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Abstract We present a multifunctional fibre device based on side-polished core-selective multicore
fibre couplers and demonstrate spatial path routing by using the couplers as a variable optical power
splitter and reconfigurable spatial channel add/drop multiplexer. ©2023 The Author(s)

Introduction
Uncoupled multicore fibres (MCFs) are engaged
our interest as one of the most promising candi-
dates to be the next generation optical fibre for
spatial-division multiplexing (SDM) because un-
coupled MCFs can be converted to the conven-
tional fibres via fan-in/fan-out (FIFO) devices and
allowed us to use the conventional fibre compo-
nents[1]. In particular, MCFs with the standard-
cladding diameter of 125 µm are expected that
can be fabricated with comparable reliability to
the standard single-mode fibre (SMF)[2],[3]. Within
the cladding diameter, four cores can be reason-
ably accommodated especially in C-band whilst
keeping the cladding thickness and isolating from
the inter-core crosstalk[4],[5]. The applicability
of four-core fibre (4CF) has been demonstrated
from short-reach applications to ultra-long haul
transmission experiments with optimised core de-
signs[6]–[10]. However, excess loss from FIFO
devices would degrade the system performance
per core compared to the conventional SMF sys-
tem[11]. Therefore, we have proposed a FIFO-less
architecture with directional fibre couplers based
on a side-polishing technique for pump combiners
and tap couplers[12]–[15].

In this paper, we present side-polished 4CF
couplers with translation mechanics for variable
coupling ratio. Moreover, we prototype a 90◦ ro-
tatable LC adapter to select connecting cores be-
tween two 4CFs instantaneously. The couplers
are shown to be used for configuring multifunc-
tional fiber components, such as core-selective
variable optical attenuator (VOA) and add/drop
multiplexer, without FIFO devices.

Core-selective variable-ratio 4CF coupler
We fabricated four variable-ratio couplers using
a 4CF[12],[16]–[18]. One of the couplers is shown
in Fig. 1a, which has a micrometer to shift the
distance between coupled cores in an SMF and

MCF. We chose a pure-silica-core 4CF as an
MCF, and we, therefore, selected a pure-silica-
core single-core fibre as an SMF to harmonise the
effective refractive indices of propagating modes
at 1550 nm in both fibres. The four cores were
arranged in the standard-cladding diameter as a
square lattice with the pitch of 43 µm. The 4CF
was rotationally aligned as one of cores in MCF
being close to the SMF core as shown in Fig. 1b.
The fibres were fixed on quartz substrates and
polished their cladding glasses to bring two cores
closer together. Note that the coupled core in
MCF was randomly chosen in the fabrication pro-
cess. Since the core arrangement was circularly
symmetric, the coupled core can be selected by
splicing the 4CF with rotational alignment even
after polishing process. Here, we implemented
instantaneous rotational function with a specially
designed LC-type adapter, in which connector key
slots were designed at every 90◦ rotation angle
(Fig. 1c). In total, four key slots were formed on a
single side of the adapter at the angle of 0◦, 90◦,
180◦, and 270◦. The rotation angle of 0◦ was
defined at the fixed key slot on the other side.
The LC connector key was aligned to two diag-
onal cores (Fig. 1d). By using the LC adapter, we
can choose an MCF core to be worked as a cou-
pler. Figure 1e shows an example of cascaded
setup. The couplers were connected by moni-
toring its output power to be functional on each
core, resulting in the rotation angles of connec-
tors were 270◦, 270◦, 0◦, and 180◦ for Core 1,
Core 2, Core 3, and Core 4, respectively.

