wo 20197198171 A1 |0 00 0000 O OO 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property '

Organization
=

International Bureau

(43) International Publication Date

(10) International Publication Number

WO 2019/198171 Al

17 October 2019 (17.10.2019) WIPOIPCT

(51) International Patent Classification:
HO01S 3/10 (2006.01)

(21) International Application Number:
PCT/JP2018/015208

(22) International Filing Date:
11 April 2018 (11.04.2018)

(25) Filing Language: English

(26) Publication Language: English

(71) Applicant: NEC CORPORATION [JP/JP]; 7-1, Shiba 5-
chome, Minato-ku, Tokyo, 1088001 (JP).

(72) Inventors: LE TAILLANDIER DE GABORY Em-
manuel; c/o0 NEC Corporation, 7-1, Shiba 5-chome, Mina-
to-ku, Tokyo, 1088001 (JP). MATSUMOTO Keiichi; c/o
NEC Corporation, 7-1, Shiba 5-chome, Minato-ku, Tokyo,
1088001 (JP).

(74)

@81)

84

Agent: IEIRI Takeshi; HIBIKI [P Law Firm, Asahi
Bldg. 5th Floor, 3-33-8, Tsuruya-cho, Kanagawa-ku, Yoko-
hama-shi, Kanagawa, 2210835 (JP).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

(54) Title: OPTICAL AMPLIFIER, OPTICAL COMMUNICATION SYSTEM AND OPTICAL AMPLIFICATION METHOD

[Fig. 3]
o |
\ 131+ LASER |-
132+ LASER =2
123+ LaseR =2
PL
130
110 e
S cL2
~_-120
SI6—> WON

couPLER [ SIG

(57) Abstract: To provide an optical amplifier capable of performing Raman amplification while suppressing power consumption
and a size. A multicore fiber (110) has a double clad structure. The double clad structure includes cores (C1-C7) thorough which the
multiplexed optical signal (SIG) is transmitted and a clad (CL1) includes the cores (C1-C7). The light source (130) outputs a pump
light (PL) used for amplifying the multiplexed optical signal (SIG) by stimulated Raman scattering in the multicore fiber (110). The
pump light (PL) is generated by multiplexing multimode laser lights (L1-L3). The WDM coupler (120) couples the pump light (PL)

into the clad (CL1) of the multicore fiber (110).
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Description

Title of Invention: OPTICAL AMPLIFIER, OPTICAL COMMU-
NICATION SYSTEM AND OPTICAL AMPLIFICATION
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METHOD
Technical Field

The present invention relates to an optical amplifier, an optical communication

system, and an optical amplification method.

Background Art

In a field of optical communication, it is desirable to increase capacity of the
optical fiber links. This can be achieved by increasing Spectral Efficiency (SE) of
signals transmitted on the optical fiber links. A common way to achieve it is to use
more efficient modulation formats for transmitted information. This can be used in
conjunction with Wavelength Division Multiplexing (WDM). Further, Space Division
Multiplexing (SDM) is used in order to increase capacity of transmission through one
fiber while maintaining possibility of the transmission over long distances.

In NPL1, it is disclosed that the SDM implemented with a Multi Core Fiber
(MCEF) including seven cores is used to transmit 40 wavelengths of 128Gb/s PM-
QPSK (Polarization Multiplexed - Quadrature Phase Shift Keying) signal over
6,160km. The MCEF consists of several cores conducting optical signals within the
same fiber and multicore (MC) - erbium doped fiber amplifier (EDFA), which consists
in a fiber amplifier with the MCF as a gain medium. The MC-EDFA pumps each core
including a single MCF gain medium with separated pumps, by scheme of direct core
pumping. Further, another multicore fiber amplifier in which rare earth is doped in the
cores has been proposed in PTL1.

According to the system of NPL1, capacity of the system can be multiplied by the
number of cores of the MCF, namely 7 cores in NPL1. By using the MCEF, it is
possible to use the multiplicity of cores to spatially multiplexing optical signals, in
addition to the WDM in each core. Thus, the capacity of transmission through the
fibers can be increased without sacrificing the transmission distance.

NPL2 discloses various different amplification methods such as individual core
pumping (ICP), shared core pumping (SCP) and common cladding pumping (CCP). In
NPL2, these techniques are applied to the MC-EDFA.

Further, Raman amplification is also a well-known amplification process with
superior noise characteristics. An example of a Raman amplification scheme has been
proposed in NPL3. It relies on stimulated Raman scattering (SRS), where a lower

wavelength pump light (higher frequency) amplifies a higher wavelength (lower
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frequency) signal in the non-linear regime with emission of a phonon in the fiber.
Typically, pump lights in a range from 1430nm to 1490nm are used to amplify signals
in one or both of the C and L bands. The Raman amplification is caused in a wide
range in a transmission fiber, so that it is distributed amplification. The noise charac-
teristics of the Raman amplification are superior to that of the EDFA. The Raman am-
plification can be applied to the EDFA for achieving hybrid EDFA/Raman ampli-
fication. However, as described in NPL3, the Raman amplification consumes more
electrical power than the EDFA. Therefore, utilization of the Raman amplification with

low noise characteristics is limited when electrical supply is limited.
Additionally, two more problems relevant to Raman amplification have been

known. First, the pump lights of different wavelengths are multiplexed in a wavelength
manner (i.e. with the WDM). However, high power pump lights have broad spectrums
and the spectrums of multiplexed pump lights may overlap on several sections. The
multiplexing in wavelength domain of overlapping spectrum portions leads to the sup-
pression of the overlap of different pump lights, which is not used for amplification.
This leads to additional inefficient power consumption.

