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Abstract—A new type of multimode fiber, multicore multimode
fiber (MCMMF), which uses coupled multicore structure is pro-
posed. The fiber has a large number of single mode cores with
optimized coupling to achieve high bandwidth. A theoretical model
for analyzing the MCMMF is developed. The effect of fiber param-
eters, such as index contrast, core radius, and core spacing on the
bandwidth is systematically studied. Numerical simulations show
that the bandwidth of a MCMMF can be optimized by choosing
correct ratio of core spacing to core radius for a given profile design.
In addition, mode coupling among the super-modes can further
increase the bandwidth due to the small spacing in effective indices
in coupled core structures. A MCMMF with 165 cores is fabricated.
High bandwidth of 8.4 GHz·km in the 850 nm window is achieved.
Using this fiber and a VCSEL-based 25 Gb/s SR transceiver, error
free transmission though 150 m fiber is demonstrated.

Index Terms—Coupled multicore fiber, data center, fiber
bandwidth, fiber design, fiber fabrication, fiber characterization,
multimode fiber.

I. INTRODUCTION

MULTIMODE fibers (MMFs) have wide applications in
short reach data transmission [1], imaging systems [2]

and fiber sensors [3]. Conventional MMFs are based on a single
core with a refractive index profile designed to support multiple
guided modes. There are two types of profile designs for MMFs,
step-index profile and graded-index profile. The refractive index
of the core is higher than that of the cladding to achieve total
internal reflection, which traps the light inside the core. With a
step-index core that has a sharp transition, light rays traveling
with different angles all reflect at the core-cladding interface.
Therefore, the light rays have different optical path-lengths and
different time delays compared to the graded-index design. For a
graded-index core, the refractive index drops gradually from the
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center to the edge of the core. Light rays traveling with different
angles reflect at different radial locations, which reduces the
differences in path-lengths and time delays. In particular, for
a certain profile shape, the optical path lengths can be equal-
ized to minimize time delays, resulting in an MMF with high
bandwidth.

High bandwidth MMF is typically designed using an alpha
profile, which is defined asn(r) = n0 ·

√
1− 2Δ(r/a)α, where

n0 is the refractive index in the center of the core, a is the core
radius, and Δ = (n2

0 − n2
1)/2(n

2
0), where n1 is the refractive

index of the cladding [1]. When the α value is properly chosen,
the modal bandwidth of the MMF can be optimized at a specific
wavelength. For silica based MMFs with Germanium doped
cores, the optimal alpha value is around 2.1. However, the
bandwidth is very sensitive to the alpha or the profile shape.
Making high bandwidth MMFs requires very accurate control
of refractive index profile. With manufacturing process improve-
ments, the modal bandwidth of commercial 50μm core MMF for
850 nm applications has evolved from OM2 (≥500 MHz·km)
to OM3 (≥2000 MHz·km) and to OM4 (≥ 4700 MHz·km).
Further improvement in bandwidth is possible through tighter
profile control with more challenges in fiber manufacturing. A
new type of MMF that is less sensitive to profile variations is
desirable.

Recently, there has been significant research on multicore
fibers (MCFs) to increase the fiber transmission capacity using
the space division multiplexing (SDM) technology [4]. There are
two types of MCFs: uncoupled MCFs and coupled MCFs. In an
uncoupled MCF, the core spacing is large enough to ensure low
crosstalk, so that each core serves as an independent transmis-
sion channel. In a coupled MCF, the core spacing is sufficiently
small that each core is not independent due to crosstalk among
the cores. Therefore, multiple channel transmission through a
coupled MCF requires digital signal processing using MIMO
technology to separate the channels. However, one advantage of
coupled MCFs is that the core density is higher than uncoupled
MCFs.

A coupled MCF can be considered as a new type of MMF
because the interaction of the cores forms super-modes [5].
We refer this type of multicore structured multimode fiber as
MCMMF. The number of super-modes is equal to the number
of cores. For space division multiplexing, coupled MCFs with a
small number of cores up to 12 have been investigated for SDM
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transmission [6]–[9]. For multimode applications, the number
of cores needs to be much larger, which is in the range from a
few tens to a few hundreds.

