-refractive index layer 23d is also formed as a hole,
the refractive index ns; of the low refractive index portion 5f of the low-refractive index layer 13f
and the refractive index ns of the low refractive index portion 5 of the low-refractive index layer
23d of the core element 20d are the same and are 1. Although the number of low refractive
index portions 5f of the low-refractive index layer 13f is the same as the number of low
refractive index portions 5 of the low-refractive index layer 23d of the core element 20d, the
area (the cross-sectional area vertical to the longitudinal direction) of each of the low refractive
index portions 5f of the low-refractive index layer 13f is smaller than the area (the cross-
sectional area vertical to the longitudinal direction) of each of the low refractive index portions 5
of the low-refractive index layer 23d. Moreover, the regions of the low-refractive index layer 13f
other than the low refractive index portion 5f are formed of the same material as the cladding
40 and the inner cladding layer 12.

[0059] Thus, in the multicore fiber 103, the average refractive index nsf of the low-refractive
index layer 13f of the core element 10f is higher than the average refractive index nzq of the
low-refractive index layer 23d of the core element 20d, and the thickness t3; of the low-
refractive index layer 13f of the core element 10f is smaller than the thickness t34 of the low-

refractive index layer 23d of the core element 20d. In this manner, the low-refractive index
layer 13f of the specific core element 10f has larger light confinement loss in the core 11 than
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the low-refractive index layers 23d of the respective core element 20d.

[0060] Here, when the respective core elements 10f and 20d are classified according to the
cross-sectional structure of the core element and the average refractive index of the low-
refractive index layer, the core elements 10f and 20d can be classified into the partial core
element 10f and the other partial core elements 20d.

[0061] As described above, although there are no boundaries between the regions of the low-
refractive index layer 13f other than the low refractive index portion 5f, and the inner cladding
layer 12 and the cladding 40, the boundaries are depicted by imaginary lines in FIG. 4A for
better understanding.

[0062] Such a multicore fiber 103 may use the specific core element glass member that
becomes the core 11, the inner cladding layer 12, and the low-refractive index layer 13f instead
of the specific core element glass member that becomes the core 11, the inner cladding layer
12, and the low-refractive index layer 13e used in manufacturing of the multicore fiber 102.

[0063] In the present embodiment, although, since the low refractive index portions 5 and 5f
are formed as a hole similarly to the third embodiment, the refractive index of the low refractive
index portions 5 and 5f can be further decreased, the low refractive index portions 5 and 5f are
not particular limited to a hole as long as the material of the low refractive index portions 5 and
5f has a lower refractive index than the inner cladding layer 12 and the cladding 40. For
example, the low refractive index portions 5 and 5f can be formed of quartz in which impurities
such as fluorine that decreases the refractive index are added. In this case, according to the
multicore fiber 103 of the present embodiment, since the amount of quartz in which fluorine
used for the low refractive index 5f is added can be decreased, it is possible to manufacture
the multicore fiber 103 at a low cost.

(Fifth Embodiment, not part of the invention)

[0064] Next, a fifth embodiment will be described with reference to FIG. 5A and 5B. The same
or equivalent constituent elements as those of the third embodiment will be denoted by the
same reference numerals unless otherwise particularly stated, and redundant description
thereof will not be provided.

[0065] FIG. 5A and 5B are a diagram illustrating a configuration of a multicore fiber 104
according to the fifth embodiment. Specifically, FIG. 5A is a diagram illustrating a cross-
sectional structure vertical to a longitudinal direction of the multicore fiber 104, and FIG. 5B is a
diagram illustrating a refractive index distribution along a line B-B of the multicore fiber 104
illustrated in FIG. 5A.

[0066] As illustrated in FIG. 5A and 5B, the multicore fiber 104 according to the present
embodiment is different from the multicore fiber 102 according to the third embodiment, in that
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the multicore fiber 104 includes a specific core element 10g that is disposed at the same
position as the core element 10e instead of the specific core element 10e according to the
second embodiment.

[0067] The core element 10g includes the same core 11 as the core 11 of the third
embodiment and the same inner cladding layer 12 as the inner cladding layer 12 of the third
embodiment, surrounding the circumferential surface of the core 11. Moreover, the core
element 10g includes a low-refractive index layer 13g which surrounds the circumferential
surface of the inner cladding layer 12 and of which the circumferential surface is surrounded by
the cladding 40.

[0068] The low-refractive index layer 13g includes a plurality of low refractive index portions
5g. The respective low refractive index portions 5g are not holes but are formed of a material
such as glass that has a lower refractive index nsq than the refractive index n4 of the cladding
40 and the refractive index ny of the inner cladding layer 12. Examples of the material of the
low refractive index portion 5g having such a refractive index nsg include the same material as
the material of the low-refractive index layers 13b and 23a of the first embodiment. Moreover,
the number of low refractive index portions 5g of the low-refractive index layer 13g is the same
as the number of low refractive index portions 5 of the low-refractive index layer 23d of the
core element 20d, and the area (the cross-sectional area vertical to the longitudinal direction)
of each of the low refractive index portions 5g is the same as the area (the cross-sectional
area vertical to the longitudinal direction) of each of the low refractive index portions 5 of the
low-refractive index layer 23d. Moreover, the regions of the low-refractive index layer 13g other
than the low refractive index portion 5g are formed of the same material as the cladding 40
and the inner cladding layer 12.

[0069] Thus, in the multicore fiber 104, the average refractive index n3q of the low-refractive
index layer 13g of the core element 10g is higher than the average refractive index nzq of the

low-refractive index layer 23d of the core element 20d. In this manner, the low-refractive index
layer 13g of the specific core element 10g has larger light confinement loss in the core 11 than
the low-refractive index layer 23d of the core element 20d.

