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Design and Applicability of Multi-Core Fibers With
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Abstract—We show the design and applicability of multi-core
fiber (MCF) with the standard 125 µm cladding diameter to the
telecommunication systems. It offers easier and practical use of the
space-division multiplexing (SDM) technology given its excellent
fiber productivity and utilization of existing standard technologies.
We numerically and experimentally reveal that the simple step-
index (SI) profile enables us to allocate four cores in the standard
125µm cladding and to realize full compliance with G.657.A1 fiber.
We then expand the design and concept of the standard cladding
MCF and show the index profile and single-mode bandwidth offer
control of XT characteristics. We elucidate the application scope of
the standard cladding MCF for not only the full-band (O-L band)
application to short-reach and terrestrial transmission consistent
with ITU-T Recommendations G.652 and G.657, but also ultra-
long haul transmission, such as submarine systems compliant with
ITU-T Recommendation G.654.

Index Terms—Micro-bending, multi-core fiber, space division
multiplexing.

I. INTRODUCTION

S PACE division multiplexing (SDM) technology is a promis-
ing approach to overcoming the 100 Tbit/s capacity lim-

itation of conventional single-mode fiber (SMF). SDM can
be classified into core division multiplexing on a multi-core
fiber (MCF) and mode division multiplexing (MDM) on a
multi-mode fiber (MMF). SDM transmission at above 100
Tbit/s was reported in 2011 for the first time by using 7-
core fiber with cladding diameter of 150 μm [1], and much
higher capacity transmission experiments such as beyond 1
Pbit/s and 1 Ebit/s·km transmission were achieved by utilizing
single-mode MCFs (SM-MCFs) [2]–[5]. Combining MCF with
MMF, namely the multi-mode MCF (MM-MCF), enables us to
greatly increase the number of spatial channels to 100 or more
[6]–[9] and 10 Pbit/s transmission was demonstrated by using
MM-MCF that supported 114 spatial channels [10]. However,
MDM transmission requires much complex digital signal pro-
cessing of the multi-input multi-output, and ASIC implemen-
tation is deemed to be infeasible given current semiconductor
technology.
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Although many SM-MCF structures have been proposed that
set more than 10 cores in one fiber, their cladding is thicker than
the standard 125 μm cladding diameter. The thicker cladding
directly degrades fiber productivity. The required preform size
is proportional to the square of the cladding diameter. For ex-
ample, to fabricate a 1000 km-long MCF with 250 μm cladding
diameter, a preform length of 4 m and diameter of 120 mm
is needed. Obviously it is impractical to fabricate such large
fiber preforms with current fiber fabrication processes and the
highly uniform placement of core rods needs an innovative fiber
fabrication process. Recently, MCFs with standard cladding
have been proposed to not only improve the fiber productivity but
also utilize the existing optical cables and connector interfaces.
Moreover, optical compatibility with the current SMF standards
would enable us to utilize conventional optical components. It
has been reported that the standard cladding diameter of 125 μm
supports four homogeneous cores [11] and five heterogeneous
cores [12] and sufficiently low inter-core crosstalk (XT) is
possible with the trench-assisted index profile.

Interconnectivity among standard cladding MCFs fabricated
from several manufacturers was demonstrated for the first time in
2017 and transmission in excess of 100 Tbit/s was successfully
achieved over a 316 km full SDM link composed of standard
cladding MCFs [13], highly efficient MC-EDFAs [14]–[16] and
MCF connectors [17], [18]. The experiments also indicated that a
four-core fiber with trench-assisted profile fully compatible with
SMF could achieve 100 Pbit/s·km transmission [19]. Moreover,
to extend the transmission distance to several thousands of km,
the standard cladding MCF with limited single-mode bandwidth
in the low-loss C+L band was proposed and demonstrated [20]–
[22]. We have recently investigated the applicability of the step-
index (SI) profile to the standard cladding MCF (SI-MCF) since
this profile is widely used for conventional G.652.D fiber and
has the great advantage of supporting mass production by the
VAD method; the full-band applicability of SI-MCF to terabit/s
class transmission over distances of several tens of km has been
shown [23], [24].