We have previously proposed a new MCMMF design with
large core counts and reported initial modeling and fiber
results [10]. The proposed MCMMF has several potential
advantages. First, the bandwidth can be high by choosing a
proper core profile design and right core spacing. In addition,
mode coupling plays an important role in this new type of fiber.
Because the index difference between the two neighboring
modes can be designed to be less than 10−4, much lower than
the difference of 10−3 of a conventional multimode fiber with 1%
core delta and 50 µm core radius, the super-modes can couple
to each other more easily due to various perturbations in the
fiber, resulting in much higher bandwidth. The mode coupling
effect can be enhanced by introducing systematic perturbations,
for example, by fiber spinning during the fiber draw [11], which
can further increase the bandwidth. Although the bandwidths
of MCMMF that have been demonstrated so far are about 8.4
GHz·km at 850 nm, and 1.5 GHz·km at 953 nm, which are lower
than the best OM4, and OM5 MMF (>10 GHz·km at 850 nm,
and >3 GHz·km at 953 nm), it is expected that by optimizing
the design and manufacturing process, bandwidths that meet
or exceed the best OM4 and OM5 MMFs could be achieved.
Second, the fiber has a large number of cores, which allows low
insertion loss from a laser with large tolerance. However, for
coupling to a conventional 50 μm MMF, care must be taken to
reduce the insertion loss due to the core mismatch. The diameter
of the core area, the core profile and the number of cores must
be optimized to minimize the insertion loss. Third, the fiber
could be manufactured potentially with low cost and high yield
because the index profile does not need to be controlled very
precisely as required in conventional graded index MMFs.

In this paper, we explore further the design space for this type
of multimode fibers and present more results on fiber character-
istics and transmission performance. The paper is organized as
follows. Section II discusses fiber designs for MCMMF through
numerical modeling using a finite element method. Section III
describes fiber fabrication process and presents actual fiber
characterization results. Section IV evaluates fiber transmission
performance through a 25 Gb/s VCSEL-based system operating
at around 850 nm and show system testing results through 100 m
and 150 m of MCMMFs.

II. FIBER DESIGNS OF MCMMF

Fig. 1 shows schematically a MCMMF. It consists of multiple
cores in a common cladding. The core has a diameter d, or a
radius of a. The cores are separated by a distance of D from
center to center. The multicore core region has a diameter of D0.
The fiber diameter is Df . The relative refractive index profile of
each core can be described by:

Δ = Δ0

[
1−

(r

a

)α]
(1)

where Δ0 is the peak relative refractive index in the center of the
core, a is the core radius and α is the profile shape parameter.

Fig. 1. Schematic of cross section of MCMMF. d: diameter of individual core;
a: radius of individual core; D: core spacing; D0: diameter of multicore area;
Df: fiber diameter.

A coupled multicore fiber supports super-modes. To design
a coupled multicore fiber with high bandwidth, two conditions
must be met. The first condition is that the cutoff wavelength of
each core must be lower than the operating wavelength, i.e., each
core is single mode at the operating wavelength. For coupled
multicore fibers with single mode cores, the number of super-
modes equals to the number of cores. The second condition is
that coupling between the cores is just sufficiently strong to mix
the modes but not too much to cause large differential group
delays among the modes. The coupling coefficient depends on
the overlap integral between two adjacent cores, which depends
on the core design and core spacing. The coupling coefficient
is designed to form super-modes with effective index differ-
ences less than 1 × 10−5. With such low index differences, the
group delay differences among the super-modes are also small,
resulting in high bandwidth. In addition, with the low effective
index differences, the super-modes can couple easily, which can
further increase the bandwidth.

To understand characteristics of MCMMFs, we have devel-
oped a 2-D model using a finite element method. The modeling
is carried out using Comsol 5.4 [12]. We choose an operating
wavelength of 850 nm, at which low cost VCSEL transceivers
are commercially available for data center applications. To
achieve high bandwidth, each core is designed to be single mode
at the operating wavelength. For a MCMMF, the core spacing
affects the mode coupling strength and differential group delays
(DGD). To understand the coupling between cores, a simple
two-core fiber is modelled first. In the next step, we expand the
model to fibers with a large number of cores.

