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Abstract:
Large-core silica multimode fibers, whose core diameters
are generally 50 µm or 62.5 µm, form the bulk of short and medium
haul optical fiber links in existence today, owing to their low cost and
ease of deployment. However, modal dispersion significantly limits the
maximum data rates that they support. Recently, the ability to multiplex
several streams of data through optical fibers has spawned the development
of few-mode multimode fibers. These fibers possess the low-dispersion
characteristics of single-mode fibers and the ability to multiplex several
data streams using multiple-input multiple-output (MIMO) techniques
and mode-specific filtering to increase data rates. While fibers with larger
core diameters possess a larger number of spatial modes, they do not
support data rates as high as few-mode fibers. In this paper, we describe
a simulation based approach to characterize the tradeoffs between fiber
diameter, achievable data rates and alignment tolerances of coherent links
that employ graded-index multimode fibers (MMFs) of various dimensions, using the information theoretic outage capacity as the metric. The
simulations used fibers’ intermodal coupling characteristics to measure its
multiplexing abilities and dispersion limitations with mode-specific filters
and launch and detection spatial filter arrays. The simulations indicate that
the bandwidth-length product achievable over few-mode fibers with MIMO
techniques can exceed 250 Gb/s-km, while heavy mode spreading and
limited mode selectivity limits the bandwidth-length product to under 25
Gb/s-km in fibers core diameters larger than 50 µm.
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1.

Introduction

The advent of optical fiber communication has enabled the transmission of large amounts of
data at speeds exceeding terabits-per-second over communication networks over the past few
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decades. While technologies such as wavelength division multiplexing (WDM) have enabled
these speed increases, the constantly growing demand for supporting higher data rates requires
new approaches to complement existing techniques. Recent developments in fiber optics have
enabled the use of coherent detection [1] along with polarization multiplexing over singlemode fibers (SMFs) [2] to enhance data rates over SMFs. However, to increase achievable data
rates to beyond the limits of SMFs, multiplexing through multimode fibers using multiple-input
multiple-output (MIMO) signal processing techniques has been studied as a scalable approach.
In addition to conventional multimode fibers, modern fiber media such as few-mode fibers [3]
and multicore fibers [4] have been developed with the aim of making fibers effective for multiplexing. While several theoretical and experimental studies have shown the benefits of using
multimode fiber media, the impact of fiber geometry on multiplexing has yet to be characterized. In this paper, we develop a simulation model that characterizes multiplexing benefits in
graded-index multimode fibers of various diameters, and analyze the impact of system parameters such as spatial mode filters or laser/detector arrays on the fiber’s data carrying capacity. By
matching the model parameters to recently reported experimental data, we simulate the variation of outage capacity of the fiber link with fiber diameter, axial launching and detection in the
fiber, and laser/detector properties.
The use of MIMO techniques is not restricted to MMFs. MIMO implementations in SMFs
have been realized using polarization diversity [5, 6] and orthogonal band multiplexing [7, 8].
However, the focus of this paper is restricted to spatial multiplexing over the modes of silica
multimode fibers. Prior research on multiplexing based approaches in MMFs can be categorized
into two types: one that involves modern fibers that are designed for multiplexing, and the other
that uses conventional (large-core) multimode fibers that are used over shorter lengths. Fewmode fibers (FMFs) are multimode fibers whose diameters are made marginally larger then
single-mode fibers to permit few (generally 2 or 3) spatial modes. With the additional overlay
of polarization multiplexing, experiments have revealed a six-fold increase over SMFs in data
transmission rates using few-mode fibers [9–11]. Launching and detection of signals into these
fibers is generally achieved using mode-specific filters [12]. In general, the high bandwidths
transmitted through these fibers is enabled by using appropriate pulse shaping, modulation
and signal processing techniques [13]. Multicore fibers are also designed with similar aims,
although they generally consist of several cores, each of which permit parallel data transmission
with little or no cross-channel interference [14, 15].
While modern fiber media is effective for multiplexing, most currently deployed short and
medium haul fiber consists of conventional large-core multimode fiber (OM1, OM2, OM3 and
OM4), whose core diameter is generally 50 µm or 62.5 µm [16–18]. In addition, ease of deployment and high tolerance to offset alignments makes them an attractive and low-cost choice
for short-haul links, such as data centers [19]. Thus, enhancing the speeds achievable through
such fiber links whose lengths range from 10 m to a few km is significant for existing legacy
fiber links as well as new fiber-optic networks. The application of MIMO techniques to these
fibers was first demonstrated by Stuart [20], albeit at modest data rates. Subsequent considerations of MIMO techniques over conventional MMFs have taken one of two approaches: (1)
using intensity modulation and incoherent detection and (2) using coherent detection. MMF
based multiplexing approaches that use intensity modulation generally use mode group diversity multiplexing [21–23] or a similar mode-multiplexing approach [24–26]. The inherent nonlinearity in the detection process in incoherent MMF links limits their capacity. Moreover, for
longer fiber links, the interactions between fiber modes is complicated to model with squarelaw detection, thereby complicating capacity analysis [27]. Most modern multimode fiber links
employ coherent detection, since such an approach offers better receiver sensitivity and more
robustness to nonlinearities [28–30]. Moreover, mode interactions can be considered to be lin-
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Fig. 1. A schematic of an optical fiber link that employs coherent detection with multiplexing. A pair of modulators and four balanced detectors are required for each stream,
including each stream of a polarization multiplexed pair.

