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Data traffic is growing exponentially due to the emergence of various network services. Although the transmission
capacity of optical fibers has dramatically increased thanks to advanced communication technologies such as
wavelength-division multiplexing and multi-level modulation, the capacity is rapidly approaching its fundamental limit as
the amplification bandwidth has been used up and drastic improvements of the signal-to-noise ratio cannot be
expected any further. To overcome this problem, space-division multiplexing has come to attract lots of attention, and
we have conducted research and development on multi-core fiber (MCF), achieving positive results. This paper reviews
the major achievements of our MCF research and development.
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1. Introduction
Data traffic is growing exponentially due to the emergence of various network services such as video streaming
and smartphones. The transmission capacity of the optical
fiber has also been increasing exponentially due to the rollouts of technologies such as wavelength-division multiplexing (WDM)*1 and the multi-level modulation*2; however,
the capacity is rapidly approaching its fundamental limit
due to the depletion of the amplification bandwidth*3 and
the limit of signal-to-noise ratio (SNR) from nonlinear
noise*4 (1),(2). Under these circumstances, space-division multiplexing (SDM) has come to attract a lot of attention(2),(3).
For further increasing fiber capacity, various research
groups have been investigating SDM-related technologies.
For overcoming the capacity limit, we have been promoting research and development on multi-core fiber
(MCF) toward practical use. Since the MCF includes the
plurality of cores as shown in Fig. 1, characteristics degradations specific to the MCF structure, which were not observed in the conventional single-core fiber (SCF), are
concerns for the actualization of this technology. The intercore crosstalk (XT) is one of the most important parameters in the MCF, and suppression of the XT is crucial for
transmitting signals independently on individual cores. We

proposed and experimentally validated a theoretical model
that can predict the crosstalk and its statistical characteristics of actual MCFs(4)-(7), demonstrated that low loss and
ultra-low XT—necessary for long-haul transmission—can
be achieved in the fabricated MCF(6)-(8), theoretically revealed the behavior of the XT as a noise(8)-(10), and enhanced the SNR of each core of the MCF based on
considering the XT as a noise(11),(12), each for the first time.
This paper reviews these major achievements of our research and development on the MCF.

2. Behavior of Inter-core Crosstalk
2-1 Theoretical prediction in earlier studies
Earlier studies(13)-(15) reported that the XT of the MCF
can be suppressed by inducing a slight difference in the effective refractive indices (n eff s) between cores, based on
theoretical considerations．According to these studies, the
XT from Core m to Core n can be expressed by using the
coupled-mode equation(16):

dAn
= – jκ nm exp [ j (β n– β m)z] Am ,
dz

........................ (1)

where An is the complex amplitude of the electric field of
Core n, κnm is the mode-coupling coefficient from Core m
to Core n, βn = (2π/λ)n eff,n is the propagation constant of
Core n, and z is the longitudinal position along the fiber.
When only Core m is excited [Am(0) = 1], the power of
Core n can be derived as(16):

|An|2 = F sin 2 qz , ...................................................... (2)
(a) SMF/SCF

(b) MCF

Fig. 1. Schematic cross sections of optical fibers (Darker color
represents higher refractive index)
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Thus, a slight difference in n eff can remarkably suppress the
maximum power transfer ratio F, as shown in Fig. 2. This

14 · Multi-core Fiber for High-Capacity Long-Haul Spatially-Multiplexed Transmission

and the XT is considered to be largely degraded.
In order to quantify the effect of the bend on the XT,
we theoretically and experimentally investigated the dependence of the XT on the bend radius. If the propagation
constants are variable along propagation distance z, the
coupled-mode equation can be expressed as

[

]

dAn
z
= – jκ nm exp j∫ 0 (β eq,n – β eq,m)dz’ Am
dz

1E+0
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......... (7)

where βeq,n = (2π/λ)n eff,eq,n is the equivalent propagation
constant. Figure 4 shows an example of longitudinal evolutions of XT—to be precise, coupled power, or |An|2 calculated using Eq. (7) — and equivalent effective indices
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Fig. 2. The relationship between the inter-core refractive index mismatch
and the power conversion efficiency F at 1550 nm