Second, the Raman amplification depends on power density of the pump light,
which is a ratio of pump light power by a signal effective area, depending on the fiber
core. Thus, it is impossible to adjust the Raman amplification depending on the
transmission distance, as the fiber core diameter cannot be adjusted without severe
degradation of a transmitted optical signal. Therefore, a design of the Raman ampli-
fication cannot be optimally designed in term of signal to noise and power con-
sumption from the view point of the transmission distance parameter.

Besides, the Raman amplification has been proposed for the SDM with MCF in
PTL2 and NPLA4. In this case, the pump lights are provided to the cores in the MCF, re-
spectively, and the Raman amplification is performed in each core. Therefore, the
Raman amplification for the SDM with MCF can achieve higher capacity and paral-

lelization.
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Summary of Invention

Technical Problem

However, the Raman amplification described above has some problems. As
described in NPL3, the Raman amplification consumes more electrical power than the
EDFA. Therefore, utilization of the Raman amplification with low noise characteristics
is limited when electrical supply is limited. Further, the Raman amplification for the
SDM with MCF in NPL4 can achieve higher capacity and parallelization. However, it
is necessary to provide the pump light to each core so that a large number of devices
for providing the pump lights are required. This results in a higher cost and a larger
device footprint. Therefore, reduction of power consumption, cost and size of Raman
optical amplifiers is required.

The present invention has been made in view of the aforementioned circumstances
and aims to provide an optical amplifier capable of performing Raman amplification

while suppressing power consumption and a size.

Solution to Problem

An aspect of the present invention is an optical amplifier including: a multicore
fiber having a double clad structure, the double clad structure including a plurality of
cores thorough which an optical signal is transmitted and a clad including the cores; a
first light source configured to output a first pump light used for amplifying the optical
signal by stimulated Raman scattering in the multicore fiber, the first pump light being
generated by multiplexing a plurality of first multimode laser lights, and a first optical
coupler configured to couple the first pump light into the clad of the multicore fiber.

An aspect of the present invention is an optical communication system including: a
first optical communication device configured to output an optical signal; at least one
optical amplifier configured to amplify the optical signal output from the first optical
communication device; and a second optical communication device configured to
receive the optical signal amplified by the optical amplifier, in which the optical

amplifier includes: a multicore fiber having a double clad structure, the double clad
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structure including a plurality of cores thorough which an optical signal is transmitted
and a clad including the cores; a first light source configured to output a first pump
light used for amplifying the optical signal by stimulated Raman scattering in the
multicore fiber, the first pump light being generated by multiplexing a plurality of first
multimode laser lights, and a first optical coupler configured to couple the first pump

light into the clad of the multicore fiber.
An aspect of the present invention is an optical amplification method including:

multiplexing a plurality of first multimode laser lights to generate a first pump light;
and coupling the first pump light into a clad of a multicore fiber, in which the
multicore fiber has a double clad structure, the double clad structure includes a
plurality of cores thorough which an optical signal is transmitted and the clad includes
the cores, and the first pump light is used for amplifying the optical signal by

stimulated Raman scattering in the multicore fiber.

Advantageous Effects of Invention

According to the present invention, it is possible to provide an optical amplifier
capable of performing Raman amplification while suppressing power consumption and
a size.
Brief Description of Drawings
[fig.1]Fig. 1 is a block diagram schematically illustrating an optical communication
system according to a first exemplary embodiment;
[fig.2]Fig. 2 illustrates a configuration of a fiber Raman amplifier according to the first
exemplary embodiment;
[fig.3]Fig. 3 illustrates a configuration of the fiber Raman amplifier according to the
first exemplary embodiment;
[fig.4]Fig. 4 illustrates a configuration of repeatedly disposed FRAs according to the
first exemplary embodiment;
[fig.5]Fig. 5 illustrates simulation results of the fiber Raman amplifier according to the
first exemplary embodiment and a comparison example;
[fig.6]Fig. 6 illustrates a configuration of a fiber Raman amplifier according to a
second exemplary embodiment;
[fig.7]Fig. 7 illustrates spectrums of lights emitted by lasers and a pump light;
[fig.8]Fig. 8 illustrates a comparison of power consumptions of the lasers;
[fig.9]Fig. 9 illustrates a configuration of a fiber Raman amplifier according to a third
exemplary embodiment;
[fig.10]Fig. 10 illustrates a configuration of a fiber Raman amplifier according to a
fourth exemplary embodiment;

[fig.11]Fig. 11 illustrates simulations of power of multiplexed optical signals;
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[fig.12]Fig. 12 illustrates a configuration of a fiber Raman amplifier according to a
fifth exemplary embodiment;

[fig.13]Fig. 13 illustrates simulations of power of multiplexed optical signals; and
[fig.14]Fig. 14 illustrates a configuration of a fiber Raman amplifier according to a
sixth exemplary embodiment.

Description of Embodiments

Exemplary embodiments of the present invention will be described below with
reference to the drawings. In the drawings, the same elements are denoted by the same
reference numerals, and thus a repeated description is omitted as needed.

First exemplary embodiment

A fiber Raman amplifier according to a first exemplary embodiment will be
described. Fig. 1 is a block diagram schematically illustrating an optical commu-
nication system 100 according to the first exemplary embodiment. The optical commu-
nication system 100 includes optical communication devices 101 and 102, and a fiber
Raman amplifier (FRA) 10.

The optical communication devices 101 and 102 include a plurality of
transponders and are configured as optical transceivers. In the present exemplary em-
bodiment, an example in which the optical communication device 101 outputs a mul-
tiplexed optical signal SIG to the optical communication device 102 through the FRA
10 will be described for simplicity. It should be appreciated that the optical commu-
nication device 102 may output the multiplexed optical signal to the optical commu-
nication device 101 through the FRA.

The optical communication device 101 outputs the multiplexed optical signal SIG
that is generated by multiplexing optical signals emitted by the transponders. Here, the
optical signals emitted by the transponders are multiplexed in a wavelength manner
(i.e. with WDM [Wavelength Division Multiplexing]) and a special manner (i.e. with
SDM [Space Division Multiplexing]).