Coupling ratio characterisation
To characterise the coupling ratio and its varia-
tion, we used a set of FIFO device, which were
connectorised with LC-type connector as same
with the 4CF couplers. The excess loss on
each coupler was estimated as <1.0 dB includ-
ing a connector loss. All measurements were
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Fig. 1: Core-selective variable-ratio MCF coupler. (a) One of fabricated variable-ratio couplers, (b) translation mechanics, (c)
core-selective LC adapter, (d) connector key, and (e) a cascaded configuration of variable-ratio 4CF coupler.
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Fig. 2: (a) Power ratio characteristics and (c) attenuation levels for different translation positions. Optical spectra with 0.1-nm
resolution at translation positions of maximum (b) transmission and (d) coupling.

conducted with the cascaded configuration in
Fig. 1e. As probe light, a wavelength-division
multiplexed optical signal was emulated with
spectrally-shaped amplified spontaneous emitting
light from an erbium-doped fibre amplifier. The
emulated number of channels and channel spac-
ing were 50 channels and 100 GHz, respectively.
The wavelength range was 1527-1565 nm. The
flatness of peak power level was within 1 dB. Fig-
ure 2a shows the coupling and transmission ra-
tios as a function of the position from 0 to 88 in
unit of the micrometer when inputting the WDM
signal to Core 1. The coupled and transmitted
signal was observed at the output of SMF 1 and
MCF via FIFO, respectively. The coupling and
transmission power ratios were calculated from
measured optical power at each output port. The
transmission and coupling ratios at the position
of 0 were 97% and 0%, respectively. These ratios
were changed at the position of 88 were 0 to 98%,
respectively. From the transmission power, the at-

tenuation range was estimated up to 15 dB as in
Fig. 2c. This indicates that the coupler could be
used as a core-selective VOA with the dynamic
range of 15 dB.

Optical spectra at the micrometer positions of
0 and 88 were shown in Figs. 2b and 2d, re-
spectively, where the transmission and coupling
ratios were maximised. For both cases, the
spectral shapes were preserved after sweeping
the micrometer position. The wavelength depen-
dency of the coupler was significantly suppressed
across the C-band.

Spatial path reconfiguration
By using the cascaded 4CF couplers, exam-
ples of spatial path reconfiguration were demon-
strated[19]. In Figs. 3a and 3b, spatial paths
and its output power ratio matrix are shown at
maximum transmission for all cores of the 4CF.
The power matrix was normalised for total out-
put power on each input. From the core-to-core
power ratio, the inter-core crosstalk can be es-



(a)

Core 1 Core 2 Core 3 Core 4

Core 1
Core 2
Core 3
Core 4
SMF 1
SMF 2
SMF 3
SMF 4

0

−63

−67

−66

−15

−79

−80

−79

−64

0

−64

−68

−80

−13

−80

−77

−72

−66

0

−65

−79

−77

−55

−77

−66

−72

−65

0

−75

−80

−80

−16

Input

O
ut

pu
t

(b)

Fig. 3: (a) Spatial paths and (b) its power ratio matrix in dB
when maximizing transmission on MCF.

timated as less than −60 dB. The output power
contrasts on each input depend on the difference
between effective refractive indices of two cou-
pled cores. In Fig. 4, spatial paths and its power
ratio matrix are shown under the same condition
with Fig. 3. In this case, the lowest contrast was
observed on SMF 2. Fig. 5 shows an example
of applications using the core-selective variable-
ratio MCF coupler, where SMF 1 and SMF 2 were
worked as add/drop ports on Core 1 and Core 2,
respectively. Simultaneously, SMF 3 and SMF 4
were used for a 50% power splitter and 20% tap
coupler, respectively. Power ratio for this scenario
was summarised in Fig. 5b. Entirely, the matrix
shows a intended contrast over 10 dB for the tar-
get configuration.