[0070] Here, when the respective core elements 10g and 20d are classified according to the
cross-sectional structure of the core element and the average refractive index of the low-
refractive index layer, the core elements 10g and 20d can be classified into the partial core
element 10g and the other partial core elements 20d.

[0071] In the present embodiment, as described above, although there are no boundaries
between the regions of the low-refractive index layer 13g other than the low refractive index
portion 5g, and the inner cladding layer 12 and the cladding 40, the boundaries are depicted
by imaginary lines in FIG. 5A for better understanding.

[0072] Such a multicore fiber 104 may use the specific core element glass member that
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becomes the core 11, the inner cladding layer 12, and the low-refractive index layer 13g
instead of the specific core element glass member that becomes the core 11, the inner
cladding layer 12, and the low-refractive index layer 13e used in manufacturing of the multicore
fiber 102. The member that becomes the low-refractive index layer 13g may be a glass rod
having a low refractive index that is disposed at the position corresponding to the low refractive
index portion 5g.

[0073] According to the multicore fiber 104 of the present embodiment, just by changing the
material of the low refractive index portion 5g of the specific core element 10g with the material
of the low refractive index portion 5 of the core element 20d that surrounds the core element
10g, the respective core elements 10g and 20d can have the same size. Thus, the degree of
freedom in design is improved.

[0074] In the present embodiment, although, since the low refractive index portion 5 is formed
as a hole similarly to the third embodiment, the refractive index of the low refractive index
portion 5 can be further decreased, the low refractive index portion 5 is not particular limited to
a hole as long as the material of the low refractive index portion 5 has a lower refractive index
than the inner cladding layer 12, the cladding 40, and the low refractive index portion 5g.

(Sixth Embodiment, not part of the invention)

[0075] Next, a sixth embodiment will be described with reference to FIG. 6A and 6B. The
same or equivalent constituent elements as those of the first embodiment will be denoted by
the same reference numerals unless otherwise particularly stated, and redundant description
thereof will not be provided.

[0076] FIG. 6A and 6B are a diagram illustrating a configuration of a multicore fiber 105
according to the sixth embodiment. Specifically, FIG. 6A is a diagram illustrating a cross-
sectional structure vertical to a longitudinal direction of the multicore fiber 105, and FIG. 6B is a
diagram illustrating a refractive index distribution along a line B-B of the multicore fiber 105
illustrated in FIG. 6A.

[0077] As illustrated in FIG. 6A, the multicore fiber 105 according to the present embodiment
is different from the multicore fiber 100 according to the first embodiment, in that the multicore
fiber 105 includes a specific core element 10h that is disposed at the same position as the core
element 10b instead of the specific core element 10b according to the first embodiment.

[0078] The core element 10h includes the same core 11 as the core 11 of the first
embodiment and the same inner cladding layer 12 as the inner cladding layer 12 of the first
embodiment, surrounding the circumferential surface of the core 11 but does not include the
low-refractive index layer of the core element 10b. Thus, the specific core element 10h does
not have the light confining effect of the low-refractive index layer, and light is confined in the
core 11 by the light confining effect of the core 11.
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[0079] In the multicore fiber 105 of the present embodiment, since the inner cladding layer 12
and the cladding 40 are formed of the same material, although there is no boundary between
the inner cladding layer 12 and the cladding 40, an imaginary line that indicates the inner
cladding layer 12 is depicted in FIG. 6A for better understanding. Thus, as in the multicore fiber
105 of the present embodiment, when the inner cladding layer 12 and the cladding 40 are
formed of the same material, it can be considered that the core element 10h does not include
the inner cladding layer 12 and the core 11 is directly disposed in the cladding 40. Moreover, in
the multicore fiber 100 of the first embodiment, the refractive index of the low-refractive index
layer 13b of the specific core element 10b which is the partial core element is increased up to
the same refractive index as the cladding 40, whereby the specific core element 10b does not
include the low-refractive index layer 13b, which is the same configuration as the core element
10h of the multicore fiber 105 according to the present embodiment. Thus, the multicore fiber
105 of the present embodiment has the same technical features as the multicore fiber 100
according to the first embodiment.

[0080] Here, when the respective core elements 10h and 20a are classified according to the
cross-sectional structure of the core element, the core elements 10h and 20a can be classified
into the partial core element 10h and the other partial core elements 20a.

[0081] Such a multicore fiber 105 includes the cladding 40 and the plurality of core elements
10h and 20a provided in the cladding 40. The plurality of core elements 10h and 20a are
disposed so that the specific core element 10h is surrounded by three or more core elements
20a. The plurality of core elements 10h and 20a include the partial core element and the other
partial core elements. The other partial core elements include the core 21, the inner cladding
layer 22 that surrounds the core 21, and the low-refractive index layer 23a that surrounds the
inner cladding layer 22 and has a lower average refractive index than the cladding 40 and the
inner cladding layer 22. The partial core element includes the core 11 and does not include the
low-refractive index layer, the partial core element is the specific core element 10h, and the
other partial core elements are the three or more core elements 20a that surround the specific
core element 10h.

[0082] Such a multicore fiber 105 may use the specific core element glass member that
becomes the core 11 and the inner cladding layer 12 instead of the specific core element glass
member that becomes the core 11, the inner cladding layer 12, and the low-refractive index
layer 13b used in manufacturing of the multicore fiber 100. However, in the present
embodiment, since the inner cladding layer 12 and the cladding 40 have the same refractive
index, the inner cladding layer 12 and the cladding 40 can be formed of the same material.
Thus, the portion that becomes the core element 10h may be the glass rod that becomes the
core 11 and is inserted in a glass member that becomes the cladding.