The multiplexed optical signal SIG output from the optical communication device
101 is attenuated while transmitting to the optical communication device 102. Thus, in
the present configuration, at least one FRA 10 is disposed between the optical commu-
nication devices 101 and 102 to compensate the attenuation of the multiplexed optical
signal SIG.

The FRA 10 is configured as an optical amplifier to amplify the multiplexed
optical signal SIG by stimulated Raman scattering (SRS). Note that amplification by
the SRS is referred to as Raman amplification. The FRA 10 amplifies the multiplexed
optical signal SIG and outputs the amplified signal to the optical communication

device 102. Therefore, the optical communication device 102 can receive the mul-



WO 2019/198171 PCT/JP2018/015208

[0025]

[0026]

[0027]

[0028]

[0029]

[0030]

[0031]

tiplexed optical signal SIG that has enough power to be appropriately demodulated.

A configuration of the FRA 10 will be described. Fig. 2 and 3 illustrate the con-
figuration of the FRA 10 according to the first exemplary embodiment. The FRA 10
includes a multicore fiber (MCF) 110, a WDM coupler 120, and a light source 130.

The MCF 110 has a double clad structure and includes seven cores C1 to C7. A
length of the MCF 110 is generally several tens of kilometers, for example, 80km. The
multiplexed optical signal SIG output from the optical communication device 101 is
transmitted through the cores C1 to C7. In sum, since the optical signals multiplexed
with the WDM in the multiplexed optical signal SIG are distributed to the cores C1 to
C7, the multiplexed optical signal SIG is multiplexed with the SDM in the MCF 110.

In this structure, the cores C1 to C7 are included in an inner clad CL1 and the
inner clad CL1 is included in an outer clad CL2. A refractive index of the outer clad
CL2 is lower than that of the inner clad CL1. For example, the outer clad CL2 may be
formed by coating on a surface of the inner clad CL1 with a layer of low refractive
index resin.

Alternatively, the double clad structure may be configured by a single clad and air
(an air layer or an air hole) that surrounds the single clad. In this case, since the re-
fractive index of the air is generally lower than that of the single clad, the single clad
can function as the inner clad CL1 and the air can function as the outer clad CL2.

The light source 130 (also referred to as a first light source) includes a plurality of
lasers such as laser equipment and laser diodes. In the present exemplary embodiment,
the light source 130 includes three lasers 131 to 133 that are multimode lasers. The
lasers 131 to 133 respectively outputs laser lights L1 to L3 (also referred to as first
multimode laser lights) that are multimode laser lights and provided to the MCF 110 as
pump lights. Note that the number of the lasers may be changed as appropriate.

For example, center wavelengths of the laser lights L1 to L3 emitted by the lasers
131 to 133 are distinct in a certain range. The range is typically between 1430nm and
1490nm. Power of each of the laser lights L1 to L3 is typically several watts. Each of
the lasers 131 to 133 has higher electrical efficiency compared to single mode lasers
such as the lasers used in NPL3 and NPL4. All or a part of spectrums of the laser lights
may be overlapped.

An output of the MCF 110 (also referred to as a first end) and an output of the
light source 130 are connected to the WDM coupler 120. The WDM coupler 120 can
output the multiplexed optical signal SIG transmitted though the MCF 110 to the
optical communication device 102. The WDM coupler 120 combines the laser lights
L1 to L3 emitted by the lasers 131 to 133. In this case, the laser lights L1 to L3 can be
multiplexed in wavelength. Further, the laser lights L1 to L3 may be multiplexed in po-

larization before being multiplexed in wavelength.
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The WDM coupler 120 (also referred to as a first optical coupler) couples the
combined laser light into the inner clad CL1 of the MCF 110 so as to be transmitted
through the inner clad CL1 to an input of the MCF 110 (also referred to as a second
end). Thus, the combined laser light, which is a pump light PL (also referred to as a
first pump light), is used for pumping simultaneously all the cores C1 to C7. Since the
MCEF 110 has the double clad structure, as in the case of a MCF without the double
clad structure, the pump light PL can be transmitted through the inner clad CL1
without being wasted outside of the inner clad CL1.

Here, a direction in which the multiplexed optical signal SIG is transmitted is
defined as a forward direction (also referred to as a first direction). A direction
opposite to the forward direction is defined as a backward direction (also referred to as
a second direction). In the MCF 110, the pump light PL is transmitted in the backward
direction.

In the present exemplary embodiment, the optical communication devices 101 and
102 can emit and receive 200 Gb/s optical signals with a modulation scheme of PM-
16QAM (Phase Modulation - 16 Quadrature Amplitude Modulation) in 37.5 GHz
channel widths. The multiplexed optical signal output from each optical commu-
nication device includes optical signals of 100 wavelengths. Each of the cores C1 to
C7 can transmit the optical signals of up to 20 Tb/s so that total capacity of the MCF
110 is 140 Tb/s at a maximum.

Next, in order to consider an advantage of the FRA 10, a comparison example in
which the pump light is transmitted through the cores will be described. In this
example such as the case of NPL4, the Raman amplification is performed directly in
the cores of the MCF. In this case, three laser lights are multiplexed in wavelength per
core in order to achieve high gain in wide bandwidth. Thus, the comparison example
requires three lasers per core. Therefore, when achieving full capacity of 140 Tb/s in
MCEF 110, 3*7=21 lasers are required.

In contrast, according to the FRA 10, the Raman amplification of the multiplexed
optical signal SIG can be achieved with a small number of the lasers for pumping.
Therefore, the present configuration is advantageous for suppressing an entire size of
the FRA and being manufactured at low cost.