2-2 Effect of fiber bend on the crosstalk
However, the above discussion is based on the simple
coupled-mode theory that assumes ideal conditions where
the cores are not longitudinally perturbed, and thus was
anticipated to be inapplicable to actual MCFs, which are
longitudinally perturbed by various internal and external
factors. We speculated that the fiber bend should have a
particularly large effect on the XT, and therefore investigated the effect theoretically and experimentally(4)．
Based on the equivalent index model(17), which has
been widely used in loss analysis of bent waveguides, a bent
fiber can be described as a corresponding straight fiber
which has an equivalent refractive-index profile

(
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)
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Fig. 3. Variation of the equivalent refractive index due to the fiber bend
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Equation (5) may be intuitively understood as such that the
change of the optical path length due to the bend is simply
translated into the change of the refractive index, although
it is not a rigorous interpretation. By assuming, for explanation simplicity, that Core m is the center core and the
distance between the centers of Core m and Core n is Dnm,
a slight difference in n eff between the cores can be nagated,
as shown in Fig. 3, by the fiber bend when the bend radius
is no more than the threshold bend radius R pk:

neff,n
Rpk =
Dnm ,
|neff,m – neff,n|

r

Equivalent effective index of Core n

...................................... (6)

Coupled power [10 -3]

(

θ

Core n

where n mat is the intrinsic refractive index of the material,
R b is the bend radius, and (r, θ) is the local polar coordinate
on the fiber cross-section (see Fig. 3). The equivalent effective index of the Core n of an MCF can be expressed as

neff,eq,n ≈ neff,n 1 +

Core m

Center
of the bend

Refractive index

Maximum power transfer ratio F

is because the slight difference in n eff can induce a large
difference in β in conditions of λ ~ 10−6, and the large variation of the phase difference along the MCF—the phase
mismatch— inhibits efficient mode couplings.
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Fig. 4. Example of longitudinal evolutions of a calculated coupled power
and equivalent effective indices between the two cores, in the case
where the MCF is bent at a constant bend radius (R b < R pk) and
twisted at the constant rate of 2 turns/m
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between the two cores, in the case where the MCF is bent
at a constant bend radius (R b < R pk) and twisted at the constant rate of 2 turns/m. In contrast with the simple oscillation shown in Eqs. (2) and (3), the XT changed dominantly
at every phase-matching point where the equivalent effective indices are equal, and the changes appear random.
Only little oscillations occurred in XT at positions other
than the phase-matching points.
The reason why the dominant XT changes appear random is because the phase differences between the cores
are different for each phase-matching point. In the calculation, these random changes are deterministic; however,
they are considered to be stochastic in practice because the
phase differences can be easily fluctuated in practice by
slight variations in the bending radius, twist rate of fiber,
and so on. Therefore, to deal with such randomness of the
XT, we conducted a Monte Carlo simulation by introducing random phase shifts to Eq. (7), and investigated the relationship between the bend radius and statistical mean of
the simulated XT. In addition, we evaluated a fabricated
MCF, and validated the above consideration and simulation method. Comparisons between the measured and the
simulated XT are shown in Fig. 5. Points represent the averages of ten measurements under the same conditions,
and the MCF was rewound before each of the ten measurements. The error bars indicate the maximum and the minimum of the measured values at each bend radius. The
solid line represents the average of the simulated XT for
600 instances. The measured and the simulated XT are in
a good agreement. From these results, we revealed that the
measured XT can be predicted by the theoretical model.
Fiber designs considering the effect of the bend are necessary for the XT suppression in MCFs(4).