[0083] According to the multicore fiber 105 of the present embodiment, since the cladding 40
and the low-refractive index layer 23a of the core element 20a are present between the core
11 of the specific core element 10h and the core 21 of each of the core elements 20a that
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surround the specific core element 10h, it is possible to reduce crosstalk. Moreover, since the
specific core element 10h does not have the effect of confining light in the core due to the low-
refractive index layer, the light in high-order modes can easily escape. In the core element
10h, it is possible to take a balance between the easiness of the light in high-order modes to
escape due to the absence of the low-refractive index layer and the difficulty of the light in
high-order modes to escape due to the low-refractive index layer 23a of each of the core
elements 20a that surround the specific core element 10h. Thus, it is possible to prevent the
cutoff wavelength of the specific core element 10h from increasing.

[0084] Since the specific core element 10h does not have a low-refractive index layer and has
a simple configuration, it is possible to provide the specific core element 10h easily.

(Seventh Embodiment, not part of the invention)

[0085] Next, a seventh embodiment will be described with reference to FIG. 7A and 7B. The
same or equivalent constituent elements as those of the third embodiment will be denoted by
the same reference numerals unless otherwise particularly stated, and redundant description
thereof will not be provided.

[0086] FIG. 7A and 7B are a diagram illustrating a configuration of a multicore fiber 106
according to the seventh embodiment. Specifically, FIG. 7A is a diagram illustrating a cross-
sectional structure vertical to a longitudinal direction of the multicore fiber 106, and FIG. 7B is a
diagram illustrating a refractive index distribution along a line B-B of the multicore fiber 106
illustrated in FIG. 7A.

[0087] As illustrated in FIG. 7A, the multicore fiber 106 according to the present embodiment
is different from the multicore fiber 102 according to the third embodiment, in that the multicore
fiber 106 includes the specific core element 10h according to the sixth embodiment instead of
the specific core element 10e according to the third embodiment.

[0088] Here, when the respective core elements 10h and 20d are classified according to the
cross-sectional structure of the core element and the average refractive index of the low-
refractive index layer, the core elements 10h and 20d can be classified into the partial core
element 10h and the other partial core elements 20d.

[0089] In the present embodiment, similarly to the third embodiment, at least one of the
plurality of low refractive index portions 5 of the respective core elements 20d is disposed on a
straight line that connects the core 21 of the own core element 20d and the cores 11 and 21 of
the other core elements. That is, one low refractive index portion 5 of the plurality of low
refractive index portions 5 in the respective core elements 20d is disposed on a straight line
that connects the core 21 of the own core element 20d and the core 11 of the core element
10h, and at least another low refractive index portion 5 among the plurality of low refractive
index portions 5 is disposed on a straight line that connects the core 21 of the own core
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element 20d and the core 21 of the other core element 20d. In this manner, since the low
refractive index portion 5 is interposed between the own core 21 and the other cores 11 and
21, it is possible to further suppress the inter-core crosstalk.

[0090] Such a multicore fiber 106 may use the specific core element glass member that
becomes the core 11 and the inner cladding layer 12 according to the sixth embodiment
instead of the specific core element glass member that becomes the core 11, the inner
cladding layer 12, and the low-refractive index layer 13e used in manufacturing of the multicore
fiber 102.

[0091] In the multicore fiber 106 according to the present embodiment, similarly to the
multicore fiber 105 according to the sixth embodiment, since the cladding 40 and the low-
refractive index layer 23d of the core element 20d are present between the core 11 of the
specific core element 10h and the cores 11 of the respective core elements 20d that surround
the specific core element 10h, it is possible to reduce the crosstalk. Moreover, since the
specific core element 10h does not have the effect of confining light in the core due to low-
refractive index layer, the light in high-order modes can easily escape. In the core element
10h, it is possible to take a balance between the easiness of the light in high-order modes to
escape due to the absence of the low-refractive index layer and the difficulty of the light in
high-order modes to escape due to the low-refractive index layer 23d of each of the core
elements 20d that surround the specific core element 10h. Thus, it is possible to prevent the
cutoff wavelength of the specific core element 10h from increasing.

(Eighth Embodiment, not part of the invention)

[0092] Next, an eighth embodiment will be described with reference to FIG. 8. The same or
equivalent constituent elements as those of the first embodiment will be denoted by the same
reference numerals unless otherwise particularly stated, and redundant description thereof will
not be provided.

[0093] FIG. 8 is a diagram illustrating a cross-sectional structure vertical to a longitudinal
direction of a multicore fiber 107 according to the eighth embodiment of the present invention.

[0094] As illustrated in FIG. 8, the multicore fiber 107 according to the present embodiment is
different from the multicore fiber 100 according to the first embodiment, in that the number of
three or more core elements 20a of the first embodiment is four or more, and the four or more
core elements 20a are disposed so that the centers thereof form a rectangle.

[0095] In such a multicore fiber 107, the arrangement of the plurality of core element glass
members that become the core 21, the inner cladding layer 22, and the low-refractive index
layer 23a used in manufacturing of the multicore fiber 100 may be the same as the
arrangement of the respective core elements 20a of the multicore fiber 107 illustrated in FIG.
8.
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[0096] According to the multicore fiber 107 of the present embodiment, since the cores are
disposed in a rectangular form, it is possible to easily take a matching with an optical device
such as a planar waveguide and to easily input and output light to and from such an optical
device.

(Ninth Embodiment, not part of the invention)

[0097] Next, a ninth embodiment will be described with reference to FIG. 9A and 9B. The
same or equivalent constituent elements as those of the first embodiment will be denoted by
the same reference numerals unless otherwise particularly stated, and redundant description
thereof will not be provided.

[0098] FIG. 9A and 9B are a diagram illustrating a configuration of a multicore fiber 110
according to the ninth embodiment. Specifically, FIG. 9A is a diagram illustrating a cross-
sectional structure vertical to a longitudinal direction of the multicore fiber 110, and FIG. 9B is a
diagram illustrating a refractive index distribution along a line B-B of the multicore fiber 110
illustrated in FIG. 9A.