Further, when a distance between the optical communication devices 101 and 102
is as long as several hundred km or more, a plurality of the FRAs may be disposed in
series between the optical communication devices 101 and 102. Fig. 4 illustrates a con-
figuration of repeatedly disposed FRAs according to the first exemplary embodiment.
As illustrated in Fig. 4, N FRAs 10_1 to 10_N are disposed in series, where N is an
integer more than two.

As described above, one FRA 10 can cover one MCF 110 of 80km. Thus, the
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FRAs 10_1 to 10_N can cover N*80 km. For example, when the distance between the
optical communication devices 101 and 102 is 400km, N is set to five. According to
this configuration, the multiplexed optical signal SIG is repeatedly amplified by FRAs
10_1 to 10_N so that the attenuation of the multiplexed optical signal SIG due to long-
distance transmission can be appropriately compensated.

Fig. 5 illustrates simulation results of the present configuration and the comparison
example. In Fig. 5, a solid line represents the number of the lasers included in the
FRAs according to the first exemplary embodiment. A dashed line represents the
number of the lasers when the FRAs according to the comparison example are
disposed in series.

In the comparison example, as the number of the FRAs increases by one, the
number of the lasers increases by 21. When N=5, the number of the lasers is up to 105.
In contrast, according to the present configuration, as the number of the FRAs
increases by one, the number of the lasers increases only by 3. When N=5, the number
of the lasers is only 15.

Therefore, even when the FRAs are disposed in series, the present configuration
enables to reduce the number of lasers for pumping and thereby to suppress the total
size and cost of the FRA.

Second exemplary embodiment

Next, a fiber Raman amplifier according to a second exemplary embodiment will
be described. Fig. 6 illustrates a configuration of a FRA 20 according to a second
exemplary embodiment. The FRA 20 has a configuration in which the WDM coupler
120 and the light source 130 of the FRA 10 are replaced with a space division
multiplex (SDM) coupler 220 (also referred to as the first optical coupler) and a light
source 230 (also referred to as the first light source).

The light source 230 includes the lasers 131 and 132, and a mode coupler 230A. In
other words, as compared with the light source 130, the light source 230 has a con-
figuration in which the laser 133 is removed and the mode coupler 230A is added. The
laser lights L1 and L2 emitted by the lasers 131 and 132 are multiplexed in a modal
manner by the mode coupler 230A that performs space division multiplexing on
inputs. The multiplexed light, which is the pump light PL, is provided to an input of
the SDM coupler 220. The SDM coupler 220 couples the pump light PL to the inner
clad CL1 of the MCF 110.

Therefore, according to the present configuration, the multiplexed optical signal
SIG transmitted through the MCF is appropriately amplified by the SRS as in the first
exemplary embodiment.

Further, an advantage of the FRA 20 will be described. Fig. 7 illustrates spectrums
of the lights .1 and L2, and the pump light PL. In Fig. 7, the pump light PL in the
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FRA 20 is indicated by PL_2. Further, in Fig. 7, a pump light PL._C in which the laser
lights L1 and L2 are multiplexed in the wavelength manner, for example, by the WDM
coupler 120 is illustrated as a comparison example A.

As illustrated in Fig. 7, peaks of the pump light PL._2 and PL_C are lower than
those of the laser lights L.1 and L2 due to insertion loss of the coupler. Additionally,
the peaks of the pump light PL_2 and PL._C approximately coincide with each other.
However, in a central range between the two peaks, power of the pump light PL_2 is
higher than that of the pump light PL._C. This is because the pump light PL._2 has been
multiplexed in the modal manner, no longer in the wavelength manner, and thereby the
light L1 and L2 can be multiplexed without additional loss.

As aresult, according to the present configuration, it is possible to decrease the
power of the laser lights emitted by the lasers compared to the FRA 10. Fig. 8 il-
lustrates a comparison of power consumptions of the lasers. In Fig. 8, power con-
sumption of two lasers in NPLA4 is also illustrated as a comparison example B. As il-
lustrated in Fig. 8, the FRA 20 can achieve further reduction of power consumption.

Third exemplary embodiment

Next, a fiber Raman amplifier according to a third exemplary embodiment will be
described. Fig. 9 illustrates a configuration of a FRA 30 according to the third
exemplary embodiment. The FRA 30 has a configuration in which the MCF 110 of the
FRA 10 is replaced with a MCF 310 and a MC-EDFA (Multi Core - Erbium Doped
Fiber Amplifier) 340 is added. In this configuration, the MC-EDFA 340 further
amplifies the multiplexed optical signal SIG that is amplified through the MCF 310 by
the SRS. Note that the outer clad CL2 is omitted in Fig. 9 for simplicity.

Similarly to the MCF 110, the MCF 310 also includes the cores C1 to C7.
However, a diameter D1 of the inner clad CL1 of the MCF 310 at an input end is
smaller than a diameter D2 at an output end. The diameter of the inner clad CL1 is
continuously changed in the forward direction (or the backward direction).
Specifically, the diameter of the inner clad CL1 continuously increases from the input
end to the output end.

In this case, the pump light PL is also transmitted in the backward direction as in
the first exemplary embodiment. Power density of the pump light PL at the output end
of the MCF 310 is reduced due to the large diameter D2 and thereby gain of the Raman
amplification is also reduced. Additionally, as a distance from the output end of the
MCEF 310 increases, the power of the pump light is decreased due to consumption by
the SRS.

In sum, in the backward direction, as the power of the pump light PL decreases,
the diameter of the inner clad CL1 also decreases. Therefore, the power density of the

pump light PL (i.e. the gain of the Raman amplification) is averaged in a wider
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distance in the backward direction. Further, by appropriately designing the diameter
change of the inner clad CL1, the power density of the pump light PL (i.e. the
amplitude gain by the SRS) can be kept constant in a wider distance.

Since the power density of the pump light PL is averaged or constant, properties of
transmission of the multiplexed optical signal SIG can be unchanged and be kept
stable. Therefore, according to the present configuration, it is possible to amplify the
multiplexed optical signal SIG by the SRS with higher quality.