N

Simulated
(staistical mean)

-50

R pk
0

50

.............................. (9)

An,N ≈ – j Σ Knm,l exp ( jφrnd,l) .
l =1

The probability density functions (PDFs) of ℜ[Κnm exp ( jφrnd)]
and ℑ[Κnm exp( jφ rnd)] are not normally distributed; however, based on the central limit theorem, the PDFs of
ℜ[An,N] and ℑ[An,N] can converge to a normal distribution if N is large enough. With some assumptions, the
variance of ℜ[An,N]s and ℑ[An,N]s of the two polarization
modes can be analytically derived as(7):

1 2
λ Rb
κ nm
L,
2π neff,n Dnm
2

........................... (10)

where L is the fiber length. Since the sum of powers of l
random numbers—whose PDFs are the standard normal
distribution— has the PDF of the chi-square distribution
with l degrees of freedom (df), the PDF of X (≈ |An,N |2 =
{ℜ[An,N ]}2 + {ℑ[An,N ]}2) can be expressed as(7)

-30
-40

.............. (8)

where An,N is the An after N-th phase-matching point, φ rnd,N
the phase difference between the cores at N-th phasematching point, and Knm,N the coupling coefficient from
Core m to Core n for the discrete change. The phase difference φ rnd,N is a random number as we mentioned above.
If only Core m is excited (Am,0 = 1, An,0 = 0), by assuming adequately low XT, the approximations of |An,N | << 1 and Am,N
≈ Am,0 = 1 hold, and the XT value X can be approximated
as |An,N |2. Thus, Eq. (8) can be approximated as

σ 4df ≈

Measured
(average)

-20

Crosstalk [dB]

An,N = An,N – 1 – jKnm,N exp ( jφrnd,N) Am,N – 1 ,

2

-10

-60

because the characteristics of every core of the MCF transmission lines need to be managed. Therefore, we proposed a low-XT homogeneous MCF, where all the cores
are identical, by utilizing the bend for inducing the phase
mismatch(5)-(8).
In this section, we review the derivation and validation
of the analytical expressions of the statistical characteristics
of the XT of the homogeneous MCF, with which we can
easily design homogeneous MCFs.
If the bend perturbation is dominant, the XT discretely changes at every phase-matching point, as shown in
Fig. 4. These XT changes can be approximated as discrete
and random mode coupling:

100

150
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Fig. 5. Example of the dependence of the crosstalk on the bend radius

2-3 The crosstalk of the homogeneous MCF
Based on the previous section, it was found that the
XT can be suppressed if R b is adequately larger than R pk,
and large differences in the optical properties between the
cores are required to shorten R pk. On the other hand, it is
unfavorable to pack different types of cores into an MCF

f (X ) =

(

)

µX,nm ≈ 4 σ 24df ≈ κ 2nm

λ Rb
L.
πneff,nDnm

X
X
...................... (11)
exp –
,
4
2
4σ 4df
2σ 4df
and the mean value (mean XT) of X can be expressed as
..................... (12)

It can be found, from Eq. (12), that the XT can be suppressed by shortening the bend radius R b. In decibels,
99.99 percent of the XT distribution is µX + ~7.7 dB—the
XT distribution on the decibel scale has the constant shape
independent of µX.
The XT distribution expressed by Eq. (11) can be
measured with the wavelength scanning method(8). The XT
value X can be adequately dispersed by the randomization
of the phase difference between cores, thanks to the wavelength dependence of the propagation constant. A measured
XT spectrum is shown in Fig. 6, and the XT distribution ob-
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tained from the data of Fig. 6 is shown in Fig. 7. It can be
observed that X heavily varied with wavelength and that the
actual XT distribution is well fitted by Eq. (11).
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Table 1. Optical properties of cores of MCF-A

Fig. 6. Example of the XT spectrum

Transmission λ cc
loss [dB/km] [nm]
λ [nm] 1550 1625
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Fig. 7. Example of the XT distribution
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3. Demonstration of Ultra-Low-Crosstalk
Homogeneous MCF Feasible to
Long-Haul Transmission

Fig. 9. Mean crosstalk between neighboring cores of MCF-A
after 17.4-km propagation