[0099] As illustrated in FIG. 9A, the multicore fiber 100 according to the present embodiment
is different from the multicore fiber 100 according to the first embodiment, in that a plurality of
core elements 10a, 20a, and 20b is disposed in the cladding.

[0100] The specific core element 10a is disposed at the center of the cladding 40, and the
three or more core elements that include the core element 20a and the core element 20b are
disposed so as to surround the specific core element 10a. The number of three or more core
elements that include the core elements 20a and 20b is an even number, the core elements
20a and the core elements 20b are alternately arranged, and the core elements 20a and the
core elements 20b are arranged at equal intervals, respectively. FIG. 9A illustrates a case
where one core element 10a is surrounded by six core elements that include the core
elements 20a and 20b.

[0101] The core element 10a includes the same core 11 as the core 11 of the core element
10b of the first embodiment, the same inner cladding layer 12 as the inner cladding layer 12 of
the first embodiment, surrounding the circumferential surface of the core 11, and the low-
refractive index layer 13a that surrounds the circumferential surface of the inner cladding layer
12. As illustrated in FIG. 9B, the low-refractive index layer 13a is different from the low-
refractive index layer 13b of the first embodiment, in that the refractive index ng, of the low-

refractive index layer 13a is lower than the refractive index nsy, of the low-refractive index layer

13b of the core element 10b of the first embodiment and is the same as the low-refractive
index layer 23a of the core element 20a. The other configuration thereof is the same as that of
the low-refractive index layer 13b of the first embodiment.
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[0102] The core element 20b includes the same core 21 as the core 21 of the core element
20a, the same inner cladding layer 22 as the inner cladding layer 22 of the core element 20a,
surrounding the circumferential surface of the core 21, and the low-refractive index layer 23b
that surrounds the circumferential surface of the inner cladding layer 22. As illustrated in FIG.
9B, the low-refractive index layer 23b is different from the low-refractive index layer 23a of the
core element 20a, in that the refractive index n3p, of the low-refractive index layer 23b is higher

than the refractive index n3, of the low-refractive index layer 23a of the core element 20a. The

other configuration thereof is the same as that of the low-refractive index layer 23a of the core
element 20a.

[0103] In this manner, the low-refractive index layer 23b of the core element 20b has larger
light confinement loss in the core 21 than the low-refractive index layers 13a and 23a of the
core elements 10a and 20a.

[0104] In the present embodiment, the refractive index n3y of the low-refractive index layer

13a of the core element 10a is the same as the refractive index of the low-refractive index
layer 23a of the core element 20a. That is, although the core element 10a and the respective
core elements 20a have the same structure, size, and refractive index, the core element 20b of
the plurality of core elements has the same structure and size as (but a different refractive
index from) the core elements 10a and 20a. Here, when the respective core elements 10a,
20a, and 20b are classified according to the refractive index, the plurality of core elements 10a,
20a, and 20b can be classified into the partial core element 20b and the other partial core
elements 10a and 20a.

[0105] In such a multicore fiber 110, when the respective core elements 10a, 20a, and 20b
are seen from the perspective of the refractive index, since the low-refractive index layers 13a,
23a, and 23b of the core elements 10a, 20a, and 20b have a rectangular shape, and the
respective core elements 10a, 20a, and 20b have a trench structure, the effect of confining
light in the core 11 increases, and light becomes difficult to leak from the core 11. Further,
since the low-refractive index layers 13a, 23a, and 23b, and the cladding 40 having the low
refractive index become barriers, it is possible to suppress the crosstalk between the cores 11
and 21 of the core elements 10a, 20a, and 20b. Moreover, the bending loss of the multicore
fiber 110 decreases. Further, since a mass production method for the optical fiber having the
trench structure is well established, it is possible to easily manufacture the multicore fiber 110
at a low cost. In the present embodiment, since the refractive indices of the respective low-
refractive index layers 13a, 23a, and 23b are uniform in the low-refractive index layers 13a,
23a, and 23b, the refractive indices n35 and n3p of the low-refractive index layers 13a, 23a, and

23b have the same meaning as the average refractive index.

[0106] As described above, the low-refractive index layer 13a of the core element 10a and the
low-refractive index layer 23a of each of the core elements 20a have the same refractive index
n3a, and the refractive index njp, of the low-refractive index layer 23b of the core element 20b is

higher than the refractive index n3, of the low-refractive index layers 13a and 23a of the core



DK/EP 2682793 T3

elements 10a and 20a and satisfies a relation of n3; < n3p. Thus, the low-refractive index layer

23b of the partial core element 20b classified in the above described manner has larger light
confinement loss in the core 11 than the low-refractive index layers 13a and 23a of the other
partial core elements 10a and 20a. That is, in the partial core element 20b, the effect of the
low-refractive index layer confining light in the own core is weaker than the other partial core
elements 10a and 20a, and light can easily escape from the core element 20b. Thus, the light
confinement loss increases in the inside (a region including the regions between the core
element 10a and the core elements 20a and 20b) of the entire core elements 20a and 20b that
surround the specific core element 10a, and the light in high-order modes can easily escape
from the vicinity of the partial core element 20b.

[0107] Such a multicore fiber 110 is manufactured in the following manner. First, a specific
core element glass member that becomes the core 11, the inner cladding layer 12, and the
low-refractive index layer 13a, a plurality of core element glass members that becomes the
core 21, the inner cladding layer 22, and the low-refractive index layer 23a, and a plurality of
core element glass members that becomes the core 21, the inner cladding layer 22, and the
low-refractive index layer 23b are prepared. Further, such a core element glass member is
disposed in a cladding glass member that becomes the cladding 40 or a portion of the cladding
40 and is allowed to collapse, whereby a fiber base member of which the cross-sectional
arrangement is similar to that of the multicore fiber 110 illustrated in FIG. 9A excluding the
inner protective layer 41 and the outer protective layer 42 is manufactured. The manufactured
fiber base member is heated, melted, and spun into a multicore fiber, and the multicore fiber is
covered with the inner protective layer 41 and the outer protective layer 42 to obtain the
multicore fiber 110. The core element glass member may be disposed in the cladding glass
member that becomes the cladding 40 or a portion of the cladding 40 and spinning may be
performed while allowing the glass members to collapse.