A. Modeling of Two-Core Fibers

In the modeling, we consider four types of core designs: a
step-index design withΔ0 = 0.34%, and core radius a= 2.6μm;
a graded-index profile design withΔ0 = 0.5%,α= 2.1 and core
radius a=3.06μm; a graded-index profile design withΔ0=1%,
α= 2.1 and core radius a = 2.15 μm; and a graded-index profile
design withΔ0 = 1.2%,α= 2.1 and core diameter a= 1.95μm.
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Fig. 2. Effects of core radius variation on DGD as a function of D/a for two-
core fibers with four different profiles: (a) Δ0 = 0.34%, α = 100, and a =
2.6 μm; (b) Δ0 = 0.5%, α = 2.1, and a = 3.06 μm; (c) Δ0 = 1%, α = 2.1,
and a = 2.15 μm; (d) Δ0 = 1.2%, α = 2.1, and a = 1.95 μm.

For all the four core designs, the fibers have cutoff wavelengths
below 800 nm, which ensures single mode operation at 850 nm.

Fig. 2 plots the DGD as a function of the ratio of core spacing
over core radius (D/a) for the four core index profiles. The
two-core fiber supports two super-modes, a symmetric mode and
an anti-symmetric mode. The two super-modes have different
effective indices depending on the detailed core refractive index
profile and coupling between the two cores. For identical cores,
when the cores are isolated, the two super-modes have the same
effective index and the group index. This is illustrated as an

Fig. 3. Effective index and group index as a function of D/a for two core fiber
with a graded index profile design with Δ0 = 0.5%, α= 2.1 and core radius a
= 3.06 μm. (a) and (b): without core radius variation; (c) and (d): with 5% core
radius variation.

example in Figs. 3(a) and 3(b), where the effective index and
group index are plotted as a function of D/a for the fiber with
identical cores using the graded index profile design with Δ0

= 0.5%, α = 2.1 and core radius a = 3.06 μm. For large D/a,
DGD is near zero and the bandwidth of such a two-core fiber
with identical cores can be as high as that of a single-mode fiber
when the two cores are not coupled to each other. When the
cores are placed sufficiently close, they start to couple. When
the cores get closer, the coupling becomes stronger, resulting in
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Fig. 4. D/a corresponding to minimal DGD as a function of radius variation
for the four profile designs.

larger difference in effective indices and group indices between
the two super-modes. The DGD follows the same trend as shown
by Curves A in Fig. 2.

However, in practice it is very hard to make the two cores
exactly identical. Due to variations in the fabrication process,
the index contrast and the radius of cores may vary slightly. To
take into account these factors, we simulated the two-core fibers
with different variations of the core radius: 2.5%, 5%, 7.5% and
10%. Curves B-E of Fig. 2 plot the DGD as a function of D/a
corresponding to the four core radius variations. These curves
show that the absolute value of DGD changes with D/a, where a
is the average radius of the two cores. Starting with lower value
of D/a, the DGD decreases with D/a initially and then increases.
When the cores are placed very close, strong coupling between
the two cores results in a split of effective indices and group
indices as shown in Figs. 3(c) and 3(d), similarly to what we
discussed in the case with identical cores. When the cores are
far apart, there is no coupling at all, and the two cores behave like
two isolated single mode cores. Since the cores have different
radii, the effective indices and group indices are different as
shown in Figs. 3(c) and 3(d), and there is a finite DGD for the
case of isolated cores. This phenomenon can be observed from
the plateau of the DGD for a large D/a as shown in Fig. 2. The
value of this DGD plateau depends on the core radius variation;
the larger the variation the higher the plateau, because a larger
variation increases the effective index difference between the
two cores. Interestingly, the DGD reaches zero for an optimal
D/a. At this optimal D/a, the DGD due the coupling between the
cores and the DGD due to the core mismatch cancel each other.

The optimal D/a depends on the percentage of variation in
core radius. A larger variation in core radius moves the optimal
D/a to a smaller value, since stronger coupling between the cores
is required to cancel the larger DGD difference due to the bigger
core mismatch. Fig. 4 plots the D/a values corresponding to the
minimal DGD for the four profile designs. It is worthwhile to
note that the D/a values for the minimal DGD are nearly the
same for the three alpha profiles that we studied, although their
core deltas are different. On the other hand, the D/a values for
the minimal DGD for the step index profile are very different
from those of the alpha profiles.