We designed and fabricated a low-XT homogeneous
MCF (MCF-A) by using Eqs. (11) and (12)(5)-(8).
Figure 8 shows a cross section of the fabricated MCF-A.
The core pitch, the cladding diameter, and the coating diameter of MCF-A were 45 µm, 150 µm, and 256 µm, respectively. Table 1 shows the optical properties of each MCF-A
core. The transmission loss was 0.175–0.181 dB/km (avg.
0.178 dB/km) at 1550 nm, and no more than 0.192–0.202
dB/km in C+L band (1530–1625 nm), owing to the pure silica core technology. Furthermore, no loss degradations were
observed in the outer cores. Including other optical properties, the fabricated MCF was suitable for C+L band transmission that is necessary for long-haul transmission.
Figure 9 shows the mean XT between neighboring
cores of MCF-A, measured using the wavelength scanning
method(8). The measurement results were in good agreement with Eq. (12). The averages of the mean XT µX were

as low as −79.5 dB at 1550 nm, and −69.7 dB at 1625 nm.
Even µX from 6 outer cores to the center core (center-core
µX) was −72.3 dB at 1550 nm, and −62.1 dB at 1625 nm.
By using Eq. (12), the dependence of µX on the propagation length L and the bend radius R b can be estimated,
though the length and the bend radius of MCF-A was 17.4
km and 140 mm, respectively. Figure 10 shows the relationship between the propagation length, the bend radius, and
the center-core µX of MCF-A at 1550 nm. The center-core
µX and the 99.99 percent of the XT can be less than −30
dB, even after 10,000 km when R b is less than ~4 m and
~0.7 m respectively, and it was demonstrated for the first
time that the XT of the MCF can be suppressed enough
for ultra-long-haul transmission.
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Therefore, hereinafter, we will discuss the Q 2-factor instead
of the Q-factor. If we assume σ n = σ 1 = σ 2, and let S = |µ 1 −
µ 2 |, the nearest distance between the constellation symbols,
the Q 2-factor, can be expressed as
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Fig. 10. The relationship between the propagation length, the bend radius,
and the mean XT µX to the center core of MCF-A at 1550 nm. Diamond: R b and L where µX was measured. Contour lines represent
µX to the center core, estimated from the measurement values and
Eq. (12).

With this MCF, a transmission capacity of more than
100 Tb/s per fiber was achieved, for the first time, in the
transmission experiment conducted by The National Institute of Information and Communications Technology,
among others(18), (19)．

S2
.
4σ n2

....................................................... (15)

When we consider the total mean XT µX,total from other
cores, where the mean XT is defined as the average power
of the XT light divided by that of the signal power Ps, the
variance σ x2 of the XT light on the I–Q planes can be expressed as
2

σ x = Ps

µX,total
.
4

................................................. (16)

Since the variance of a sum of statistically independent variables equals to the sum of the variances of the statistically
independent variables, the Q 2-factor affected by the XT can
be expressed as
2

Qx =

S2
.
4 (σ n2 + σ x2 )

............................................... (17)

From Eqs. (15)–(17), XT-induced Q 2-penalty (Q n2/Q x2) can
be expressed as

(

Q n2
Ps
Ps
= 1 + Qn2µX,total 2 = 1 – Q x2 µX,total 2 .
2
Qx
S
S

4. Effect of the Crosstalk on the Transmission
Quality
In the previous section, the target level of the XT was
set such that the 0.9999-quantile of the statistical distribution should be less than −30 dB, after an earlier study(15),
which set the target of the XT between neighboring cores
as less than −30 dB. However, it was not necessarily based
on theoretical groundings, which should include the consideration of the behavior of the XT as a noise. Therefore,
we considered the effect of the XT on the transmission
quality(9),(10), based on the stochastic behavior of the XT,
which are described in the previous section.
Based on Section 2, the XT of the MCF stochastically
changes with the time/wavelength variation of the phase
difference between the cores, and the I- and Q-components*5 of the two polarization modes of coupled light (XT
light) are normally distributed with the variance of µX/4.
Like amplified spontaneous emission (ASE) noise(21) and
nonlinear interference noise(22), XT can be regarded as
a virtual additive white Gaussian noise when the bandwidth of the signal light is adequately broad, since the
XT changes rapidly in the wavelength.
The Q-factor—that is, the most commonly used figure
of the transmission quality— can be defined as(22):

|µ1 – µ2|
Q = σ 1 +σ 2

)