Fourth exemplary embodiment

Next, a fiber Raman amplifier according to a fourth exemplary embodiment will
be described. Fig. 10 illustrates a configuration of a FRA 40 according to the fourth
exemplary embodiment. The FRA 40 has a configuration in which the MCF 310 of the
fiber Raman amplifier 30 is replaced with a MCF 410.

The MCF 410 includes MCFs 410A and 410B. The MCF 410A is disposed on an
input side of the MCF 410. The MCF 410B is disposed on an output side of the MCF
410. The MCFs 410A and 410B are spliced at a splice point 410C.

Similarly to the MCF 310, the MCFs 410A and 410B also include the cores C1 to
C7. A diameter of the inner clad of each of the MCFs 410A and 410B is constant.
However, the diameter D3 of the inner clad of the MCF 410A is smaller than the
diameter D4 of the inner clad of the MCF 410B.

Similarly to the MCF 310, the power density of the pump light PL can be
controlled in the MCF 410 due to the change of the diameter of the inner clad. Thus, as
in the third exemplary embodiment, the power density of the pump light PL. may be
averaged or constant. Therefore, according to the present configuration, it is possible to
amplify the optical signals by the SRS with higher quality.

In the present configuration, the diameter of the inner clad is changed in a stepwise
manner. As a result, the power density of the pump light PL is controlled more roughly
than that in the FRA 30.

Fig. 11 illustrates simulations of power of the multiplexed optical signals. In Fig.
11, the FRA 30, the FRA 40, an EDFA-ONLY case, and a comparison example are il-
lustrated. The EDFA-ONLY case is a case in which the multiplexed by only the MC-
EDFA 340 of the FRA 30. The comparison example is a case of NPL4.

Here, three FRAs having MCF of 80 km long are disposed in series so that the
power of the multiplexed optical signal SIG is amplified up to the maximum every 80
km by the MC-EDFA. Loss of each MCF of 80 km is 0.2 dB/km.

As illustrated in Fig. 11, the power of the multiplexed optical signal SIG in the
EDFA-ONLY case is decreased the most and thereby has the largest dynamic range,
because the attenuation is not compensated by the FRA. In the comparison example of
NPL4, the multiplexed optical signal SIG is amplified by the SRS so that the power is
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higher that of the EDFA-ONLY case after 40km. Generally, as the minimum power
becomes higher during transmission, quality of the multiplexed optical signal SIG such
as OSNR (Optical Signal to Noise Ratio) at a reception point becomes higher.
Therefore, the quality of the multiplexed optical signal SIG in the comparison example
is higher than that of the EDFA-ONLY case.

Further, in the FRAs 30 and 40, the Raman amplification in the backward
direction is controlled by the diameter of the inner clad of the MCF. Thus, in the FRAs
30 and 40, the power of the multiplexed optical signal SIG is advantageously com-
pensated compared to the comparison example. As a result, the minimum power of the
multiplexed optical signal SIG in each of the FRAs 30 and 40 is higher than that of the
comparison example. Therefore, according to the FRAs 30 and 40, the quality of the
multiplexed optical signal SIG at the reception point can be further higher.

However, as described above, since the power density of the pump light PL in the
FRA 40 is controlled more roughly than that in the FRA 30, the power of the mul-
tiplexed optical signal SIG in the FRA 40 is decreased at a bottom area more than that
of the FRA 30.

However, the configuration of the MCF 310 in the FRA 30 is more complex than
that of the MCF 410. Thus, it is relatively difficult to manufacture the MCF 310 having
the continuously changed diameter. In contrast, the MCF 410 has a simple con-
figuration in which the MCFs 410A and 410B having different diameters from each
other are spliced. Therefore, although an effect of averaging the power density of the
pump light PL is inferior to that of the MCF 310, the MCF 410 can be manufactured
more easily than the MCF 310.

Therefore, according to the present configuration, it is possible to provide the FRA
capable of achieving both of low cost manufacturing and amplification of the mul-
tiplexed optical signal with high quality.

Fifth exemplary embodiment

Next, a fiber Raman amplifier according to a fifth exemplary embodiment will be
described. Fig. 12 illustrates a configuration of a FRA 50 according to the fifth
exemplary embodiment. The FRA 50 has a configuration in which the MCF 310 of the
FRA 30 is replaced with the MCF 110, the light source 130 is replaced with light
sources 530 and 550, and a WDM coupler 560 is added. The WDM coupler 560 is
disposed at the input end of the MCF 110.

The light source 530 (also referred to as the first light source) includes lasers 531
and 532 (also referred to as first lasers) that are the same as the lasers 131 and L132.
The lasers 531 and 532 emit the laser lights L.11 and L12, respectively. The laser lights
L11 and L12 are multiplexed in the WDM coupler 120 and the multiplexed light that is
a pump light PL1 (also referred to as the first pump light) is coupled into the inner clad
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CL1. The pump light PL1 is transmitted in the backward direction.

The light source 550 (also referred to as a second light source) includes lasers 551
and 552 (also referred to as second lasers) that are the same as the lasers LL131 and
L132. The lasers 551 and 552 emit the laser lights L21 and L22 (also referred to as
second multimode laser lights), respectively. The laser lights L21 and L22 are mul-
tiplexed in the WDM coupler 560 (also referred to as a second optical coupler) and the
multiplexed light that is a pump light PL2 (also referred to as a second pump light) is
coupled into the inner clad CL1. The pump light PL2 is transmitted in the forward
direction.