We further studied effects of core delta variation on DGD
of the two core fibers. Fig. 5 plots the DGD as a function of
D/a for core delta variations from 2.5% to 10%. A similar trend

Fig. 5. Effects of core delta variation on DGD as a function of D/a for two-core
fibers with four different profiles: (a) Δ0 = 0.34%, α = 100, and a = 2.6 μm;
(b) Δ0 = 0.5%, α = 2.1, and a = 3.06 μm; (c) Δ0 = 1%, α = 2.1, and a =
2.15 μm; (d) Δ0 = 1.2%, α = 2.1, and a = 1.95 μm.

is observed as compared to the case of core radius variations.
For a given core delta variation, there is an optimal D/a where
the DGD reaches nearly zero. The optimal D/a depends on the
percentage of variation in core delta, the larger the variation in
core delta, the smaller the optimal D/a value. As shown in Fig. 6,
similar to the cases with the core radius variation, we observe
that the D/a values for the minimal DGD are nearly the same for
the three alpha profiles with the same percentage of core delta
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Fig. 6. D/a corresponding to minimal DGD as a function of radius variation
for the four profile designs.

variation, which are different from the step-index profile fiber.
When the D/a becomes sufficiently large, the DGD reaches a
plateau similarly to the cases of core radius variations. However,
the DGD value at the plateau due to the core delta variation
is much higher than that for case of the core radius variation.
For fibers with large wavelength window of bandwidth, it is
desirable to have small variation in core delta, for example less
than 2.5%. On the other hand, large core delta variation results
in lower value for the optimal D/a, which effectively increases
the core density.

The results from the simple model for the coupled two-core
fiber show that the core spacing is an important parameter to
reduce DGD for a given core radius or index variation. The
optimal spacing depends on the core design and fluctuations
of core parameters in practical fibers. In practical fibers, the
core radius variation is typically less than 10%, and core delta
variation is typically less than 2.5%. The modeling results in
Figs. 2–6 suggest that, for the core designs described earlier, a
D/a value between about 2.5 to 3.5 can be used to minimize the
DGD to get optimal bandwidth of multicore fibers with a large
core count.

B. Modeling of Fibers With a Large Number of Cores

We simulated four multicore fibers containing a large number
of cores of 97, 121, 139 and 163 respectively. These numbers of
cores are selected according to the maximal number of cores that
could fit into four circular core areas with different radii. For all
the fibers, the cores have an alpha profile design withΔ0= 1.2%,
α = 2.1. In these fibers, the cores are arranged in a triangular
lattice. The core radius follows a Gaussian distribution with an
average core radius a = 1.95 μm and a standard deviation σ. We
selected three σ values of 0, 0.06, and 0.1 μm in the simulation.
Fig. 7 shows results of DGD as a function of D/a. It was found
that for all the four core configurations, the DGD curves as a
function of D/a are almost identical for a givenσ, which suggests
that for fibers with a large number of cores, the DGD versus D/a
curves behave similarly. Therefore, we show only the two cases
with the core numbers of 97 and 163 in Fig. 7. When σ = 0,
which means that all the cores are identical, the DGD curves are
similar to the DGD curve of the two-core fiber with identical
cores as shown by Curve A in Fig. 2(d). The DGD decreases
with the increase of D/a, reaching zero value when the cores are
isolated. When the cores get closer to each other, they start to

Fig. 7. DGD as a function of D/a for four fibers with numbers of cores at 97,
and 163 for different standard deviations of core radius variation.

Fig. 8. DGD as a function of core pitch for 163 core fibers with several core
radii.

couple to form super-modes with larger difference in effective
indices and group indices, which increases the DGD as explained
in the two-core fiber. When the cores have variations, i.e., σ �
0, the DGD behavior is different from the two-core fiber. It is
observed that the minimal DGD can no longer reach the zero
value. Instead, the DGD reaches a low flat region when D/a gets
sufficiently high. The starting point of the flat region depends
on σ. For σ = 0.06 μm, the starting point is around 3.25; for
σ = 0.1 μm, the starting point is around 2.9. Therefore, the
starting point of the flat DGD region decreases with the increase
of core variation. Also, the DGD value of the flat DGD region
depends on the core variation. The larger the core variation is,
the larger the DGD becomes. Another effect of core variation
that it decreases the DGD for small D/a as compared with the
case with no core variation.