–1

, .... (18)

where Ps/S 2 is the value determined by the modulation format. Values of Ps/S 2 for typical ideal modulation formats
are shown in Table 2. Figure 11 shows the XT-induced Q 2penalty at Q x2 = 9.8 dB (bit-error rate BER = 1 × 10−3), which
was calculated using Eq. (18). The XT-induced Q 2-penalty
(Q n2/Q x2) can be suppressed to be less than 1 dB at Q x2 =
9.8 dB if µX,total can be suppressed to be less than −16.7 dB
for PDM-QPSK, −23.7 dB for PDM-16QAM, and −29.9 dB
for PDM-64QAM.
This result revealed that signals modulated with a
high-order modulation with a spectral efficiency (SE) of 10
bit/s/Hz or more can be transmitted with no significant
penalty if µX,total is less than about −30 dB after the propagation of the total MCF link, and that MCF-A can transmit
the high-SE signals over ultra-long-haul (> 10,000 km) links
in terms of the XT.

Table 2. Values of Ps/S 2 for the typical modulation format

..................................................... (13)

where µ i and σ i are the means and the standard deviations,
respectively, of the neighboring constellation points.
The decibel value of the Q-factor can be expressed as
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Modulation format

Ps/S 2

PDM-QPSK

1
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Q
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span length) × (the number of spans). This is because F,
B WDM, and the span length affect the ratio of ASE/NLI
noise increase per unit length to the XT increase per unit
length, but the number of spans does not affect the ratio.
Figure 12 shows the XT-induced SNR penalty in the
MCF with SSMF cores (loss ~ 0.19 dB/km, Aeff ~ 80 µm2) at
a wavelength of 1550 nm in the condition at the span
length of 80 km. It was found that the SNR penalty begins
to drastically degrade when µX,total per one 80-km span exceeds 10−4 (−40 dB), and that the effect of over suppression
of the XT is limited.

Total mean XT from other cores (µ X,total) [dB]

5. Enhancement of SNR in MCF
Though the XT of MCF-A was confirmed to be extremely low, the suppression of noises other than the XT
is also very important for long-haul transmission.
Recently, owing to the actualization of digital coherent
detection, the phase information of light can be received,
and linear distortions—such as the chromatic dispersion—
can be compensated by digital signal processing. Therefore, the suppression of the ASE noise and the nonlinear
interference (NLI) noise has become one of the most important issues for the SCF for high-capacity transmission(2),
and a recent high-capacity transmission experiment has
employed an SCF that has low loss for ASE noise suppression and large effective area Aeff for NLI noise suppression(23).
The XT of MCF-A was suppressed to an extremely low
level; however, the transmission loss was higher than that
of typical pure-silica-core SCF (≤ 0.17 dB/km)—though it
was lower than that of the standard SMF (SSMF) and the
lowest in reported MCFs, and Aeff was not improved from
SSMF. Therefore, we proposed an MCF that can suppress
the ASE and NLI noises by lowering loss and enlarging Aeff
and can properly suppress the XT simultaneously(11),(12).
5-1 Effect of crosstalk on SNR
For the single-core dispersion-uncompensated Nyquist
WDM*6 transmission system, SNR can be estimated using
closed-form equations(21), and the maximum SNR achievable in the system (SNRSC: the SNR includes ASE and NLI
noises but does not include XT) can be derived.
As described in Section 4, when the bandwidth of the
signal light is adequately broad, XT can be regarded as a
virtual additive white Gaussian noise, similar to ASE and
NLI noises. Accordingly, the maximum SNR achievable in
the multi-core system (SNRMC: the SNR includes ASE, NLI,
and XT noises) can be derived(11),(12), by expanding the
equations in Ref. (21). From the derived expressions, it was
found that the XT-induced SNR penalty (SNRSC/SNRMC)
is dependent on the noise figure F of optical amplifiers,
the whole bandwidth B WDM of WDM, and the span length
(interval of the amplifiers), but independent of the number of spans, or (the length of transmission link) = (the

XT-induced SNR-penalty [dB]

