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Abstract—We studied the characteristics of coupled-core four-
core fibers (CC-4CFs) with different core pitches both theoretically
and experimentally. The spatial mode dispersions of different fibers
were analyzed, and the result agrees well with theoretical ones. In
the experiment, we achieved a spatial mode dispersion as low as
3.72 ps/km'? for a 4 km-long CC-4CF with core pitch of 19 pm
at a bending radius of 8 cm. The impulse response matrices of
four core fibers with different core pitches was investigated using
swept-wavelength interferometry over 100 nm bandwidth. The
impulse responses were Gaussian-shaped and consistent between
different inputs and outputs for CC-4CFs. Our results show that the
CC-4CFs with core pitches of 17 and 19 pom exhibit narrower pulse
broadening. In addition, the mode-dependent losses of different
fibers were analyzed. For the fibers with core pitch of 19 pim, the
estimated mode-dependent loss was lower than 3 dB for the entire
100 nm bandwidth. Our results are especially helpful for developing
coupled-core multicore fibers for long-haul transmission applica-
tions.

Index Terms—Coupled-core multicore fiber, impulse response,
spatial mode dispersion, swept-wavelength interferometry,
transfer matrix.

1. INTRODUCTION

ULTICORE fibers (MCFs) have been considered to be

promising candidates to overcome the upcoming capac-
ity crunch of traditional fiber transmission systems [1], [2], [3].
They can be divided into weakly-coupled MCF (WC-MCF) and
coupled-core MCF (CC-MCF). For WC-MCFs, cores are used
as independent channels for data transmissions [4]. The core
pitch of this type is sufficiently large to suppress the inter-core
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crosstalk. On the other hand, the core pitch of CC-MCF is
relatively small to introduce random mode coupling, which has
distinctive advantages such as reduced spatial mode dispersion
(SMD) [5], lower mode-dependent loss (MDL) [6], and miti-
gation of nonlinear effect [7]. Several transmission experiments
have shown that CC-MCFs are promising fibers from the point
of view of both system architecture design and applicability
for long-haul transmission using multiple-input-multiple-output
(MIMO) digital signal processing (DSP) technology [8], [9],
[10].

SMD and MDL are important characteristics of CC-MCFs.
Reduced SMD can effectively reduce the MIMO DSP complex-
ity [11]. MDL leads to the difference in the mode optical signal-
to-noise ratio (OSNR), which results in non-unitary channel
transfer matrix and then cause the degradation of MIMO DSP
[12]. The SMD and MDL mainly rely on the mode coupling
between cores and external perturbation like fiber twisting and
bending [13]. Mode coupling characteristics are susceptible to
many factors like core pitch, index profile, and core arrangement,
of which the core pitch has a more direct and significant effect
[14], [15]. As a result, core pitch design optimization is crucial
for the design of CC-MCFs.

Inrecent years, the 125 zm-cladding MCFs have been studied
extensively due to their good reliability and compatibility with
standard single-mode fiber (SSMF) facilities. The CC-MCFs
with 125 pm cladding have also received wide attention and
have been deployed and tested in the field [16]. There are
some numerical studies about the SMD and mode coupling of
CC-MCFs [17]. The SMD analysis of different coupled-core
two-core fibers with homogeneous and heterogenous cores has
been studied [18]. And the comparison between transfer matrices
of coupled-core four-core fiber (CC-4CF) and weakly-coupled
four-core fiber (WC-4CF) has been proposed [19]. However,
the SMDs and transfer matrices of CC-4CFs with different core
pitches have not been experimentally studied and analyzed yet.

In this article, we experimentally investigated the dependence
of SMD and transfer matrix on core pitch of CC-4CFs for
the first time to the best of our knowledge. Distinguishable
differential group delay (DGD) distribution can be observed for
CC-4CFs with different core pitches, and the measured SMDs
agreed well with the calculated ones. In our experiment, the
lowest SMD coefficient of 3.72 ps/km!? was achieved for a
4 km-long CC-4CF with core pitch of 19 um, which is the
lowest SMD ever reported when the fibers under test were wound
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Fig. 1. (a) Fiber modeling by the concatenation of segments. (b) Schematic
of the four-core fiber with bending and twisting. (c¢) Calculated (blue line) and
measured (red square) SMD after 1 km propagation for different core pitches.

on the standard 8 cm-radius bobbins. The impulse response
matrices of four core fibers with different core pitches were also
investigated using swept-wavelength interferometry (SWI) over
100 nm bandwidth. The MDLs of different fibers were estimated
from the measured transfer matrices, and it was lower than 3 dB
for the CC-4CF with a core pitch of 19 m over the entire 100 nm
bandwidth. The presented studies give a detailed investigation
for the impact of the core pitch on the performance of multicore
fibers and are beneficial for developing coupled-core multicore
fibers for long-haul transmission applications.