To understand effects of the core radius on DGD, we modeled
fibers with slightly different core radii. In Fig. 8, we show how
DGD is evolved with the core pitch for multicore fibers with
163 cores. Similar to those fibers in Fig. 7, for all the fibers,
the cores have an alpha profile design with Δ0 = 1.2%, α =
2.1. The curves were obtained over several different values of
the average core radius ranging from 1.85 μm to 2.15 μm, with
the same standard deviation σ = 0.06 μm. Again, the cores are
arranged in a triangular lattice. It is found that when core pitch
increases, the DGD decreases and reaches a low flat region when
core pitch is roughly higher than 6 μm for all the fibers with
different core radii. This corresponds to a D/a value range from
2.8 to 3.2, which is similar to the optimal D/a values obtained
from the simple two-core model.

Based on the modeled DGD results in Fig. 7 and Fig. 8, it
is estimated that the fiber bandwidth is about 1 to 3 GHz.km.
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However, we believe that the actual fiber bandwidth can be much
higher since the super-modes can couple to each other. The mode
coupling effect depends on effective index differences among the
super-modes. For the 163-core fiber, we calculated the effective
indices of the 326 super-modes with the core radius standard de-
viation σ of 0.06, 0.10, 0.14, 0.18 and 0.24μm. Modeling results
do not show any meaningful trend with the standard deviation
in the distribution of the effective index difference between the
two neighboring modes. However, for all the five cases, 100%
of the index differences between the two neighboring modes is
less than 5 × 10−4, greater than 93% of the index differences
between the two neighboring modes is less than 5 × 10−5. As
a comparison, for a conventional multimode fiber with 1% core
delta and 50-µm core radius, the index difference between two
neighboring mode groups is about 8 × 10−3. For such a small
effective index difference, the super-modes can couple to each
other easily due to various perturbations in the fiber, resulting in
much higher bandwidth than the theoretical bandwidth that does
not take into account the mode coupling. In particular, systematic
perturbations can be introduced to the fiber, for example by
fiber spinning during the fiber draw [11], which can enhance
further the mode coupling effect. However, modeling the effect
of mode coupling on fiber bandwidth is very complicated and we
do not have a well-developed model to quantify the bandwidth
improvement due to mode coupling for the MCMMF, which will
be subject for future study.

C. Coupling Loss to Multimode VCSEL

For data center applications, multimode VCSEL transmitters
are the central part of the cost-effective solution. The VCSEL
transmitters are designed for coupling to multimode fibers with
a core numerical aperture (NA) of 0.2 and a core diameter of
about 50 μm. For coupling light from a VCSEL to a MCMMF
with low loss, the fiber needs to have sufficient number of cores
to capture the light from the laser. The coupling loss from a
laser to a MCMMF can be estimated by considering the etendue
conservation using the following equation:

IL = −10 log

(
N · na2 · d2

NA2 ·D2
L

)
(2)

where na is the numerical aperture of each core, d is the diameter
of each core, N is the number of cores, NA is the numerical
aperture of the laser, and DL is the diameter of the laser beam.
Since current VCSELs are designed for the multimode fiber
with NA = 0.2, and DL = 50 μm, we can use these numbers to
estimate the insertion loss to a MCMMF. For fiber cores with the
core cutoff wavelength less than 800 nm, the product of na and
d needs to be less than 0.613 μm for step-index profile design.
Fig. 9 shows the insertion loss from the VCSEL to a multicore
fiber as a function of number of cores. For an insertion loss less
than 3 dB, the number of cores needs to be 134 or higher. If
the number of cores is increased to 250, the insertion loss is
approaching zero. Therefore, low insertion loss can be realized
by designing a fiber with a sufficiently large number of cores.

Fig. 9. Insertion loss from the VCSEL to coupled multicore fiber at 850 nm.

Fig. 10. Process for making MCMMF.

III. FABRICATION AND CHARACTERIZATION OF MCMMF

Based on the design consideration discussed in Section II,
we fabricated MCMMFs. We selected the core design with
Δ0 = 1.2%,α= 2.1 and core radius a= 1.95 μm. Fig. 10 shows
schematically the fabrication process. To make a MCMMF, a
core preform is first made using an outside vapor deposition
process (OVD) based on a core profile design. The core preform
is redrawn into core canes of 2 mm in diameter. The core
canes are then inserted into a silica soot blank made by OVD
and consolidated into a glass multicore preform of 55 mm in
diameter. The multicore preform is subsequently drawn into
optical fiber using a fiber draw tower. The fiber diameter Df

was varied to scale the core radius and core spacing, which
allowed us to study effects of the two parameters on fiber
bandwidth.