[0108] As described above, according to the multicore fiber 110 of the present embodiment, in
the vicinity of the partial core element 20b as described above, the light in high-order modes in
the specific core element 10a can escape from the vicinity of the partial core element 20b.
Thus, it is possible to suppress the cutoff wavelength of the specific core element 10a from
increasing. In this manner, it is possible to suppress the cutoff wavelengths of the respective
core elements 10a, 20a, and 20b from becoming different and to suppress the conditions for
performing single-mode communication from becoming different in the respective core
elements 10a, 20a, and 20b.

[0109] In the multicore fiber 110 of the present embodiment, the partial core element 20b and
the other partial core elements 20a are alternately arranged as described above. Thus,
locations where light can easily escape in regions surrounding the specific core element 10a
can be arranged so as to be symmetrical about the specific core element 10a. Thus, the light
in the specific core element 10a can be suppressed from being unevenly distributed in the
radial direction of the core 11.

[0110] In the present embodiment, although the partial core element 20b and the other partial
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core elements 20a are arranged alternately as described above, the partial core elements 20b
may be arranged alternately.

[0111] In the multicore fiber 110 of the present embodiment, as described above, since the
refractive index ngp, of the low-refractive index layer 23b of the partial core element 20b is lower

than the refractive index nz, of the partial core elements 10a and 20a, the low-refractive index

layer 13b of the partial core element 20b has larger light confinement loss in the core 21 than
the low-refractive index layer 13a and 23a of the other partial core elements 10a and 20a.
Thus, just by changing the material of the low-refractive index layer 23b of the partial core
element 20b with the material of the low-refractive index layers 13a and 23a of the other partial
core elements 10a and 20a, the respective core elements 10a, 20a, and 20b can have the
same size. Therefore, the degree of freedom in design is improved.

(Tenth Embodiment, forming part of the invention)

[0112] Next, a tenth embodiment will be described in detail with reference to FIG. 10A and
10B. The same or equivalent constituent elements as those of the ninth embodiment will be
denoted by the same reference numerals unless otherwise particularly stated, and redundant
description thereof will not be provided.

[0113] FIG. 10A and 10B are a diagram illustrating a configuration of a multicore fiber 111
according to the tenth embodiment. Specifically, FIG. 10A is a diagram illustrating a cross-
sectional structure vertical to a longitudinal direction of the multicore fiber 111, and FIG. 10B is
a diagram illustrating a refractive index distribution taken along a line B-B of the multicore fiber
111 illustrated in FIG. 10A.

[0114] As illustrated in FIG. 10A, the multicore fiber 111 according to the present embodiment
is different from the multicore fiber 110 according to the ninth embodiment, in that the multicore
fiber 111 includes a core element 20c¢ that is disposed at the same position as the core element
20b instead of the partial core element 20b of the ninth embodiment.

[0115] The core element 20c includes the same core 21 as the core 21 of the ninth
embodiment, the same inner cladding layer 22 as the inner cladding layer 22 of the ninth
embodiment, surrounding the circumferential surface of the core 21, and a low-refractive index
layer 23c that surrounds the circumferential surface of the inner cladding layer 22. As
illustrated in FIG. 10B, the refractive index n3¢ of the low-refractive index layer 23c¢ is the same
as the refractive index ns, of the respective low-refractive index layers 13a and 23a of the

specific core element 10a or the core elements 20a that surround the specific core element
10a. Further, the thickness t3;. of the low-refractive index layer 23c is smaller than the

thickness t35 of the low-refractive index layers 13a and 23a. The low-refractive index layer 23c¢

of the core element 20c has larger light confinement loss in the core 21 than the low-refractive
index layers 13a and 23a of the core elements 10a and 20a.
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[0116] In the present embodiment, the outer diameter of the core element 20c is smaller than
the outer diameter of the core elements 10a and 20a by an amount corresponding to the
thickness t3; of the low-refractive index layers 13a and 23a and the thickness t3; of the low-

refractive index layer 23c.

[0117] Such a multicore fiber 111 may use the core element glass member that becomes the
core 21, the inner cladding layer 22, and the low-refractive index layer 23c instead of the core
element glass member that becomes the core 21, the inner cladding layer 22, and the low-
refractive index layer 23b used in manufacturing of the multicore fiber 110.

[0118] According to the multicore fiber 111 of the present embodiment, as described above,
since the low-refractive index layer 23c of the partial core element 20c is thinner than the low-
refractive index layers 13a and 23a of the other partial core elements 10a and 20a, the low-
refractive index layer 23¢ of the core element 20c has larger light confinement loss than the
low-refractive index layers 13a and 23a of the core elements 10a and 20a. In this case, the
light confinement loss of the specific core element 10a increases near the core element 20c
having large light confinement loss, and the light in high-order modes propagating from the
specific core element 10a can easily escape. Thus, it is possible to suppress the cutoff
wavelength of the specific core element 10a from increasing.

[0119] In the multicore fiber 111 of the present embodiment, the material of the low-refractive
index layer 23c of the partial core element 20c can be formed of the same material as the low-
refractive index layers 13a and 23a of the other partial core elements 10a and 20a. Thus, the
degree of freedom in selecting the material of the low-refractive index layer is improved.