This paper elucidates the design and potential of the standard
cladding MCF by considering its optical compatibility with
conventional fiber standards. First, we numerically and exper-
imentally investigate the design and characteristics of SI-MCF
with standard cladding diameter that offers optical compatibility
with conventional G.657.A1 fibers. The applicability of SI-MCF
to conventional optical fiber cables is also shown in terms of the
micro-bending sensitivity of its loss increase and XT variation.
We then investigate the upgradability of the standard cladding
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Fig. 1. Concept of standard cladding MCF.

MCF by considering its transmission distance and single-mode
bandwidth as well as the optical compatibility with several
existing standards. We consider the refractive index profile of the
SI, trench-assisted and depressed cladding profiles, and the two
types of single-mode bandwidth that is O-L band and C+L band,
and we show that standard cladding MCFs can be designed and
optimized while satisfying the XT requirements in various ap-
plication areas and compliance with ITU-T Recommendations
G.652, 654 and 657 simultaneously.

II. STANDARD CLADDING MCF WITH SI PROFILE FOR

FULL-BAND APPLICATION

Fig. 1 shows the concept of our proposed standard cladding
MCF [11]. As it adopts the standard cladding diameter, D, of
125±0.7 μm, we can expect both improved fiber productivity
and the continued use of standard technologies such as the
conventional cable structure and optical connector interfaces.
Moreover, its optical compatibility with conventional SMF en-
able MCF links to coexist with traditional SMF links.

At first, we consider the SI profile for the core since this profile
is widely used for conventional G.652.D fiber. We consider the
optical compatibility of each core with G.652.D and G.657.A1
fibers, which have mode field diameter (MFD) of 8.6-9.2 μm
at a wavelength λ of 1310 nm, bending loss αb of less than 0.1
dB/turn at λ = 1625 nm and bending radius R of 15 mm, and a
cut-off wavelength λc of less than 1260 nm. Here, we assume
that the SI-MCF has a homogeneous core structure and the cores
have a circular arrangement as shown in Fig. 1.

Fig. 2 shows the calculated excess loss and XT of the stan-
dard cladding MCF with SI profile (SI-MCF). We set the core
diameter, 2a, and relative index difference, Δ, to 8.2 μm and
0.39%, respectively, to maximize the optical confinement; this
yielded the MFD of 8.6 μm at λ = 1310 nm and the cut-off
wavelength λc of 1260 nm. Fig. 2(a) plots the excess loss,
αex, as a function of core pitch for different number of cores
N; loss was calculated as the confinement loss at λ = 1625
nm. The black, red, blue and green represent N = 3, 4, 5 and
6 respectively. Because of the fixed cladding diameter D =
125 μm, the outer cladding thickness (OCT) reduced as given
by OCT = D/2 − Λ/(2 sin(π/N)), and αex increased when
core pitch Λ and/or the number of the cores increased. Here,
we considered to reduce αex to less than 0.01 dB/km, which
corresponded to the one-order smaller value than the propagation
loss of the conventional SMF. Λ had to be smaller than 47, 38,

Fig. 2. Design of SI-MCFwith standard cladding diameter. (a) is the excess
loss as a function of the number of cores, and (b) is the calculated total XT.

32 and 27 μm for N = 3, 4, 5 and 6, respectively. Fig. 2(b) plots
the XT calculated as the summation of the interference from the
neighboring two cores. The XT reached 0 dB/km and saturated to
3 dB for Λ≤ 33 μm at a wavelength of 1625 nm, which resulted
in strong coupling among cores and made difficult to transmit
signals across each core independently. Up to four SI cores
could be allocated in the standard 125 μm cladding diameter
while suppressing αex sufficiently. For N = 4 with Λ = 38 μm,
although the total XT was relatively high at −20 dB/km at λ =
1625 nm, the XT was reduced to −28 dB/km and −56 dB/km at
λ= 1550 and 1310 nm, respectively, which enabled us to realize
SDM transmission over distances of 10 km or longer with the
low XT penalty of less than 1 dB for QPSK format [25]. This
performance numerically revealed that the four homogeneous
SI cores could be carried by the standard cladding MCF while
maintaining optical compatibility with G.652.D and G.657.A1
fibers.

