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We report multicore fibers (MCFs) with 10 and 16 linearly
distributed cores with single-mode operation in the visi-
ble spectrum. The average propagation loss of the cores is
0.06 dB/m at λ= 445 nm and < 0.03 dB/m at wavelengths
longer than 488 nm. The low inter-core crosstalk and nearly
identical performance of the cores make these MCFs suitable
for spatial division multiplexing in the visible spectrum. As a
proof-of-concept application, one of the MCFs was coupled
to an implantable neural probe to spatially address light-
emitting gratings on the probe.
© 2021 Optica Publishing Group under the terms of the Optica Open
Access Publishing Agreement
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Multicore fibers (MCFs) and spatial division multiplexing
(SDM) techniques have been investigated extensively, pre-
dominantly at telecommunication wavelengths to increase the
information capacity of optical fibers [1–4]. Meanwhile, emerg-
ing applications in biosensing [5], neuroscience [6–11], and
quantum computing [12,13] require photonic integrated circuits
(PICs) and optical fibers in the visible spectrum. In these appli-
cations, SDM can be leveraged to simultaneously address a
plurality of waveguides on the PIC. MCFs can enable such SDM
with a single fiber, simplifying the packaging and miniaturizing
the form factor. In contrast to imaging fiber bundles [14], MCFs
have precisely positioned cores that can be designed to interface
with edge or grating couplers on a PIC.

A challenge to MCFs in the visible spectrum is that the core
diameters are typically smaller for single-mode (SM) operation
compared with telecommunication wavelengths and the mode;
hence, inter-core crosstalk may be more sensitive to variations
in the core dimensions. Another challenge is that glass fibers
have a larger optical loss in the visible spectrum than in the
infrared wavelength range. Fortuitously, the near-term appli-
cations of visible spectrum MCFs require fibers that are only
several meters long, in contrast to the thousands of kilometers
required for telecommunications. This eases the requirements of
MCF in terms of crosstalk and propagation losses. To the best of
our knowledge, an MCF with SM operation for the full visible
spectrum has not been reported before.

In this letter, we demonstrate 10- and 16-core MCFs for
λ= 445–640 nm with a one-dimensional distribution of the
cores, which is necessary for PIC edge coupling. The uncoupled
MCFs are single mode, have low optical losses, low crosstalk,
and low bending losses, and the cores exhibit nearly identi-
cal characteristics. As a proof-of-concept application, we used a
MCF to edge couple to a PIC that is an implantable neural probe,
such that each fiber core addressed a light-emitting grating on
the probe chip. Implantable neural probes have tight constraints
on their form factors; thus, MCFs are ideal to achieve broadband
fiber-to-chip coupling and spatial addressing for the probes.

Optical micrographs of the cross section of the homogeneous
10- and 16-core MCFs are shown in Figs. 1(a) and 1(b), respec-
tively. The targeted core-to-core distances (core pitch) were
24 µm and 16 µm. To ease the fabrication process, a step-index
profile was chosen, and a moderate refractive index contrast
of ∼0.005 between the core and cladding was achieved using
a 3.4 mol% GeO2-doped core surrounded by a SiO2 cladding.
Fiber-core canes were produced by the outside vapor deposition
(OVD) process, which provides consistent geometric proper-
ties and high strength [15]. The OVD process further enables
nearly contamination-free glass deposition due to the very tight
control of chemicals entering the vapor and thus the glass. A
pure silica cladding blank was similarly produced and split into
two. The appropriate configuration of holes was drilled in the
resulting blanks. The canes were inserted in the holes and fiber
was drawn via conventional techniques. As shown in Figs. 1(a)
and 1(b), the outer cladding diameter in both MCFs was kept
to 300 µm. The MCFs were enclosed in a 100-µm-thick protec-
tive coating. For the MCFs to be SM in the visible spectrum,
the core diameter of both fibers was set to 2.6 µm with the tar-
geted 1/e2 mode field diameter (MFD) of 3.2 µm at λ = 500nm.
This core diameter, which is similar to those of other commer-
cially available single-core SM fibers (e.g., Corning RGB400),
results in SM performance of the MCFs in the visible range (λ >
400 nm) assuming the aforementioned index contrast, as shown
in Fig. 1(c).