(Eleventh Embodiment, not part of the invention)

[0120] Next, an eleventh embodiment will be described in detail with reference to FIG. 11A
and 11B. The same or equivalent constituent elements as those of the ninth embodiment will
be denoted by the same reference numerals unless otherwise particularly stated, and
redundant description thereof will not be provided.

[0121] FIG. 11A and 11B are a diagram illustrating a configuration of a multicore fiber 112
according to the eleventh embodiment. Specifically, FIG. 11A is a diagram illustrating a cross-
sectional structure vertical to a longitudinal direction of the multicore fiber 112, and FIG. 11B is
a diagram illustrating a refractive index distribution along a line B-B of the multicore fiber 112
illustrated in FIG. 11A.

[0122] As illustrated in FIG. 11A and 11B, the multicore fiber 112 according to the present
embodiment is different from the multicore fiber 110 according to the ninth embodiment, in that
the multicore fiber 112 includes a specific core element 10d disposed at the same position as
the core element 10a instead of the specific core element 10a of the ninth embodiment, core
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elements 20d disposed at the same positions as the respective core elements 20a instead of
the core elements 20a of the ninth embodiment, and core elements 20e disposed at the same
positions as the respective core elements 20b instead of the core elements 20b of the ninth
embodiment.

[0123] As illustrated in FIG. 11A, the specific core element 10d has the same structure as the
respective core elements 20d. The respective core elements 10d and 20d have the same
cores 11 and 21 as the cores 11 and 21 of the ninth embodiment and the same inner cladding
layers 12 and 22 as the inner cladding layers 12 and 22 of the ninth embodiment, surrounding
the circumferential surfaces of the cores 11 and 21. Moreover, the core elements 10d and 20d
include low-refractive index layers 13d and 23d which surround the circumferential surfaces of
the inner cladding layers 12 and 22 and of which the circumferential surfaces are surrounded
by the cladding 40. Further, each of the core elements 20e includes the same core 21 as the
core 21 of the ninth embodiment and the same inner cladding layer 22 as the inner cladding
layer 22 of the ninth embodiment, surrounding the circumferential surface of the core 21. The
core element 20e includes a low-refractive index layer 13e which surrounds the circumferential
surface of the inner cladding layer 12 and of which the circumferential surface is surrounded by
the cladding 40.

[0124] Each of the low-refractive index layers 13d, 23d, and 23e includes a plurality of low
refractive index portions 5 which has a lower refractive index than the cladding 40 and the
inner cladding layer 12 and surrounds the inner cladding layer 12. In the present embodiment,
a plurality of circular holes is formed in the low-refractive index layers 13d, 23d, and 23e, and
the holes are the low refractive index portions 5. Thus, the low refractive index portion 5 has a
circular cross-sectional shape.

[0125] Since the specific core element 10d and the respective core elements 20d have the
same structure as described above, the number and the size of the low refractive index
portions 5 provided in the low-refractive index layer 13d are the same as the number and the
size of the low refractive index portions 5 provided in the low-refractive index layer 23d. On the
other hand, the number of low refractive index portions 5 provided in the low-refractive index
layer 23e of the core element 20e is smaller than the number of low refractive index portions 5
provided in each of the low-refractive index layers 13d and 23d, but the low refractive index
portions 5 have the same size.

[0126] As illustrated in FIG. 11A, at least one of the plurality of low refractive index portions 5
of each of the core elements 10d, 20d, and 20e is disposed on a straight line that connects the
cores 11 and 21 of the own core element and the cores 11 and 21 of the other core elements.
Specifically, the low refractive index portion 5 of the core element 10d is disposed on a straight
line that connects the core 11 of the own core element 10d and the cores 21 of the core
elements 20d and 20e. Moreover, in each core element 20d, one of the low refractive index
portions 5 is disposed on a straight line that connects the core 21 of the own core element 20d
and the core 11 of the core element 10d, and at least another one of the low refractive index
portions 5 is disposed on a straight line that connects the core 21 of the own core element 20d
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and the core 21 of the other core element 20e. Further, in the core element 20e, one of the
low refractive index portions 5 is disposed on a straight line that connects the core 21 of the
own core element 20e and the core 11 of the core element 10d. In this manner, since the low
refractive index portion 5 is interposed between the core of the own core element and the core
of the other core element, it is possible to further suppress the inter-core crosstalk.

[0127] The regions of the low-refractive index layers 13d, 23d, and 23e other than the low
refractive index portion 5 are formed of the same material as the cladding 40 and the inner
cladding layer 12. As illustrated in FIG. 11B, since the low refractive index portion 5 is a hole,
and the refractive index ns5 of the low refractive index portion 5 is 1 and is lower than the
refractive indices ny and ng4 of the inner cladding layer 12 and the cladding 40, the average
refractive index naq of the low-refractive index layers 13d and 23d and the average refractive
index n3e Of the low-refractive index layer 23e are lower than the inner cladding layer 12 and
the cladding 40.

[0128] As described above, since the number of low refractive index portions 5 of the low-
refractive index layer 23e of the partial core element 20e is smaller than the number of low
refractive index portions 5 of the low-refractive index layers 13d and 23d of the other partial
core elements 10d and 20d, the average refractive index nse of the low-refractive index layer

23e is higher than the average refractive index n3q of the low-refractive index layers 13d and

23d. When the respective core elements 10d, 20d, and 20e are classified according to the
cross-sectional structure of the core element and the average refractive index of the low-
refractive index layer, the core elements 10d, 20d, and 20e can be classified into the partial
core element 20e and the other partial core elements 10d and 20d. In this manner, since the
average refractive index n3g of the low-refractive index layer 23e is higher than the average

refractive index nzq of the low-refractive index layers 13d and 23d, the low-refractive index

layer 23e of the partial core element 20e has larger light confinement loss in the core 21 than
the low-refractive index layers 13d and 23d of the other partial core elements 10d and 20d.