II. FIBER DESIGN AND FABRICATION

We employed a coupled mode theory to study the mode
coupling effect and SMD of the CC-4CFs [20], [21], which can
be expressed as

dAl (Z)
dz

= —iBiAN2) + 3 Y FimAm(2), (1
m#l

where Aj(z) and A,,(z) are the complex field amplitudes, and

B is the propagation constant of the core /. The r,, represents

the coupling coefficient between the core [ and core m, which is
calculated by [22]

S5 ) (N? = N2 E] - Eyydady
[ [ u, - (B} x Hy+ E; x H})dzdy'
@)
where w is the angular frequency of electromagnetic field, ¢ is
the permittivity in the vacuum. E; and F,, represent the electric
field distribution in core / and core m. The fiber was modeled as

a concatenation of many segments, as shown in Fig. 1(a). The
length of the segment is set to be small enough so that the fiber

Rim = WEQ
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(a) A=17 um (b) A=19 uym (c) A=20 ym

(d) A=23 ym

Fig. 2.  Cross-sectional micrographs of fabricated 4CFs with core pitches of
about (a) 17 pm, (b) 19 pm, (¢) 20 pm, (d) 23 pm, and (e) 35 pm.

in each segment can be assumed to be uniform. In each segment,
the solution of (1) can be expressed as

Az + Az) = Ul(w) - A(2), 3)

where A(z) = [A1(2); A2(2); ...; An(2)] is a column vector of the
field amplitude. U'(w) is the transmission matrix of i-th segment.
And the total transmission matrix of the fiber is given by

N
Ut (w) = HUi(w), %)
i=1

where N is the total number of segments. The group delay
operator GDO(w) is defined as [23]

1 dUtat (w)

dw )

GDO(w) = —j(U""(w))

The SMD of the fiber is given by

(©)

where n is the total number of modes, and 7, is the i-th eigenvalue
of the GDO(w).

In our calculation, a typical single-mode fiber core design
(r=4.5 um, A = 0.37%) was adopted for the CC-4CFs, and a
core radius difference of +1% was used to assume the inter-core
differences introduced during the drawing process. The random
coupling was considered by fiber bending and twisting, as shown
in Fig. 1(b). A constant bending radius R} of 8 cm was adopted in
accordance with our experimental conditions. The fiber twisting
state v includes a determined twisting with a peak rate of 5
turn/m and a random twisting with a standard deviation of 0.3
turn/m'’? [24]. The simulated relationship between the core pitch
and the SMD of CC-4CFs after 1 km propagation is shown in
Fig. 1(c)(blue line). The calculated result indicates that the SMD
of CC-4CFs is highly dependent on the core pitch. The SMD of
the fiber decreases exponentially with the increase of core pitch
and the minimum SMD is achieved when the core pitch is about
20 pm. When the core pitch increases further, the SMD increases
and gradually converges to a constant value.

We designed and fabricated a group of four-core fibers (4CFs)
with different core pitches as shown in Fig. 2 according to the
theoretical result. The core pitches were measured to be about
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TABLE I
OPTICAL CHARACTERISTICS OF THE FABRICATED 4CFS

4CF17 4CF19 4CF20 4CF23 4CF35
Core pitch 17 19 20 23 35
(um)
Coupling coefficient g3 491 274 g3 0.1
(m™)*
Attenuation
(dB/km) 0.25 0.29 0.34 0.21 0.22
Chromatic dispersion
(ps/nm/km) 17.10 18.74 18.99 16.83 17.72
* The calculated coupling coefficient between the adjacent cores.
core
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Fig. 3. Experimental setup for SMD measurement.