As described above, as a distance from the output end of the MCF 110 (or the
WDM 120) increases, power density of the pump light PL.1 decreases. In contrast, the
distance from the output end of the MCF 110 (or the WDM 120) increases, power
density of the pump light PL1 increases. In sum, the decrease of the power density of
the pump light PL.1 can be compensated by the increase of the pump light PL2. As a
result, the total power density of the pump lights PL.1 and PL2 can be averaged.
Further, by appropriately designing the MCF 110 and setting power of the pump lights,
the total power density of the pump lights PL1 and PL2 (i.e. the gain of Raman ampli-
fication) can be kept constant in a wider distance.

Fig. 13 illustrates simulations of power of the multiplexed optical signals. In Fig.
13, the FRAs 30, 40 and 50, and the EDFA-ONLY case are illustrated. As in Fig. 11,
the EDFA-ONLY case is a case in which the multiplexed by only the MC-EDFA 340
of the FRA 30. As in Fig. 13, the three FRAs having MCF of 80 km long are disposed
in series so that the power of the multiplexed optical signal SIG is amplified up to the
maximum every 80 km.

As illustrated in Fig. 13, a dynamic range of the power of the multiplexed optical
signal SIG in the EDFA-ONLY case is decreased the most, because the attenuation is
not compensated by the FRA. In the FRA 50, the power of the multiplexed optical
signal from the input end (Okm) to the 15km in which the Raman amplification
pumped by the PL2 is strong. Thus the power of the multiplexed optical signal SIG can
be reduced, because Raman amplification pumped by the PL2 can compensate the
reduction of the power. Note that the reduction of the power can be achieved by con-
trolling an output power of the optical communication deice 101 and the amplification
by the MC-EDFA 340 in the former FRA as appropriate.

Generally, signal distortion due to nonlinear impairments that result from Kerr
effect can be reduced by suppressing the amplification of the optical signal. Therefore,
according to the present configuration, it is possible to further improve the quality of
the multiplexed optical signal at the reception point.

Sixth exemplary embodiment
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Next, a fiber Raman amplifier according to a sixth exemplary embodiment will be
described. Fig. 14 illustrates a configuration of a FRA 60 according to the sixth
exemplary embodiment. The FRA 60 has a configuration in which the MCF 110 of the
FRA 10 is replaced with the MCF 610.

The MCF 610 includes a MCF 610A, a MC-EDFA 610B and a MCF 610C. The
MCEF 610A, the MC-EDFA 610B and the MCF 610C are connected in series in the
forward direction. The MCF 610A and the MCF 610C have the same configuration as
the MCF 110. The MC-EDFA 610B includes the cores C1 to C7 as in the MCF 110. A
length of the MC-EDFA 610B is typically several tens of meters. A length of the MCF
610C is typically several tens of kilometers.

In the light source 130, a central wavelength of the laser 131 is 1480 nm that is
suitable for amplification by the EDFA. Output power of the laser 131 and is set higher
than those of the lasers 132 and 133.

Next, an optical amplification in the MCF 610 will be described. The pump light
PL transmitted in the backward direction is attenuated due to the Raman amplification
in the MCF 610C. However, the output power of the laser 131 is higher than those of
the lasers 132 and 133, the laser light L1 is not completely attenuated in the MCF
610C and thereby the remaining laser light L1 is incident on the MC-EDFA 610B.
Therefore, the MC-EDFA 610B is pumped by the remaining laser light .1 and the
multiplexed optical signal SIG is amplified by the MC-EDFA 610B.

According to the present configuration, the multiplexed optical signal SIG can be
amplified not only by the Raman amplification in the MCF 610C but also by the MC-
EDFA 610B without disposing additional lasers for pumping the MC-EDFA 610B.

When the additional lasers for pumping the MC-EDFA 610B are required, the ad-
ditional lasers are disposed at a location separated from the light source 130 by several
tens of kilometers. In this case, since it is necessary to supply power to the separated
locations, a configuration for power supply has relatively large size. In contrast,
according to the present configuration, since the additional lasers for pumping the MC-
EDFA 610B are not required, a size of the FRA can be suppressed.

As described above, the present configuration can effectively amplify the optical
signal with a compact configuration.

Other embodiments

Note that the present invention is not limited to the above exemplary embodiments
and can be modified as appropriate without departing from the scope of the invention.
For example, the number of cores may be any number more than or equal to two.

In the first, second and sixth exemplary embodiments, the MC-EDFA may be
disposed as in the third to fifth exemplary embodiments. The number of the MC-EDFA
is not limited to one and a plurality of the MC-EDFAs may be disposed in the FRAs
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according to the exemplary embodiments described above. In this case, the MC-
EDFAs may be disposed in series between the FRA and the optical communication
devise. Further, other fiber amplifiers in which rare earth other than Erbium is doped

may be used instead of the EDFA.
The light sources 130 and 530 may have a configuration such as the light source

230 in which laser lights are multiplexed in a modal manner. In this case, the WDM
couplers 120 may be replaced with the SDM coupler such as the SDM coupler 220.

In the fifth exemplary embodiment, the light source 550 may have a configuration
such as the light source 230 in which laser lights are multiplexed in a modal manner. In
this case, the WDM coupler 560 may be replaced with the SDM coupler such as the
SDM coupler 220. Further, all or a part of spectrums of the laser lights in the light

source 560 may be overlapped.

Reference Signs List
10, 10_1 TO 10_N, 20, 30, 40, 50, 60 FIBER RAMAN AMPLIFIERS
100 OPTICAL COMMUNICATION SYSTEM
101, 102 OPTICAL COMMUNICATION DEVICES
110, 310, 410, 410A, 410B, 610, 610A, 610C MULTICORE FIBERS
120,560 WDM COUPLERS
130, 230, 550 LIGHT SOURCES
131 TO 132, 531, 532,551, 552 LASERS
220 SDM COUPLER
230A MODE COUPLER
340,610B MC-EDFAS
C1 TOC7 CORES
CL1 INNER CLAD
CL2 OUTER CLAD
L1 TOL3,L11,L12,L21,L22 LASER LIGHTS
PL, PL1, PL2 PUMP LIGHTS
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Claims

An optical amplifier comprising:

a multicore fiber having a double clad structure, the double clad
structure including a plurality of cores thorough which an optical signal
is transmitted and a clad including the cores;

a first light source configured to output a first pump light used for
amplifying the optical signal by stimulated Raman scattering in the
multicore fiber, the first pump light being generated by multiplexing a
plurality of first multimode laser lights; and

a first optical coupler configured to couple the first pump light into
the clad of the multicore fiber.