We then fabricated lengths of SI-MCF and experimentally
investigated its optical characteristics. Table I provides cross-
sectional photos and measured geometrical and optical prop-
erties. Three SI-MCFs were fabricated from three different
preforms; each had sufficient volume to create at least 150 km
fiber. Cladding diameter and core pitch Λ were well controlled
to 125 μm and 40 μm (average), respectively. The deviation in
Λ was 0.3 μm among the three SI-MCFs, which corresponds
to the splice loss of less than 0.1 dB at λ = 1310 nm given the
rotational misalignment of 0.6 degrees. The propagation loss
was sufficiently low at less than 0.20 dB/km at λ = 1550 nm
for the three SI-MCFs, which is comparable with conventional
SMF values. The MFD, cable cut-off wavelength λcc (at a length
of 22 m), bending loss αb and zero-dispersion wavelength λ0

were compatible with G.652.D and/or G.657.A1 fiber. We also
observed sufficiently low PMD of less than 0.1 ps/�km for all
fabricated SI-MCFs.

Fig. 3 plots the measured loss and XT characteristics. Fig. 3(a)
shows the loss spectra of the three SI-MCFs. The red, blue
and green solid curves represent the average loss among the
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TABLE I
PROPERTIES OF FABRICATED SI-MCFS

∗At a bending radius of 15 m.

Fig. 3. Measured loss and XT characteristics of three SI-MCFs.

four cores for MCF-A, −B and −C in Table. I, respectively.
The dashed curve is for a G.657.A1 fiber for comparison. We
observed that the SI-MCFs had slightly higher loss than the SMF
at λ > 1600 nm. It can be considered that the loss difference
between the SI-MCFs and the SMF is due to the excess loss since
the calculated αex was 0.02 dB/km at λ = 1625 nm for Λ = 40
μm as shown in Fig. 2(a). We also observed the low loss spectra

of less than 0.4 dB/km in full-band for all three SI-MCFs; MCF-
B had slightly higher loss at λ = 1383 nm due to its OH absorp-
tion. Fig. 3(b) plots the total XT characteristics which represents
the summation of the interference from the three other cores.
The symbols indicate measured values and black line represents
the calculated value. The measurement results agreed with the
calculated values in the longer wavelength range. The deviation
in total XT among the three SI-MCFs was small at less than 2 dB
since they had well-controlled Λ and similar optical properties.
The XT value was less than −33 dB/km and −27 dB/km at
λ= 1550 and 1625 nm, respectively, which supports 10∼40 km
transmission of QPSK format signals with an XT penalty of 1
dB or less over the full-band [25]. We found slightly higher XT
than the calculation indicated in the shorter wavelength region;
this difference is induced by the XT in the fan-in/fan-out (FIFO)
devices. The XT at λ = 1310 nm was extremely low at less than
−62 dB/km including the FIFO devices, which is expected to
have negligible impact on the transmission performance in the
O band. In ref. [24], we demonstrated the full-band applicability
of SI-MCF to Tera-bit/s class high-speed transmission over the
several tens of km; we conducted transmission experiments on
both high-speed parallel transmission in the O band and coherent
SDM/WDM transmission in the C band.

We then investigated the micro-bending sensitivity of the SI-
MCFs to confirm their applicability to conventional optical fiber
cables. We prepared 550 m-long test samples of MCF-B and
conventional G.652.D and G.657.A1 fibers for comparison. We
utilized the wire mesh method to evaluate the micro-bending
sensitivity, and controlled the lateral pressure on the fiber by
controlling the winding tension applied to the test samples.