Fig. 11(a) is the cross-section picture of the multicore fiber
with 165 μm fiber diameter. The fiber has 165 cores. The cores
are in a circular area with a diameter about 70 μm. Fig. 11(b)
shows the statistical distribution of core radius. It follows a
Gaussian distribution with an average of 1.94μm, and a standard
deviation of 0.14μm. The average of the core spacing is 6.57μm,
and the D/a is 3.38.

The modal bandwidths of the MCMMFs were measured over
a wavelength range from 796 nm to 980 nm using an overfill
launch condition. Fig. 12 shows the measured bandwidths as a
function of wavelength for fibers with 165 and 175 μm fiber
diameters. For the two fibers with 175 μm, one was drawn with
fiber spinning turned on, and the other one was drawn without
fiber spinning. It can be seen that the fiber with spinning has
higher bandwidth. The peak bandwidth is increased by about
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Fig. 11. (a) Multicore fiber picture. (b) Statistic distribution of core radius.

Fig. 12. Measured bandwidths as a function of wavelength for three
MCMMFs.

28% with fiber spinning since the fiber spinning introduces
additional mode coupling among the super-modes as discussed
in Section II, resulting in lower DGD and higher bandwidth.
The fiber with 165 μm fiber diameter was drawn with fiber
spinning. It has a peak bandwidth of 8.4 GHz·km at 865 nm,
close to the targeted peak wavelength of 850 nm. The bandwidth
at 850 nm is about 7.5 GHz·km, well above the 4.7 GHz·km for
OM4 MMF.

The DGD of the fiber was also measured at 850 and 953 nm at
different offset positions along the diameter of the core region.
Fig. 13 shows the DGD diagrams measured at 850 and 953 nm.
From the DGD diagrams we observe that the temporal centroids
of the pulse for both wavelengths are essentially constant across
the fiber, and the output pulses are broadened due to material
and modal dispersion effects. Fig. 14 shows two examples of
input and output pulse profiles measured at 850 and 953 nm. A
pulse shape analysis reveals that the output pulse has broadened
with a near-Gaussian pulse shape similar to the shape of the
input pulse. Using the full widths at half maximum of the input
and output pulse, we calculated the DGD values to be 41 ps/km

Fig. 13. Measured DGD across the fiber core area for the 165 mm diameter
fiber at 850 and 953 nm.

Fig. 14. Measured input and output pulse profiles for the 165 mm diameter
fiber at 850 and 953 nm.

and 300 ps/km at 850 and 953 nm, respectively. Figs. 13–14
show that the output pulse at 953 nm is much broader than
that at 850 nm, which explains why the measured bandwidth
is lower at 950 nm as shown in Fig. 12. The DGD results
indicate that the measured bandwidth of this fiber does not
depend on the launch condition, which behaves differently from
the conventional MMFs. This can be explained by the mode
coupling effect in the fiber. When mode coupling is present, the
power distribution reaches equilibrium after a short distance.
Therefore, the bandwidth is independent of the launch condition.
The bandwidth results suggest that the MCMMF design is highly
attractive for making high bandwidth fibers for short reach
applications.
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Fig. 15. Transmission system experimental setup.

IV. TRANSMISSION SYSTEM TESTING OF MCMMF

To evaluate MCMMF transmission performance, we con-
ducted a 25 Gb/s transmission experiment using the 165 μm
diameter fiber that has high bandwidth at 850 nm and a VCSEL
based transceiver.