17,19, 20, 23, and 35 pm, respectively. These 4CFs are labeled
according to their core pitches, namely 4CF17, 4CF19, 4CF20,
4CF23 and 4CF35, respectively. Four cores are arranged in a
square lattice structure. Each core of the 4CFs was identical and
designed to be a single-mode core in accordance with ITU-T
recommendation G.652.D. The core diameter of the fibers was
9 pm with a mode field diameter of about 9.6 ym at 1550 nm.

The attenuations of the fabricated 4CFs were measured with
a cutback method [25]. A large-area photodetector was used to
receive the output power of all cores when the light was input
into a single core in the attenuation measurement. The measured
attenuation differences between each input core were lower than
0.1 dB. The attenuations were averaged over each input core and
were measured to be about 0.25,0.29,0.34,0.21, and 0.22 dB/km
at 1550 nm for 4CFs with core pitch of about 17, 19, 20, 23, and
35 pm, respectively.

The chromatic dispersions (CDs) of each fiber were measured
with a phase shift technique [25]. The measured CDs of different
4CFs are listed in Table I. The CDs of fabricated 4CFs were close
to the CD of the SSMF.

III. SPATIAL MODE DISPERSION MEASUREMENT

We measured the SMD of the 4CFs based on the fixed analyzer
method, which is usually used in the polarization mode disper-
sion measurement [26], as shown in Fig. 3. A tunable laser source
(TLS) was used to generate the wavelength-scanning signal. Two
pairs of moving stages were used to align the input and output
SSMF to the same core of the 4CFs. The fibers were wound on
the standard 8 cm-radius bobbins. The transmitted spectrum of
each core from 1520 nm to 1580 nm with 1 pm step was measured
for A = 17, 19, 20, and 23 pm. For A = 35 pum, the input
SSMF was replaced by a 62.5 pm-core MMF. And the MMF
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(black line in (a—d)) of the 4CFs.

was directly coupled to the 4CF with center alignment to excite
all the spatial modes. The wavelength was set to 1545-1555 nm
with 0.1 pm step, and a MMF was used to receive the power
from all the output cores.

The measured transmitted spectrum was then Fourier trans-
formed to obtain the autocorrelation function of the intensity
impulse response of each fiber, which was also the DGD dis-
tribution of the spatial modes. Fig. 4(a)—(d) show the measured
DGD distributions of the 4CFs with core pitches of about 17, 19,
20, and 23 pim, respectively. The result was the DGD distribution
measured from one core of each fiber, and the DGD distributions
of other cores are similar. The DGD distributions were Gaussian
shaped due to the random coupling of spatial modes, which
indicated that these fibers are CC-4CFs. Fig. 4(e) shows the
measured DGD distribution of 4CF with a core pitch of 35 pym.
A waveform of several separated peaks was observed, indicating
a negligible coupling between the core of this fiber. As a result,
the fiber with core pitch of 35 um is a WC-4CF at a length of
3 km. The delays of these peaks in Fig. 4(e) were time delays
between the light propagating independently in different cores,
which might be introduced by the core deviation caused by
the fabrication process and the existing of fiber bending and
twisting.

For CC-4CFs, SMD is defined as the standard deviation of
the Gaussian fit curve for the DGD distribution. The measured
SMD coefficient was averaged over the result of four cores, as
listed in Table II. We compared the measured SMD coefficients
with the simulated ones, as shown in Fig. 1(c) red squares
and blue lines. The experimental results agreed well with the
simulated ones. The SMD coefficients can be well suppressed
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TABLE II
MEASURED SMD COEFFICIENT OF THE CC-4CFs [Ps/kM'/2]*

Corel Core2 Core3 Core4 Avg.
A=17pm  4.27 4.08 4.34 4.13 4.21
A=19um 3.74 3.73 3.70 3.72 3.72
A=20 um 4.44 4.90 4.51 4.39 4.56
A=23 um  45.5 44.4 45.0 44.0 44.7
* The bending radius of the fibers are 8 cm.
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Dependence of the measured SMD of CC-4CF on fiber length. The
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for fibers with a core pitch of around 20 pum. The measured
lowest SMD coefficient of 3.72 ps/km!? was achieved for a 4
km-long CC-4CF with core pitch of 19 pm, which is the lowest
SMD ever reported when fibers under test were wound on the
standard 8 cm-radius bobbins. The difference in the core pitch
of the minimum SMD of about 1 um between experimental and
theoretical results may result from the discrepancy in both fiber
fabrication and fiber winding conditions.