The wavelength-dependent refractive indices of the core and
cladding are calculated by fitting the Sellmeier equation to the
measured refraction values measured at telecom wavelengths,
as well as the MFDs measured at discrete wavelengths in the
visible range. The simulated and measured MFD values of the
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Fig. 1. Micrographs of the (a) 10-core and (b) 16-core MCF
facets illuminated with white light. (c) Calculated refractive indices
of the lowest-order modes (LP01 and LP11). (d) Simulated (lines)
and measured (points) mode field diameters of the MCFs in the
visible spectrum.

MCF in the visible spectrum are shown in Fig. 1(d), where the
blue curves show the calculated MFD for the nominal core size
(solid line) and for variations of the core diameter of ± 200 nm
(dashed and dotted lines). Although slight variations of the core
diameter can reduce the crosstalk due to a change in the rela-
tive propagation constant between cores and thus decrease the
inter-core coupling, a large MFD can increase the crosstalk at a
constant core diameter due to a larger overlap between adjacent
modes. We measured the MFDs of the MCFs by coupling light
at discrete wavelengths of 445, 488, 514, 532, 564, 591, and
640 nm and recording the output profile at each core using a
camera (FLIR GS3-U351S5M).

A high core density, low attenuation, and a large effective
area are key characteristics of MCFs for improving the optical
signal-to-noise ratio and SDM efficiency [2,16]. To compare the
core densities of MCFs, a core multiplicity factor (CMF) was
defined in [17] as CMF= 4nAeff/π(CD)2, where n is the number
of cores, Aeff is the effective area of the mode, and CD is the
cladding diameter. The CMFs of the 10-core and 16-core MCFs
at a wavelength of 532 nm with an Aeff of 9.5 µm2 are 1.3 × 10−3

and 2.2 × 10−3, respectively. The relative CMF (RCMF), which
can be defined as the ratio of the CMF of an MCF to that of a
standard single-core SM fiber at the same wavelength with an
effective core area of 10 µm2 [2], is 2.63 and 1.65 for the 16-core
and 10-core MCFs, respectively. The RCMF is limited by the
one-dimensional, linear arrangement of the cores.

Fig. 2. (a) Calculated and measured bend losses of MCF with
different radii. (b), (c) Measured bending losses of individual cores
at 640 nm wavelength and a bending radius of 1 cm for (b) 10-core
and (c) 16-core MCFs.

The radiative bend losses of the MCFs, calculated using
the software Lumerical MODE, are shown in Fig. 2(a) (solid
lines) for bend radii of 10, 20, and 30 mm in the visible spec-
trum. In these simulations, the bend loss was calculated for
a single core, and the perfectly matched layers were placed
15 µm from the core center, which is closer than the adja-
cent core. In this case, any crosstalk due to the bend would
manifest as a loss, and the calculated bend loss is indepen-
dent of the bend orientation, which is an overestimation of the
actual bending loss. We measured the bend losses of the MCFs
using 20 to 800 turns of MCFs. At λ= 640 nm, the bend losses
of the 16-core fiber were 5.5× 10−4 ± 1.9× 10−4, 0.01± 0.004,
and 0.19± 0.09 dB/turn, respectively, for bend radii of 3 cm,
2 cm, and 1 cm, whereas we measured 6.7×10−4 ± 2.2× 10−4,
0.014± 0.006, and 0.037± 0.014 dB/turn for the same radii with
the 10-core fiber. At λ= 594 nm and for a radius of 1 cm, the
bending losses were 0.013± 0.004 and 0.024± 0.009 for 16-
core and 10-core fibers, respectively. At shorter wavelengths.
due to the low bend losses (<<10−3 dB/turn), we were unable
to measure the loss given the available length of the fiber. In
the measurements, the fiber orientation was not kept constant;
thus, the measured values represent the bend loss averaged over
arbitrary orientations, as would be the case in practical appli-
cations of the MCFs. Compared with the simulated losses, the
measured values were slightly lower, which is expected due to
the aforementioned overestimation of the loss in the simulation.
The performance of the fibers was stable at a bend radius of 1 cm
after 60 days. The bend losses of individual cores at λ= 640 nm
and r= 1 cm are shown in Figs. 2(b) and 2(c), and cores closest
to the edge of the fiber have higher losses.