Fig. 4 shows the measured micro-bending sensitivity results.
Fig. 4(a) shows the loss increase at λ = 1625 nm as a function
of the applied tension. Solid line corresponds to the average
loss increase among the four SI-MCF cores, and the dashed and
dotted lines correspond to the G657.A1 and G.652.D fibers. We
found that the SI-MCFs had slightly higher loss increase than
the G.657.A1 fiber. It can be considered that the excess loss,
αex, of the SI-MCF caused the slightly higher micro-bending
loss. Compared with the G.652.D fiber, the loss increase was
low enough to make SI-MCF suitable for realizing high-density
optical fiber cables. Fig. 4(b) shows the change in XT spectrum
with lateral pressure. Circles, squares and triangles are for the
applied tension values of 0, 1.13 and 1.85 N, respectively, and the
solid lines are the linear approximation of the measured results.
We observed no significant change in the XT characteristics as
the applied tension was increased. Thus, we can expect the lateral
pressure induced in the optical fiber cable installation to have
negligible impact on the XT characteristics.

These results confirm that our SI-MCF can be used for full-
band application while achieving sufficiently low micro-bending
sensitivity and full compliance with the G.652.D and G.657.A1
specifications.

III. UPGRADABILITY OF STANDARD CLADDING MCF

As shown in the previous section, SI-MCF with full-band
compatibility with conventional SMF had relatively high XT
and thus supported several tens of km transmission. It is known
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Fig. 4. Micro-bending sensitivity of SI-MCF.

TABLE II
INDEX PROFILES FOR STANDARD CLADDING MCF

that advanced index profiles such as the trench-assisted (TA)
profile can reduce the XT, and the optical properties such as the
cut-off wavelength and MFD also affects the XT characteristics.
Here, we examined upgrading the standard cladding MCFs
to support much longer transmission distances by considering
advanced index profiles and the transmission bandwidth. Table II
shows the index profiles examined. Here, we considered optical
compatibility with the existing fiber standards of G.652, 654.D
and 657.A1 fibers. For full-band application, we used the SI and
TA profiles. SI profile is widely used for G.652.D fibers because
of its mass production capability and uniformity as described
above. TA profile is often used for bending-loss insensitive fibers
as specified in ITU-T Recommendations G.657 since it has better
optical confinement properties. For ultra-long haul transmission

Fig. 5. Relationship between XT and MFD for full-band application.

such as submarine systems, cut-off shifted fiber is used for its low
loss and low nonlinear characteristics. The depressed cladding
profile, namely W shaped profile, is often used in cut-off shifted
fibers as its pure-silica core structure attains large effective areas
(Aeff ).

At first, we investigated the XT potential of the standard
cladding MCF for full-band application. Fig. 5 shows the rela-
tionship between the XT and MFD when considering the optical
compatibility with G.652.D and G.657.A1 fibers. The horizontal
axis is the MFD at λ = 1310 nm, and we set λc = 1260 nm.
Regarding the TA profile, we set the relative position a1/a to 2.5,
relative width d/a to 1.0 and depth Δd to -0.7% for the trench
structure in order to avoid excessive MFD reduction and to obtain
the XT suppression effect [11], [20], [26]. We set the maximum
core pitch Λ and minimum OCT to obtain αex = 0.01 dB/km
at λ = 1625 nm, which depended on the index profile and
optical properties of each core. The large MFD resulted in an
increase in XT as expected, and the TA profile improved the XT
characteristics by 30 dB or more compared with the SI profile.
When we consider the compatible MFD value with G.652 and
G.657 fibers, the XT of the SI profile remained −20 dB/km
or more and the TA profile offered XT lower than −50 dB/km
at λ = 1625 nm, which allowed us to realize full-band SDM
transmission over distances of hundreds of km.

Here, we can expect to reduce the XT by shifting the cut-off
wavelength value to longer wavelengths because of the stronger
optical confinement. Fig. 6 shows the XT at λ = 1625 nm as a
function of the cut-off wavelength. The solid and dashed curves
are the SI and TA profiles, respectively; the MFD was 8.6 μm
at λ = 1310 nm. By lengthening the cut-off wavelength, the XT
steadily decreased. For the SI profile, we observed the reduced
XT of less than−52 and−63 dB/km by limiting the single-mode
bandwidth to the S+C+L and the C+L band, respectively.
These values can sufficiently suppress the XT penalty for QPSK
format signals in long-distance transmission such as several
thousands of km. The TA profile can realize much lower XT,−92
dB/km or less, by shifting the cut-off wavelength to 1460 nm or
longer. Therefore, both SI and TA profiles can realize sufficiently
low XT for exceeding the 1,000 km-long transmission limits
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Fig. 6. Relationship between XT and single-mode bandwidth.