The dependence of the SMD of CC-4CF on fiber length was
investigated, as shown in Fig. 5. The CC-4CFs with different
lengths and core pitch of 17 um were both wound on the
8 cm-radius bobbins. The measured SMDs (black squares) fitted
well with the black line, which is proportional to the square root
of the propagation distance.

IV. CHARACTERISTICS OF TRANSFER MATRIX

The transfer matrices of different 4CFs and the matched fan-in
and fan-outs (FIFOs) were measured using SW1, which has been
commonly used to characterize space-division-multiplexing
components and systems [27], [28]. The experiment setup is
shown in Fig. 6. The light from the TLS was swept from 1500 to
1600 nm with a sweep rate of 200 nm/s. The main interferometer
consisted of the fiber under test (FUT) and a reference SMF. The
optical path length of the reference SMF was set to be close to
the FUT. The interference fringes between the signals of the
FUT and the SMF were obtained with balanced photodetectors
(BPD). The transmission spectrum H(w) of the FUT can be
extracted from the interference signal. By performing the inverse

IEEE PHOTONICS JOURNAL, VOL. 16, NO. 1, FEBRUARY 2024

Fourier transform on H(w), the impulse response A(t) can be
obtained. The auxiliary interferometer structure in the lower
part of Fig. 6 was used to compensate for the phase noise of
the swept-wavelength laser [29].

Two orthogonal polarization states were input into the 4CFs
through a polarization multiplexer placed in front of the 1x4
splitter. The two input polarizations were delayed (77) with
each other to ensure that signals with different input polarization
states do not mix in the beat frequency domain. The output signal
of two polarization states was received separately through a
polarization beam splitter (PBS). Considering two orthogonal
polarizations of each spatial mode, the 4CFs systems include 8
inputs and 8 outputs corresponding to an 8§ x 8 transfer matrix.

For CC-4CFs, the 64 elements of the full 8 x8 complex trans-
fer matrix need to be measured together due to the strong cou-
pling between the spatial modes. By adding different fiber delays
(71-7¢) in the front and the end of the FUT, the impulse responses
of each input-output combination were time interleaved by 1 ns
so that all the elements in the 8 x8 impulse responses matrix
can be simultaneously obtained. The measured intensity impulse
response matrices of the CC-4CFs with core pitch of 17, 19, and
23 pm were shown in Figs. 7-9. The lengths of the fibers were 4
km, 4 km, and 10 km, respectively. Here, the full 8 x 8 matrix was
reduced to a 4 x4 intensity impulse response matrix, in which the
polarizations of each spatial mode were summed together. The
second-order dispersion was numerically compensated during
the signal process. In Figs. 7-9, the measured impulse responses
of different CC-4CFs are both Gaussian-shaped and the 8x8
impulse response waveforms in each matrix are found to be
almost identical. These results indicate that the spatial modes
were strongly coupled in these fibers. The pulse widths (twice the
standard deviation of the Gaussian-fitted impulse response) were
averaged over different inputs and outputs and were measured to
be 8.38, 7.85, and 147.47 ps for CC-4CFs with core pitch of 17,
19, and 23 pm. The corresponding SMD coefficients are 4.19,
3.96, and 46.63 ps/km 2, respectively. The impulse responses of
CC-4CFs are highly dependent on the core pitch, and the optimal
value is consistent to our simulation result.

The spectral transfer matrix can be obtained by performing
Fourier transform on each element of the 8§ x8 impulse response
matrix (both the spatial modes and polarizations are considered).
The MDL can be calculated by performing singular value de-
composition (SVD) on the 8 x8 spectral transfer matrix at each
optical frequency. The MDL value is the ratio between the max-
imum and the minimum A?(w), where the A;(w) are the singular
values [30]. Fig. 10 shows the estimated MDLs for different
CC-4CFs over the 100 nm bandwidth. All the MDLs were lower
than 6 dB over the entire 100 nm bandwidth. For CC-4CF with
core pitch of 19 pum, the MDL was relatively flat and below 3 dB
within the whole measurement range. The MDL we estimated
included the loss difference between cores of the CC-4CFs and
the FIFOs with corresponding core pitches. Table III lists the
insertion losses of the FIFOs used in the experiment, which
were designed and fabricated by fused tapering method [31].
The deviation of different FIFO ports for core pitch of 17 um
was relatively higher than the others. Therefore, we observed
higher MDL levels and more fluctuations in the measured result
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TABLE III
MEASURED INSERTION LOSS OF FIFO FOR DIFFERENT FIBERS [dB]