Next, we investigated the core positions of the MCFs. Figure 3
shows the core pitch (here defined as the center-to-center dis-
tance relative to the left core) in each MCF, as measured at four
different cross-sections separated by at least 20 m. The average
core pitches of the 10-core and 16-core MCFs were, respectively,
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Fig. 3. Core-to-core distances measured at four different facets of
the 10-core (a) and 16-core (b) MCFs. The horizontal dashed line
in each figure indicates the average core pitch.

24.1 ± 0.3 and 16.3 ± 0.2 µm24.1 and 16.3 µm, with standard
deviations of 0.3 and 0.2 µm.

The propagation losses of the fibers were measured using the
cutback method. A diagram of the measurement setup is shown
in Fig. 4(a). The MCFs were characterized by launching light
from laser diodes into each individual core via an objective lens.
A computer-controlled micro-electromechanical mirror selected
the core to excite. The setup is similar to the one described
in [18]. To measure the attenuation of the 10-core MCF, fiber
lengths of 10, 20, 50, and 250 m were used. For this MCF,
Fig. 4(b) (left) shows that the average propagation loss of the
cores was < 0.06 dB/m at 445 nm wavelength and < 0.03 dB/m
at wavelengths larger than 488 nm. Cutback measurements of
the 16-core MCF were done using fiber sections 10, 20, 40, and
335 m long, and the results are shown in Fig. 4(b) (right). The
average propagation losses of the 16-core fiber at wavelengths
of 445, 488, 514, and 532 nm were, respectively, 0.063, 0.030,
0.021, and 0.013 dB/m. The loss was less than 0.01 dB/m for
wavelengths longer than 561 nm.

The maximum deviation in the loss occurred at 445 nm wave-
length and was ± 0.0028 dB/m, which was only 4.5% of the
average loss at this wavelength. This deviation was smaller at
the other wavelengths for both fibers, and thus we can con-
clude that the variation in the propagation loss for the cores was
within a range of ± 5%. Figure 4(c) shows that the absolute
optical powers reaching the end of each core were similar, with
slight decreases at the cores that were farther from the center
of the MCF. This was expected, since the coupling efficiency
(free space to fiber) for the cores near the edge was slightly
reduced due to the input beam being off-axis and thus slightly
tilted relative to the fiber.

A trade-off exists between core density and crosstalk in
uncoupled MCFs. As a rule of thumb [1], if the core-to-core
distance between two adjacent cores is less than seven times
the core radius, the guided modes become degenerate and the
MCF can support the supermodes. Therefore, we investigated
the inter-core crosstalk particularly in the 16-core MCF, where

Fig. 4. (a) Cutback measurement setup. (b) Optical losses along
the 10-core (left) and 16-core (right) MCFs measured using the
cutback method. (c) Comparison of the power transmitted via each
individual core at a wavelength of 532 nm (green/light gray bars)
and 488 nm (blue/dark gray bars) along a 250-m-long 10-core fiber
(left) and a 335-m-long 16-core fiber (right).

Fig. 5. Images of the output facets of a 250-m-long 10-core fiber
(a) and a 5-m-long 16-core fiber (b). (c) Cross-coupled power ratio
in 1 m.

the pitch was only ∼12 times the core radius. As shown in
Fig. 5(a), while no cross-coupled light between the cores at the
output facet of the 250-m-long 10-core fiber was observed, the
crosstalk became evident at the output of a 5-m-long 16-core
fiber (Fig. 5(b)) at longer (red) wavelengths.