[0129] As described above, although there are no boundaries between the regions of the low-
refractive index layers 13d, 23d, and 23e other than the low refractive index portion 5 and the
inner cladding layer 12 and 22 and the cladding 40, the boundaries are depicted by imaginary
lines in FIG. 11A for better understanding.

[0130] Such a multicore fiber 112 is manufactured in the following manner.

[0131] First, a specific core element glass member that becomes the core 11, the inner
cladding layer 12, and the low-refractive index layer 13d, a plurality of core element glass
members that becomes the core 21, the inner cladding layer 22, and the low-refractive index
layer 23d, and a plurality of core element glass members that becomes the core 21, the inner
cladding layer 22, and the low-refractive index layer 23e are prepared. The member that
becomes the low-refractive index layers 13d, 23d, and 23e is a glass tube that is disposed at
the positions corresponding to the respective low refractive index portions so that the
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respective low refractive index portions (holes) are formed. These core element glass
members are disposed in the cladding glass member that becomes the cladding 40 or a
portion of the cladding 40 and are allowed to collapse with predetermined pressure applied to
the penetration holes of the glass tubes, whereby a fiber base member of which the cross-
sectional arrangement is similar to that of the multicore fiber 112 illustrated in FIG. 11A
excluding the inner protective layer 41 and the outer protective layer 42 is manufactured. The
manufactured fiber base member is heated, melted, and spun into a multicore fiber with
predetermined pressure applied to the penetration holes, and the multicore fiber is covered
with the inner protective layer 41 and the outer protective layer 42 to obtain the multicore fiber
112. The core element glass member may be disposed in the cladding glass member that
becomes the cladding 40 and a portion of the cladding 40 and spinning may be performed with
predetermined pressure applied to the penetration holes while allowing the glass members to
collapse.

[0132] According to the multicore fiber 112 of the present embodiment, since the low-
refractive index layer 23e of the partial core element 20e has larger light confinement loss in
the core 21 than the low-refractive index layers 13d and 23d of the other partial core elements
10d and 20d, it is possible to prevent the cutoff wavelength of the core 11 of the specific core
element 10d from increasing. Moreover, since the low refractive index portion 5 having a low
refractive index is not formed continuously in a circular form so as to surround the respective
cores 11 and 21, the light in high-order modes can appropriately escape from the respective
cores 11 and 21. Thus, it is possible to suppress the cutoff wavelengths of the respective cores
11 and 21 from increasing.

[0133] In the present embodiment, by decreasing the number of low refractive index portions
5 of the specific core element 10d, it is possible to reduce the cost of providing the low
refractive index portion 5 and to provide the low-refractive index layer 13d of the specific core
element 10d easily. Specifically, if the low refractive index portion 5 is a hole, when the hole is
formed by drilling in manufacturing of the fiber base member, it is possible to reduce the drilling
cost. When the hole portion is manufactured using a glass tube, it is possible to reduce the
number of glass tubes. In either case, it is possible to manufacture the fiber at a low cost.

[0134] In the present embodiment, although, since the low refractive index portion 5 is formed
as a hole, the refractive index of the low refractive index portion 5 can be further decreased,
the low refractive index portion 5 is not particularly limited to a hole as long as the material of
the low refractive index portion 5 has a lower refractive index than the inner cladding layer 12
and the cladding 40. For example, the low refractive index portion 5 can be formed of quartz in
which impurities such as fluoride that decreases the refractive index are added. In this case,
according to the multicore fiber 112 of the present embodiment, since the amount of quartz in
which expensive fluoride is added can be decreased, it is possible to manufacture the
multicore fiber 112 at a low cost.

(Twelfth Embodiment, forming part of the invention)
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[0135] Next, a twelfth embodiment will be described in detail with reference to FIG. 12A and
12B. The same or equivalent constituent elements as those of the eleventh embodiment will be
denoted by the same reference numerals unless otherwise particularly stated, and redundant
description thereof will not be provided.

[0136] FIG. 12A and 12B are a diagram illustrating a configuration of a multicore fiber 113
according to the twelfth embodiment. Specifically, FIG. 12A is a diagram illustrating a cross-
sectional structure vertical to a longitudinal direction of the multicore fiber 113, and FIG. 12B is
a diagram illustrating a refractive index distribution taken along a line B-B of the multicore fiber
113 illustrated in FIG. 12A.

[0137] As illustrated in FIG. 12A and 12B, the multicore fiber 113 according to the present
embodiment is different from the multicore fiber 112 according to the eleventh embodiment, in
that the multicore fiber 113 includes a core element 20f that is disposed at the same position
as the core element 20e instead of the partial core element 20e according to the eleventh
embodiment.

[0138] The core element 20f includes the same core 21 as the core 21 of the partial core
element 20e of the eleventh embodiment and the same inner cladding layer 22 as the inner
cladding layer 22 of the core element 20e of the eleventh embodiment, surrounding the
circumferential surface of the core 21. The core element 20f includes a low-refractive index
layer 23f which surrounds the circumferential surface of the inner cladding layer 22 and of
which the circumferential surface is surrounded by the cladding 40.

[0139] The low-refractive index layer 23f includes a plurality of low refractive index portions 5f
which is formed as a hole having a circular cross-sectional shape. As described above, since
the low refractive index portions 5 of the low-refractive index layers 13d and 23d of the core
elements 10d and 20d are also formed as a hole, the refractive index ns of the low refractive

index portion 5f of the low-refractive index layer 23f and the refractive index ns of the low

refractive index portions 5 of the low--refractive index layers 13d and 23d of the core elements
10d and 20d are the same and are 1. Although the number of low refractive index portions 5f
of the low-refractive index layer 23f is the same as the number of low refractive index portions
5 of the low-refractive index layers 13d and 23d of the core elements 10d and 20d, the area
(the cross-sectional area vertical to the longitudinal direction) of each of the low refractive
index portions 5f of the low-refractive index layer 23f is smaller than the area (the cross-
sectional area vertical to the longitudinal direction) of each of the low refractive index portions 5
of the low-refractive index layers 13d and 23d.