Conclusion
We have fabricated side-polished-based variable-
ratio couplers on a four-core fibre (4CF) and
successfully demonstrated various multicore fibre
(MCF) applications of core-selective variable op-
tical attenuator, splitter/combiner, and add/drop
multiplexer without fan-in/fan-out devices. The
coupling ratio could be swept from 0 to 98% with
low excess loss of <0.5 dB including connector
loss. Moreover, since the coupler was based on
optical fibre only, inter-core crosstalk was sup-
pressed at the level of < −60 dB even after con-
catenating four couplers via LC connectors and
adapters. Furthermore, we have shown that the
LC adapter could be used to select a core by
forming the key slots at every 90◦ rotation an-
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Fig. 4: (a) Spatial paths and (b) its power ratio matrix in dB
when maximizing transmission on SMFs.
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Fig. 5: (a) Sptical paths and (b) its power ratio matrix in dB
when applying different functions on each core.

gle. This connector would potentially improve the
productivity of the MCF coupler because the user
can reconfigure the coupler combination instan-
taneously and the manufacturer can ignore core
identification in the coupler fabrication.

Acknowledgements
We would like to thank KS Photonics, Inc. and
Orbray Co., Ltd. for their support on fabrication of
variable-ratio couplers and custom LC adopters,
respectively. This work was partially supported by
the National Institute of Information and Commu-
nications Technology (NICT) / No.00201, Japan.



References
[1] “GSTR-SDM - Optical fibre, cable, and components

for space division multiplexing transmission”, in ITU-T
Technical Report, ITU Piblications. [Online]. Available:
http://handle.itu.int/11.1002/pub/81ec38da-

en.

[2] T. Matsui, T. Kobayashi, H. Kawahara, et al., “118.5
Tbit/s transmission over 316 km-long multi-core fiber
with standard cladding diameter”, in 2017 Opto-
Electronics and Communications Conference (OECC)
and Photonics Global Conference (PGC), IEEE, Jul.
2017. DOI: 10 . 1109 / oecc . 2017 . 8115049. [Online].
Available: https://doi.org/10.1109/oecc.2017.
8115049.

[3] T. Tsuritani, D. Soma, Y. Wakayama, et al., “Field test of
installed high-density optical fiber cable with multi-core
fibers toward practical deployment”, in Optical Fiber
Communication Conference (OFC) 2019, OSA, 2019.
DOI: 10.1364/ofc.2019.m3j.4. [Online]. Available:
https://doi.org/10.1364/ofc.2019.m3j.4.

[4] T. Matsui, Y. Sagae, T. Sakamoto, and K. Nakajima,
“Design and applicability of multi-core fibers with stan-
dard cladding diameter”, Journal of Lightwave Technol-
ogy, vol. 38, no. 21, pp. 6065–6070, Nov. 2020. DOI: 10.
1109/jlt.2020.3004824. [Online]. Available: https:
//doi.org/10.1109/jlt.2020.3004824.

[5] M. Takahashi, K. Maeda, K. Aiso, et al., “Uncoupled
4-core fibre with ultra-low loss and low inter core
crosstalk”, in 2020 European Conference on Optical
Communications (ECOC), IEEE, Dec. 2020. DOI: 10.
1109/ecoc48923.2020.9333161. [Online]. Available:
https : / / doi . org / 10 . 1109 / ecoc48923 . 2020 .

9333161.

[6] S. Beppu, H. Takahashi, T. Gonda, et al., “56-Gbaud
PAM4 transmission over 2-km 125-µm-cladding 4-core
multicore fibre for data centre communications”, in
2017 European Conference on Optical Communication
(ECOC), IEEE, Sep. 2017. DOI: 10.1109/ecoc.2017.
8346055. [Online]. Available: https://doi.org/10.
1109/ecoc.2017.8346055.

[7] D. Soma, S. Beppu, H. Takahashi, Y. Miyagawa, N.
Yoshikane, and T. Tsuritani, “Optical characterization
of installed step-index profile standard cladding multi-
core fiber with multiconnection”, in 26th Optoelectron-
ics and Communications Conference, Optica Publish-
ing Group, 2021. DOI: 10.1364/oecc.2021.s4c.3.
[Online]. Available: https://doi.org/10.1364/oecc.
2021.s4c.3.