We simulated the inter-core crosstalk using coupled mode
theory (CMT) [2] for both fibers, assuming the nominal values
of the core pitch and diameters. In this simplified CMT
model, by neglecting the random fluctuations in the longi-
tudinal direction (z), the cross-coupled power ratio in a pair
of straight fibers is simply Pcross/P0 = Fsin2(z/2Lc), where F
is the power conversion efficiency and Lc is the crossover

length (= π/2
√︂
κ2 + (∆β/2)2, with κ and β the per-length mode

coupling and the propagation constant, respectively). In our sim-
ulations, ∆β = 0 since the fibers are homogeneous MCFs, and
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κ is simulated by taking the effective index difference between
the even and odd supermodes. The calculated fiber cross-power
ratios shown in Fig. 5(c) as blue (top; 16-core) and purple (bot-
tom; 10-core) curves suggest that the cross-coupled power of
the 16-core MCF is ∼105 times larger than the 10-core MCF at
red wavelengths over a 1-m propagation distance.

We characterized the crosstalk by comparing the output power
of the adjacent cores using the same setup shown in Fig. 4(a)
and replacing the large-area photodetector with a linear camera.
Figure 5(c) shows that the worst-case measured cross-coupled
power ratios in the 16-core fiber were−53,−39,−25, and−11 dB
over 1 m, respectively, at wavelengths of 532, 564, 591, and
640 nm. The measured crosstalk averaged over all cores was
−17 dB over 1 m at λ= 640 nm. The measured crosstalk (yellow
curve with diamond symbols) was smaller than the simulated
values (blue curve at the top). This discrepancy can be attributed
to a larger fabricated core pitch (16.3µm) than the nominally
designed value. Moreover, slight variations of the core diameter,
as mentioned, could reduce the coupling coefficient, and thus
the cross-coupled power can vary along the MCF. We could
not observe or measure the crosstalk in the 10-core fiber at
any wavelength; nor that in the 16-core fiber at λ < 532 nm.
Nevertheless, based on the minimum detectable power in our
measurement system, and the maximum available length of the
fiber, we can determine that the crosstalk was < −65 dB over 1
m in the 10-core and 16-core fibers for λ < 532nm.

As a proof-of-concept application, Fig. 6 shows the 16-core
fiber coupled to a row of edge couplers on a PIC that is an
implantable neural probe [9,14]. Neural probes have a tight size
constraint for minimal interference with the behavior of the
animal under study; thus, an MCF is ideally suited to couple
light into multiple inputs on the chip. Each edge coupler was
connected to a grating coupler on the shank of the probe. The
gratings emit light into brain tissue. Four grating couplers were
on the probe shank. The spatial addressing scheme to use such
neural probes is described in [9]. The average coupling loss
from the fiber to the PIC at λ = 488 nm was 9.5± 0.78 dB. For
benchmarking, we measured the coupling loss when the MCF
was replaced with a single-core fiber (Nufern S405), which was
9.6± 0.5 dB, similar to the MCF and in good agreement with
the simulated loss of 8.1 dB. The coupling loss can be reduced
with an alternate edge coupler design. Our bilayer design in [19]
showed a fiber-to-chip coupling loss of < 4 dB across the visible
spectrum with a 1-dB alignment tolerance of about ± 1 µm.

Fig. 6. 16-Core MCF coupled to an implantable neural probe.
The top row of insets shows the MCF coupled to a row of edge
couplers. The bottom row of insets shows the light emitted from
grating couplers, each of which is connected to an edge coupler.

In conclusion, we have demonstrated 10- and 16-core uncou-
pled MCFs in the visible spectrum with propagation losses of
about 0.06 dB/m at 445 nm and < 0.03 dB/m at λ > 488 nm.
While the inter-core crosstalk in the 10-core MCF was < −65 dB
over 1 m at λ < 640 nm, a denser architecture of 16 cores
exhibited a larger worst-case crosstalk of −11 dB at λ= 640 nm.
Nevertheless, the worst-case crosstalk of the 16-core fiber was
also < −35 dB in 1 m at green and blue wavelengths. The prop-
agation losses as well as the MFD and geometric characteristics
were nearly identical for the individual cores in each MCF. As
we showed, due to the linear arrangement of the cores and the
low losses, low crosstalk, and similar performance of the cores,
the use of MCFs to interface with PICs shows promise.
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