The optical amplifier according to Claim 1, wherein all or a part of
spectrums of the first multimode laser lights are overlapped.

The optical amplifier according to Claim 1 or 2, wherein the first
multimode laser lights are multiplexed in a wavelength manner or in a
modal manner to generate the first pump light.

The optical amplifier according to any one of Claims 1 to 3, wherein

the optical signal is transmitted through the multicore fiber in a first
direction, and

the first pump light is transmitted through the multicore fiber in a
second direction opposite to the first direction.

The optical amplifier according to Claim 4, wherein the first optical
coupler is disposed at a first end of the multicore fiber, the optical
signal transmitted and amplified through the multicore fiber is output
from the first end of the multicore fiber.

The optical amplifier according to Claim 4 or 5, wherein a diameter
of the clad is continuously increased in the first direction.

The optical amplifier according to Claim 4 or 5, wherein

the multicore fiber includes a plurality of sections of multicore fiber,

diameters of the clads of the sections are distinct and increased in the
first direction.

The optical amplifier according to any one of Claims 4 to 7, further
comprising:

a second light source configured to output a second pump light used
for amplifying the optical signal by the stimulated Raman scattering in
the multicore fiber, the second pump light being generated by mul-

tiplexing a plurality of second multimode laser lights; and
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a second optical coupler configured to couple the second pump light
into the clad of the multicore fiber, wherein

the second pump light is transmitted through the multicore fiber in
the first direction.

The optical amplifier according to Claim 8, wherein all or a part of
spectrums of the second multimode laser lights are overlapped.

The optical amplifier according to Claim 8 or 9, wherein the second
multimode laser lights are multiplexed in a wavelength manner or a
modal manner to generate the second pump light.

The optical amplifier according to any one of Claims 8 to 10,
wherein the second optical coupler is disposed at a second end of the
multicore fiber, the optical signal is input to the second end of the
multicore fiber.

The optical amplifier according to any one of Claims 1 to 5, wherein

the multicore fiber includes a part of multicore fiber amplifier and a
part of multicore fiber,

rare earth is doped in the cores of the part of multicore fiber
amplifier, and

the part of multicore fiber is connected between the part of multicore
fiber amplifier and the first optical coupler.

An optical communication system comprising:

a first optical communication device configured to output an optical
signal;

at least one optical amplifier configured to amplify the optical signal
output from the first optical communication device; and

a second optical communication device configured to receive the
optical signal amplified by the optical amplifier, wherein

the optical amplifier comprises:

a multicore fiber having a double clad structure, the double clad
structure including a plurality of cores thorough which an optical signal
is transmitted and a clad including the cores;

a first light source configured to output a first pump light used for
amplifying the optical signal by stimulated Raman scattering in the
multicore fiber, the first pump light being generated by multiplexing a
plurality of first multimode laser lights; and

a first optical coupler configured to couple the first pump light into
the clad of the multicore fiber.

The optical communication system according to Claim 13, wherein
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two or more optical amplifiers are disposed in series between the first
and second optical communication devices.

An optical amplification method comprising:

multiplexing a plurality of first multimode laser lights to generate a
first pump light; and

coupling the first pump light into a clad of a multicore fiber, wherein

the multicore fiber has a double clad structure,

the double clad structure includes a plurality of cores thorough which
an optical signal is transmitted and the clad includes the cores, and

the first pump light is used for amplifying the optical signal by

stimulated Raman scattering in the multicore fiber.



1/14

WO 2019/198171 PCT/JP2018/015208

[Fig. 1]
100

101 § 102

% 10 S
OPTICAL S1G [\(J S1G OPTICAL
COMMUNI CAT [ON ———= ———> | COMMUNICATION
DEVICE L DEVICE




2/14

WO 2019/198171 PCT/JP2018/015208

[Fig. 2]

L - o
o Fo| 2 o (=Y o
m\_/\w% o Y= Ml SENR N
= =3| -
o D
1
o
O\_/_\>
o
=
—
)



3/14

PCT/JP2018/015208

WO 2019/198171

[Fig. 3]

HIS <—

0¢l—

d3'1dN09
Wam

d

0Ll

0l



PCT/JP2018/015208

4/14

WO 2019/198171

[Fig. 4]

N Ol ¢ 0l ]
44 01

zo:u<oo__>_,_m=o_>__>_8 PIAA
— NOT L¥9 INNIIWO)
O11d0 9IS 9IS WO11do



WO 2019/198171 PCT/JP2018/015208
[Fig. 5]
120 ;
. — FRA 10
100 : __ COMPARISON
- k EXAMPLE
“ 80 :
5 !
%5 60 s :
o :
2 40 Fe==== '
= i
20 p===== '
0 2 3 4 5

5/14

NUMBER OF FRAs




6/14

PCT/JP2018/015208

WO 2019/198171

d3'1dn0d
08¢ ™
1d
m d41dN0v m
“ A m
m 7 BN /m\/NmP
08¢ S ISV el

0Ll

0¢



7/14

WO 2019/198171 PCT/JP2018/015208

[Fig. 7]
PL_2
-
f 2

-
S
>
=
2 PLL_
Ll
o
o=
L
=
o
(ol

1

\

\

|

WAVELENGHT [a. u. ]



8/14

WO 2019/198171 PCT/JP2018/015208

[Fig. 8]