Fig. 7. Relationship between XT and MFD for cut-off shifted type.

of conventional SMF with comparable effective area given its
limited single-mode bandwidth.

We then considered expanding the effective area of the stan-
dard cladding MCF. Fig. 7 shows the relationship between
the XT and the MFD for the cut-off shifted type MCF with
λc = 1530 nm. The horizontal axis is the MFD value at λ =
1550 nm. The solid, dashed and dotted curves are the SI, TA
and W profiles. We confirmed that the W profile significantly
improved the XT characteristics beyond that achieved with the
SI profile and TA profile offered larger XT improvement than
the W profile. Here, when we consider the XT of less than
−57 dB/km, which corresponds to the transmission distance of
10,000 km for the QPSK format, the SI profile realized the MFD
of 9.7 μm at λ= 1550 nm which is consistent with G.654.A and
.C fibers. In contrast, both the W and TA profile realized larger
MFD of 11.7 and 12.1 μm, respectively, with XT=−57 dB/km,
which are consistent with ITU-T Recommendations G.654.D
and .E fibers for a large Aeff cut-off shifted fiber. Therefore,
we can expect cut-off shifted type standard cladding MCF will
support ultra-long haul transmission and also lower nonlinearity
comparable to G.654.E fibers if W or TA profiles are used.

Finally, we summarize the lineup and applicability of stan-
dard cladding MCF in Table III. Here, we considered two

TABLE III
LINEUP AND APPLICABILITY OF STANDARD CLADDING MCF

∗ Achievable XT at λ = 1550 nm while suppressing the excess loss and maintaining the
opticalcompatibility with standard fibers.

single-mode bandwidths, full-band (O-L band) and the low-loss
C+L band, and optical compatibility with existing fiber stan-
dards for telecommunication systems. SI-MCF supports full-
band transmission distances of several tens of km while realizing
optical compatibility with G.652.D and G.657.A1 fibers. This
corresponds to short-reach transmission including access and
metro networks and data-center interconnection (DCI). MCF
with the TA profile can enhance the transmission distance to
several hundreds of km, i.e. high capacity terrestrial networks.
By limiting the single-mode bandwidth to the low-loss C+L
band, SI-MCF can offer thousands of km transmission and reach
to 10,000 km for submarine systems while matching the MFD
of conventional SMF (consistent with G.654.A and .C fibers).
The TA or W-shaped profile can expand Aeff and improve
nonlinearity performance to equal G.654.D and .E fibers while
maintaining low enough XT characteristics to suit submarine
systems. Therefore, we can expect the standard cladding MCF
to be applied to various transmission systems given its excel-
lent performance and optical compatibility with existing fiber
standards.

IV. CONCLUSION

We showed the concept and application area of standard
cladding MCF by considering full optical compliance to existing
fiber standards. At first, we revealed that four homogeneous
cores with SI profile could be set within the standard cladding
diameter; the resulting SI-MCFs were in full compliance with
conventional G.657.A1 fiber. Our analysis of the micro-bending
sensitivity of the loss and XT confirmed the applicability of
SI-MCFs to conventional optical fiber cable structures. We then
showed how to upgrade standard cladding MCF performance
by using more advanced index profiles such as TA and W pro-
files and controlling the single-mode transmission bandwidth;
the resulting fiber complies with existing standards. For the
cut-off shifted type standard cladding MCF (SI profile), the
measured XT performance indicated a transmission distance
increase to several thousands of km, while use of the TA
and W profiles realized both ultra-low XT and large Aeff

comparable with G.654.E fiber. We believe that this extensive
application range of standard cladding MCFs will greatly en-
courage the rapid introduction of MCF based SDM transmission
systems.
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