[8] D. J. Elson, Y. Wakayama, S. Beppu, D. Soma, and N.
Yoshikane, “Transmission of 400GBASE-LR8 over 15
km deployed step-index 4-core fiber for data centre in-
terconnects”, in Optical Fiber Communication Confer-
ence (OFC) 2022, Optica Publishing Group, 2022. DOI:
10 . 1364 / ofc . 2022 . th2a . 16. [Online]. Available:
https://doi.org/10.1364/ofc.2022.th2a.16.

[9] D. Soma, S. Beppu, Y. Wakayama, et al., “Trans-pacific
class transmission over a standard cladding ultralow-
loss 4-core fiber”, Optics Express, vol. 30, no. 6,
p. 9482, Mar. 2022. DOI: 10.1364/oe.453597. [Online].
Available: https://doi.org/10.1364/oe.453597.

[10] H. Takeshita, K. Nakamura, Y. Matsuo, et al., “First
demonstration of uncoupled 4-core multicore fiber in
a submarine cable prototype with integrated multicore
EDFA”, in Optical Fiber Communication Conference
(OFC) 2022, Optica Publishing Group, 2022. DOI: 10.
1364/ofc.2022.m4b.1. [Online]. Available: https:
//doi.org/10.1364/ofc.2022.m4b.1.

[11] J. D. Downie, X. Liang, and S. Makovejs, “Assessing
capacity and cost/capacity of 4-core multicore fibers
against single core fibers in submarine cable systems”,
Journal of Lightwave Technology, pp. 1–1, 2020. DOI:
10 . 1109 / jlt . 2020 . 2980955. [Online]. Available:
https://doi.org/10.1109/jlt.2020.2980955.

[12] Y. Wakayama, J. Ko, N. Yoshikane, and T. Tsuri-
tani, “Pure-silica single-core to multi-core fiber coupler
with side-polishing approach”, in 2020 Opto-Electronics
and Communications Conference (OECC), IEEE, Oct.
2020. DOI: 10 . 1109 / oecc48412 . 2020 . 9273713.
[Online]. Available: https : / / doi . org / 10 . 1109 /

oecc48412.2020.9273713.

[13] Y. Wakayama, D. Elson, H. Takahashi, N. Yoshikane,
and T. Tsuritani, “Assessing capacity of FIFO-less mul-
ticore fiber transmission in submarine cable systems”,
in 26th Optoelectronics and Communications Confer-
ence, Optica Publishing Group, 2021. DOI: 10.1364/
oecc.2021.m4f.3. [Online]. Available: https://doi.
org/10.1364/oecc.2021.m4f.3.

[14] Y. Wakayama, N. Yoshikane, and T. Tsuritani, “FIFO-
less core-pumped multicore fibre amplifier with fibre
bragg grating based gain flattening filter”, in ECOC
2022, Th2A.5.

[15] D. J. Elson, Y. Wakayama, N. Yoshikane, and T. Tsuri-
tani, “Performance requirements for FIFO-less multi-
core fibre repeaters in transatlantic-class transmission”,
in OFC 2023, M2B.1, 2023.

[16] R. Bergh, G. Kotler, and H. Shaw, “Single-mode fibre
optic directional coupler”, Electronics Letters, vol. 16,
no. 7, p. 260, 1980. DOI: 10.1049/el:19800191. [On-
line]. Available: https : / / doi . org / 10 . 1049 / el :

19800191.

[17] H. Zhang, N. Healy, H. Mulvad, et al., “A multi-core fiber
to single-mode fiber side-polished coupler”, in Confer-
ence on Lasers and Electro-Optics, OSA, 2016. DOI:
10.1364/cleo_at.2016.jtu5a.111. [Online]. Avail-
able: https://doi.org/10.1364/cleo_at.2016.
jtu5a.111.