Fig. 15 is a diagram for the transmission system setup. The
transceiver is a 25 Gb/s SR transceiver (Hisense LTF8505-
BC+), which is based on a multimode VCSEL. The transmitter’s
output optical power is −0.42 dBm. The transmission distances
of this transceiver for 50 μm core MMFs are specified to be
70 m for OM3 and 100 m for OM4, respectively. As shown
in Fig. 15, a conventional 50 μm core MMF is utilized as a
bridge fiber, with one end connected to the coupled MCF using
FC/PC connectors and the other end plugged into the transmitter.
We measured the insertion loss from the 50 μm MMF to the
MCMMF and vice versa. From the 50μm MMF to the MCMMF
the insertion loss is about 3.6 dB, while the insertion loss from
the MCMMF to the 50μm MMF is about 4.7 dB. Since MCMMF
has a larger core around 70 μm and a different multicore design
than the conventional 50 μm core MMF, the insertion loss is not
symmetric from the two directions. Using the simple formula
of Eq. (2), the insertion loss is estimated to be 2.1 dB, which is
a little lower than the measured results. We believe the reason
is that the simple formula does not take into account the light
distributions in both fibers, which affect the insertion loss. To
reduce the coupling loss from MCMMF to the 50 μm MMF
at the receiving end, an optical coupling setup was built. The
coupling setup consists of two sequential lenses mounted on a
cage system, as shown in Fig. 15. We chose the focal lengths of
15.3 mm and 11.0 mm and NA of 0.16 and 0.26 for lens 1 and lens
2, respectively to optimize the coupling efficiency. The coupling
system results in approximately 2.7 dB optical insertion loss.
This loss number is very close to the 2.1 dB estimated from
Eq. (2).

To test the system performance, an Agilent BERT system
operating at 25 Gb/s was used to measure bit error rate (BER).
The controller (N4960A-CJ1) controls the pattern generator

Fig. 16. The BER versus received optical power for three configurations, back
to back, 100 m and 150 m of the fiber under test.

Fig. 17. Eye diagrams: (a) 100 m; and (b) 150 m coupled MCF.

(N4951B) and error detector (N4952A-E32). Using a clock sig-
nal from the error detector, the pattern generator provides 231-1
PRBS pattern that is used in our experiments. The MCMMF
was prepared with two lengths of 100 m and 150 m. The BER
measurements were done at fibre lengths of 1 m (back to back),
100 m and 150 m. The received optical power was adjusted by
slight misalignment in the optical setup, monitored by an optical
power meter. As a result, we could vary the level of optical
attenuation to obtain the BER versus received optical power for
the three configurations we conducted the test.

Fig. 16 shows the measured BER as a function of received
power. Under the back to back condition, the system could reach
error free performance at around −10.4 dBm received power.
With the introduction of 100 m fibre, the system showed some
power penalty, but could stay error free for 5 minutes with around
−9 dBm received power. At 150 m, more power penalty showed
up and the system could still achieve error free performance for 3
minutes with around−7.8 dBm received optical power. Note that
150 m is well beyond the specified distance of 100 m for OM4
MMF, benefiting from the high bandwidth of the MCMMF. We
also obtained the eye diagrams for the 100 m and 150 m condi-
tions as shown in Fig. 17, each with its maximum received power.
The eye diagrams are widely open for both the 100 m and 150 m
cases. It is worthwhile to note that OM4 MMF with bandwidth
well above the 4.7 GHz·km bandwidth can also reach 150 m dis-
tance with the same transceiver. We conclude that the MCMMF
system performance is similar to the OM4 MMF with high
bandwidth.
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V. CONCLUSIONS

We have proposed a new type of multimode fiber design,
MCMMF using coupled multicore structures with a large core
count. A theoretical model for analyzing the MCMMF is devel-
oped, which can analyze coupled multicore structures from two
cores to several hundred cores. The effect of fiber parameters,
such as index contrast, core radius, and core distance on the band-
width is systematically studied. Numerical simulations show
that the bandwidth of a MCMMF can be optimized by choosing
correct core spacing for a given profile design. Due to the small
differences in effective indices in coupled core structures, mode
coupling plays an important role in this type of fiber, which
can further increase the bandwidths. We have also fabricated
a MCMMF with 165 cores and demonstrated high bandwidth
of 8.4 GHz·km in the 850 nm window. Using this fiber and a
VCSEL-based 25 Gb/s SR transceiver, error free transmission
though 150 m fiber is demonstrated. With further optimization of
fiber designs and manufacturing process, bandwidth can be fur-
ther increased, for example greater than 10 GHz·km at 850 nm,
and greater than 3 GHz·km at 953 nm, which meets or exceeds
the OM5 MMF bandwidth requirements for SWDM transmis-
sion. The advantages of this MMF such as high bandwidth,
simplicity in manufacturing process and large tolerance to laser
coupling make it suitable for potential high data-rate short-reach
communications as well as for high quality imaging transmission
applications.
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