[0140] Moreover, the regions of the low-refractive index layer 23f other than the low refractive
index portion 5f are formed of the same material as the cladding 40 and the inner cladding
layer 12. Thus, as illustrated in FIG. 12B, in the multicore fiber 113, the average refractive
index n3s of the low-refractive index layer 23f of the core element 20f is higher than the
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average refractive index nzq of the low-refractive index layers 13d and 23d of the core
elements 10d and 20d, and the thickness t3; of the low-refractive index layer 23f of the core
element 20f is smaller than the thickness t34 of each of the low-refractive index layers 13d and
23d of the core elements 10d and 20d.

[0141] When the respective core elements 10d, 20d, and 20f are classified according to the
cross-sectional structure of the core element and the refractive index, the core elements 10d,
20d, and 20f can be classified into the partial core element 20f and the other partial core
elements 10d and 20d.

[0142] Due to the structure and the refractive index described above, the low-refractive index
layer 23f of the partial core element 20f has larger light confinement loss in the core 21 than
the low-refractive index layers 13d and 23d of the core elements 10d and 20d.

[0143] As described above, although there are no boundaries between the regions of the low-
refractive index layer 23f other than the low refractive index portion 5f and the inner cladding
layer 22 and the cladding 40, the boundaries are depicted by imaginary lines in FIG. 12A for
better understanding.

[0144] Such a multicore fiber 113 may use the plurality of core element glass members that
becomes the core 21, the inner cladding layer 22, and the low-refractive index layer 23f
instead of the plurality of core element glass members that becomes the core 21, the inner
cladding layer 22, and the low-refractive index layer 23e used in manufacturing of the multicore
fiber 112 according to the tenth embodiment.

[0145] In the present embodiment, although, since the low refractive index portions 5 and 5f
are formed as a hole similarly to the eleventh embodiment, the refractive index of the low
refractive index portions 5 and 5f can be further decreased, the low refractive index portions 5
and 5f are not particularly limited to a hole as long as the material of the low refractive index
portions 5 and 5f has a lower refractive index than the inner cladding layers 12 and 22 and the
cladding 40.

Industrial Applicability

[0146] As described above, a multicore fiber capable of suppressing the cutoff wavelength of
a specific core from increasing while reducing inter-core crosstalk is provided. According to the
multicore fiber of the present invention, it is possible to easily perform single-mode
communication in a state where crosstalk is reduced.

Description of Reference Numerals



[0147]

10a to 10h:
core element
11:
core
12:
inner cladding layer
13a to 13g:
low-refractive index layer
5, 5f, 5g:
low refractive index portion
20a to 20h:
core element
21:
core
22:
inner cladding layer
23a to 23¢:
low-refractive index layer

40:

cladding
41:

inner protective layer
42:

outer protective layer
100 to 107, 110 to 113:
multicore fiber
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Patentkrav

1. Multikernefiber omfattende (100):

10

15

20

25

en beklaedning (40); og

en flerhed af kerneelementer (10, 20) tilvejebragt i beklaedningen (40),
hvor hver af flerheden af kerneelementer (10, 20) inkluderer en kerne (11,
21), et indre beklaedningslag (12, 22), der omgiver kernen (11, 21), og et
lag med lavt brydningsindeks (13, 23), der omgiver det indre
beklaedningslag (12, 22) og har et lavere gennemsnitsbrydningsindeks end
bekladningen (40) og det indre beklaadningslag (12, 22), hvor kernerne af
alle kerneelementerne (10, 20) har den samme diameter og et samme
brydningsindeks, og de indre bekleedningslag (12, 22) af alle
kerneelementerne (10, 20) har et samme brydningsindeks, hvor

flerheden af kerneelementer (10, 20) er anbragt, sdledes at et specifikt
kerneelement (10b) er omgivet af tre eller flere kerneelementer, og
flerheden af kerneelementer (10, 20) inkluderer et fgrste kerneelement
(10), der har et fgrste lag med lavt brydningsindeks (13) og et andet
kerneelement (20), der har et andet lag med lavt brydningsindeks (23),

lysindkransningseffekten af det fgrste lag med lavt brydningsindeks (13) af
det fgrste kerneelement (10) i sin respektive kerne (11) er svagere end
lysindkransningseffekten af det andet lag med lavt brydningsindeks (23) af
det andet kerneelement (20) i sin respektive kerne (22),

det fgrste lag med lavt brydningsindeks (13) af det fgrste kerneelement
(10) forarsager stgrre tab af lysindkransning i sin respektive kerne (11)
end det andet lag med lavt brydningsindeks (23) af det andet
kerneelement (20) ggr i sin respektive kerne (22),

hvert lag med lavt brydningsindeks (13, 23) er dannet af et materiale, der
har et lavere brydningsindeks end beklaedningen (40) og de indre
beklzedningslag (11, 22), og
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2

det fgrste lag med lavt brydningsindeks (13) af det fgrste kerneelement
(10) er tyndere end det andet lag med lavt brydningsindeks (23) af det

andet kerneelement (20).

5 2. Multikernefiberen (100) ifglge krav 1, hvor det fgrste kerneelement (10) er det

specifikke kerneelement (10b).

3. Multikernefiberen (100) ifglge et hvilket som helst af kravene 1 og 2, hvor de
tre eller flere kerneelementer, der omgiver det specifikke kerneelement (10b) er

10 anbragt til at anbringe midterne af kerneelementerne (10, 20) ved ens intervaller.
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