[18] H. Zhang, N. Healy, S. Dasgupta, et al., “A tuneable
multi-core to single mode fiber coupler”, IEEE Photon-
ics Technology Letters, vol. 29, no. 7, pp. 591–594, Apr.
2017. DOI: 10 . 1109 / lpt . 2017 . 2675281. [Online].
Available: https://doi.org/10.1109/lpt.2017.
2675281.

[19] M. Jinno, “Spatial channel network (SCN): Opportuni-
ties and challenges of introducing spatial bypass toward
the massive SDM era [invited]”, Journal of Optical Com-
munications and Networking, vol. 11, no. 3, p. 1, Jan.
2019. DOI: 10.1364/jocn.11.000001. [Online]. Avail-
able: https://doi.org/10.1364/jocn.11.000001.

http://handle.itu.int/11.1002/pub/81ec38da-en
http://handle.itu.int/11.1002/pub/81ec38da-en
https://doi.org/10.1109/oecc.2017.8115049
https://doi.org/10.1109/oecc.2017.8115049
https://doi.org/10.1109/oecc.2017.8115049
https://doi.org/10.1364/ofc.2019.m3j.4
https://doi.org/10.1364/ofc.2019.m3j.4
https://doi.org/10.1109/jlt.2020.3004824
https://doi.org/10.1109/jlt.2020.3004824
https://doi.org/10.1109/jlt.2020.3004824
https://doi.org/10.1109/jlt.2020.3004824
https://doi.org/10.1109/ecoc48923.2020.9333161
https://doi.org/10.1109/ecoc48923.2020.9333161
https://doi.org/10.1109/ecoc48923.2020.9333161
https://doi.org/10.1109/ecoc48923.2020.9333161
https://doi.org/10.1109/ecoc.2017.8346055
https://doi.org/10.1109/ecoc.2017.8346055
https://doi.org/10.1109/ecoc.2017.8346055
https://doi.org/10.1109/ecoc.2017.8346055
https://doi.org/10.1364/oecc.2021.s4c.3
https://doi.org/10.1364/oecc.2021.s4c.3
https://doi.org/10.1364/oecc.2021.s4c.3
https://doi.org/10.1364/ofc.2022.th2a.16
https://doi.org/10.1364/ofc.2022.th2a.16
https://doi.org/10.1364/oe.453597
https://doi.org/10.1364/oe.453597
https://doi.org/10.1364/ofc.2022.m4b.1
https://doi.org/10.1364/ofc.2022.m4b.1
https://doi.org/10.1364/ofc.2022.m4b.1
https://doi.org/10.1364/ofc.2022.m4b.1
https://doi.org/10.1109/jlt.2020.2980955
https://doi.org/10.1109/jlt.2020.2980955
https://doi.org/10.1109/oecc48412.2020.9273713
https://doi.org/10.1109/oecc48412.2020.9273713
https://doi.org/10.1109/oecc48412.2020.9273713
https://doi.org/10.1364/oecc.2021.m4f.3
https://doi.org/10.1364/oecc.2021.m4f.3
https://doi.org/10.1364/oecc.2021.m4f.3
https://doi.org/10.1364/oecc.2021.m4f.3
https://doi.org/10.1049/el:19800191
https://doi.org/10.1049/el:19800191
https://doi.org/10.1049/el:19800191
https://doi.org/10.1364/cleo_at.2016.jtu5a.111
https://doi.org/10.1364/cleo_at.2016.jtu5a.111
https://doi.org/10.1364/cleo_at.2016.jtu5a.111
https://doi.org/10.1109/lpt.2017.2675281
https://doi.org/10.1109/lpt.2017.2675281
https://doi.org/10.1109/lpt.2017.2675281
https://doi.org/10.1364/jocn.11.000001
https://doi.org/10.1364/jocn.11.000001

	Introduction
	Core-selective variable-ratio 4CF coupler
	Coupling ratio characterisation
	Spatial path reconfiguration
	Conclusion
	Acknowledgements