Fig. 11. XT-induced Q 2-penalty at Q w/XT2 = 9.8 dB
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Fig. 12. XT-induced SNR penalty in the MCF with SSMF cores (Aeff ~ 80
µm2). (F : the noise figure of optical amplifier, B WDM: the whole
bandwidth of WDM)

5-2 Fabrication of the low-loss large-Aeff low-XT MCF
µX,total of MCF-A was about −66 dB at 1550 nm after 80km propagation, and it can be noted that the µX,total was
suppressed too much in terms of the suppression of the XTinduced SNR penalty. Thus, by relaxing the target of µX,total
such as less than −40 dB after 80-km propagation and leveraging the relaxed margin for enlarging Aeff of each core,
we designed and fabricated an MCF (MCF-B) that can simultaneously achieve low loss, large Aeff, and low XT.
Figure 13 shows a cross-section of the fabricated MCF-
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Fig. 13. A cross-section of MCF-B
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Table 3. Optical properties of cores of MCF-B

Transmission λ cc
loss [dB/km] [nm]

λ [nm] 1550 1625

MFD
[µm]

Aeff
Disp.
D. slope
[µm2] [ps/(nm·km)] [ps/(nm2·km)]

1550

1550

1550

1550

Avg.

0.168 0.188

1462

12.2

124.1

21.7

0.063

Min.

0.163 0.183

1457

12.1

121.3

21.7

0.062

Max.

0.172 0.194

1470

12.4

126.9

21.7

0.063

5-3 SNR improvements of the fabricated MCFs from
standard SMF
Figure 16 shows the calculated results how the XTinduced SNR penalty (SNRSC/SNRMC, shown as dash-dotted
lines) and the SNR improvement ( SNRMC, shown as solid
curves) from the standard SMF depend on SNRSC and µX,total
after one span, for MCF-A and MCF-B (see Ref. (12) for the
details of the calculations). The calculation assumed a
whole WDM bandwidth of 10 THz, noise figure of amplifiers of 4 dB, and a span length of 80 km. The SNR improvement and penalty, represented by the contour lines, are
independent of the number of spans, as mentioned above.
It can be seen that the SNR improvement by ASE/NLI
noise suppression is cancelled if µX,total is larger than around
−40 dB after 80-km propagation. It was confirmed that the
SNR in each core was successfully improved in MCF-B by
the design change from MCF-A to MCF-B, which leveraged
the margin of the over suppressed XT of MCF-A for enlarging Aeff (and by lowering loss). Thus, it was revealed that
balanced improvements of Aeff, transmission loss, and XT
are important. The balance of Aeff and XT is especially important because Aeff enlargement weaken the power confinements into cores.
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B. Measured optical properties of MCF-B are shown in
Table 3 and in Figs. 14 and 15. The transmission loss we
achieved was 0.163–0.172 dB/km (average: 0.168 dB/km)
at 1550 nm, and no more than 0.183–0.194 dB/km over
the whole C+L band, which are the lowest values among
the reported MCFs. The Aeff s were 121–127 µm2 (average:
124.1 µm2). The core pitch and the cladding diameter of
MCF-B were 51 µm and 188 µm. The µX between the neighboring cores were from −62.8 dB to −59.2 dB (average:
−61.3 dB) for L = 6.99 km and R b = 140 mm at λ = 1550
nm, and the center-core µX was −53.1 dB. Accordingly, the
center-core µX was estimated to be −42.5 dB after 80-km
propagation.
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Fig. 15. Mean crosstalk between neighboring cores of MCF-B
after 6.99-km propagation

7

6. Conclusion
We reviewed the major achievements of our research
and development on the MCF. By investigating the behavior of the inter-core crosstalk (XT)—which does not occur
in the conventional single-core fiber— in detail, we proposed and validated the simulation model that can predict
the XT of actual MCFs, demonstrated the low-loss ultralow-XT MCF feasible for ultra-long-haul high-capacity
transmission by trial fabrication—the first > 100-Tb/s/fiber
transmission experiment was conducted using the fabricated MCF. We also theoretically revealed the behavior of
the XT as a noise, and improved the SNR of each core of
the MCF even under the existence of the XT.
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