Portl Port2 Port3 Port4

Fan-in 1.89 1.42 1.03 1.39
A=17 pm

Fan-out  2.66 2.32 2.89 1.24

Fan-in 1.78 1.01 1.43 1.76
A=19 pm

Fan-out  1.00 0.77 1.31 1.00

Fan-in 1.65 2.03 1.36 1.62
A=23 pm

Fan-out 1.05 1.14 1.95 1.61

Fan-in 0.51 1.29 1.21 1.69
ASSum g out 077 0.99 1.04 1.20

for the CC-4CF with core pitch of 17 um. Fig. 10(c) shows the
estimated MDL for CC-4CF with core pitch of 23 pum. There
was a slight increase of the MDL in the short wavelength region,
which may be induced by the wavelength dependence of the
FIFO device. For CC-4CF with core pitch of both 17 and 23
pm, the MDL was lower than 6 dB over the 100 nm bandwidth.

We also measured the impulse response matrix of the WC-
4CF with core pitch of 35 pum (4CF35). Fig. 11 shows the
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measured impulse response matrix of a 5 m-long 4CF35 and
FIFO. It can be found that the light incident from each core
was still transmitted in the same core without distortion. The
small pulses in the non-diagonal items of the impulse response
matrix were induced by the crosstalk of the FIFO device and
were smaller than —40 dB. The impulse response matrix for
the 3 km-long 4CF35 and the FIFO was measured, as shown in
Fig. 12. The light mainly propagated within the input core. But
the pulses would broaden due to the inter-core crosstalk during
the propagation. In the impulse response matrix, the pulse tails
in the diagonal term and the plateaus in the non-diagonal term
corresponded to the crosstalk from the incident core to the other
cores. The plateau width in the non-diagonal term was the group
delay difference (or inter-core skew) between the corresponding
input and output cores. The relative group delays of the 3
km-long 4CF35 were estimated to be 0, 1.00, —0.69, and —0.38
ns for core 1,2, 3, and 4, respectively. The results agree well with
the result in Fig. 4(e). The integrals of the crosstalk plateau were
the relative crosstalk level between the corresponding input and
output cores, which was measured to be lower than —15 dB. The
crosstalk of the 4CF35 was relatively high since the index profile
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Fig. 12. Measured impulse response for 3 km-long WC-4CF with

A =35 pm.

of the fiber is a step-index structure to maintain consistency
with other fibers in our experiments. Various structures like
trench-assisted and air-hole-assisted designs can be used to
reduce the crosstalk in the design of weakly-coupled multicore
fibers.

V. CONCLUSION

We studied the characteristics of coupled-core four-core fibers
(CC-4CFs) with different core pitches both theoretically and
experimentally. The spatial mode dispersions of different fibers
were analyzed, and the result agrees well with theoretical ones.
In the experiment, we achieved a spatial mode dispersion as
low as 3.72 ps/km'? with core pitch of 19 ym at a bending
radius of 8 cm. The impulse response matrices of different
fibers were measured using the SWI method. For CC-4CFs, the
impulse responses are Gaussian-shaped and almost consistent
between different inputs and outputs. The CC-4CFs with core
pitches of 17 and 19 pm shown narrower pulse broadening.
We calculated the averaged pulse width and MDL of different
CC-4CFs from the measured impulse response matrices. The
averaged pulse widths agree well with the measured SMD. The
dependence of MDL on core pitch was discussed. For CC-4CF
with core pitch of 19 pm, the estimated MDL is lower than 3
dB for the entire 100 nm bandwidth. The presented studies give
a detailed investigation for the impact of the core pitch on the
performance of multicore fibers and are beneficial for devel-
oping coupled-core multicore fibers for long-haul transmission
applications.
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