5
S
S
5
=
2
3
i
=
&
COMPARISON COMPARISON PL_2
EXAMPLE EXAMPLE
B A

(PL_C)



9/14

PCT/JP2018/015208

WO 2019/198171

[Fig. 9]

9IS =—

V4d3-0W

0cl

|

049

9IS

d

d3'1dNod
Wam

GJ

¢d

0l¢

1d

0€



10/14

PCT/JP2018/015208

WO 2019/198171

[Fig. 10]

LEERY

0c¢l

N

$

ove

9IS

d3'1dNod
WaM

1d

394Nn0S
1H9T1

)

o€l

01y
vd ﬁ\g
m <—IS
1d 9IS
q0ly VOlY
0
47



11/14

WO 2019/198171 PCT/JP2018/015208
[Fig. 11]
\ \ \
\ \ \
1\ \ \
S \ 30 \ 40 \
— N\ 4 '\\ /
i Ngtes N N
2 o Nz LN
; : ._
= |COMPARISON "
— [EXAWPLE =
EDFA ONLY
0 100 9200

DISTANCE [km]



12/14

PCT/JP2018/015208

WO 2019/198171

266 wasy1 |4
65— w31 =4
et Z1d
0zl 417
ZMJWDOO <
9IS <— VAG-ON 571 i - oIS
$ 17d 9IS
0Ll $
ove ANE
S | 095
| d " |
LS s
Ty “fmmw,:ﬁ S
0£S

[Fig. 12]



13/14

WO 2019/198171 PCT/JP2018/015208

[Fig. 13]

______

SIGNAL POWER [a. u. ]

EDFA ONLY

0 100 200
DISTANCE [km]



14/14

PCT/JP2018/015208

WO 2019/198171

[Fig. 14]

0¢l

N

403 A9 NOILVOIAI'1dWV

431dNnod
Nam

SUS A9 NOTLVOIAI'TdWY

1d

324N0S
1H9T

)

0€l

——
d

)

J019
/

) T

4019  VvO0I19

/\
019



INTERNATIONAL SEARCH REPORT

International application No.

PCT/JP2018/015208

A.  CLASSIFICATION OF SUBJECT MATTER
Int.Cl. HO133/10(2006.01)1

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
Int.Cl. HO1S3/00-3/02,3/04-3/0959,3/098-3/102,3/105-3/131,3/136-3/213,3/23-5/50

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Published examined utility model applications of Japan 1922-1996
Published unexamined utility model applications of Japan 1871-2018
Registered utility model specifications of Japan 1996-2018
Published registered utility model applications of Japan 199%94-2018

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 2016/0054519 A1 (FUJITSU LIMITED) 2016.02.25, 1-5, 13, 15
Y paragraphs 0003,0037-0047,0076,0080,0105-010¢, 8-12, 14
A 0115,0120-0125, figs. 1-2,5,10,12,14-15 )

& JP 2016-42164 A

Y JP 2009-31796 A (FUJITSU LIMITED) 2009.02.12, 8-11
claim 1, fig. 1
(No Family)

Y EP 0734105 A2 (FUJITSU LIMITED) 1996.09.25, 12
page 14, lines 6-9, fig. 5
& JP 9-179152 A & US 2002/0109909 Al

i  Further documents are listed in the continuation of Box C. ™ See patent family annex.

¥ Special categoﬁgs of cited documents: o “T” later document published after the international filing date or

“A” document defining the general state of the art which is not priority date and not in conflict with the application but cited to
considered to be of particular relevance understand the principle or theory underlying the invention

«g» earlier application or patent but published on or after the inter-
national filing date

“L” document which may throw doubts on priority claim(s) or which
is cited to establish the publication date of another citation or other

«“X” document of particular relevance; the claimed invention cannot
be considered novel or cannot be considered to involve an
inventive step when the document is taken alone

special reason (as specified) “Yy” document of particular relevance; the claimed invention cannot
«0” document referring to an oral disclosure, use, exhibition or other be considered to involve an inventive step when the document is
means combined with one or more other such documents, such

“p” document published prior to the international filing date but later combination being obvious to a person skilled in the art

than the priority date claimed “&” document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
06.06.2018 19.06.2018
Name and mailing address of the ISA/JP Authorized officer 2KI3715
Japan Patent Office TAKAMUKU, Kenshi
3-4-3, Kasumigaseki, Chiyoda-ku, Tokyo 100-8915, Japan | Telephone No. +81-3-3581-1101 Ext. 3255

Form PCT/ISA/210 (second sheet) (January 2015)



INTERNATIONAL SEARCH REPORT

International application No.

PCT/JP2018/015208
C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 2003/0179440 A1 (FOURSA, Dmitri) 2003.09.25, 14
paragraph 0027, fig. 4
& JP 2003-298159 A & EP 1359647 A2
& CA 2422206 Al
A WO 2013/090549 A2 (OFS FITEL, LLC) 2013.06.20, 1-15

the whole document
& JP 2015-510253 A & US 2014/0168756 Al
& EP 2791719 A2

A JP 2011-228541 A (PHOTONIC SCIENCE TECHNOLOGY 1-15
INC.) 2011.11.10, the whole document
(No Family)

A JP 2002-270928 A (MITSUBISHI CABLE INDUSTRIES, 1-15
LTD.) 2002.09.20, the whole document
(No Family)

A US 6999481 Bl (HEIDELBERGER DRUCKMASCHINEN AG) 1-15

2006.02.14, the whole document
& JP 2000-513157 A & WO 98/056083 Al
& EP 986844 Al & DE 19723267 Al

A Us 2015/0085352 Al (ALCATEL-LUCENT USA INC.) 1-15
2015.03.26, the whole document
(No Family)

Form PCT/ISA/210 (continuation of second sheet) (January 2015)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - wo-search-report
	Page 35 - wo-search-report