ear with coherent detection, thus allowing us to build a model to predict the capacity of MMF
links accurately [31]. Thus, we restrict our study to coherent MIMO-MMF links in this paper.
In this paper, we restrict our study to graded-index silica multimode fibers, since the propagation properties for plastic fibers differ significantly from silica fibers, and would necessitate
the use of different propagation models [32]. Prior studies on the variations in fiber performance based on fiber core diameter has generally been restricted to cases that involve incoherent
modulation and single streams, as opposed to multiplexing [33]. The influence of axial offset
launching and mode filtering on different multimode fibers has been studied in detail albeit in
the context of incoherent detection [34–36]. The influence of the geometry of the fiber itself,
as well as the launching and detection conditions, particularly in the case of modern, coherent
MMF links, has yet to be characterized. In this paper, we use a simulation based approach to
predict and study the impact of fiber and laser and detector dimensions. A schematic of the
system model we employed is shown in Fig. 1. In particular, we characterize the effect of core
diameter, mode filtering and tolerance to offsets for multimode fibers using simulations. Although our analysis is restricted to graded-index MMFs, we expect similar performance trends
when step-index MMFs are used. While step-index fibers have a larger number of modes for the
same core diameter, the larger group-delay dispersion limits data rates to lower values, when
compared to graded-index MMFs.
The rest of this paper is organized as follows: Section 2 discusses the propagation characteristics of silica multimode fibers of various diameters. Section 3 describes the propagation
model used in our simulator. Section 4 describes the information theoretic metrics used to characterize coherent MMF links. Section 5 describes the scenarios simulated in the paper, and
the results of these simulations. Section 6 discusses some of the results from the simulations.
Finally, Section 7 summarizes the results and indicates future research topics.
2.

Properties of fiber modes

LP00

LP01

LP20

Fig. 2. The spatial profile of some Laguerre-Gaussian fiber modes in a multimode fiber.

Propagation of signals through a multimode fibers is restricted to a finite set of modes. The
modes of the fiber arise naturally, as a consequence to the boundary conditions imposed by
the dielectric boundary condition at the interface of the fiber core and cladding [37]. Modes
of a waveguide possess two distinguishing characteristics that determine their impact on signal
propagation: their spatial footprint across the waveguide crossection, and their group delay.
While these are well studied effects, this section briefly describes the mode properties that are
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pertinent to the fiber models discussed in this paper.
The modes of an optical fiber are obtained by solving the Helmholtz wave equation under appropriate boundary conditions. With commonly used approximations for graded-index MMFs,
it can be shown that the Laguerre-Gaussian field distributions form solution sets to describe
these modes [38]. The simulations in this paper use the Laguerre-Gaussian polynomials, although the results do not vary significantly with the Hermite-Gaussian solution system that
is used in [39]. Fig. 2 shows the spatial profile of some Laguerre-Gaussian fiber modes that
propagate in multimode fibers. Therefore, any signal that propagates through the fiber can be
expressed as an appropriate linear combination of the fiber modes with complex coefficients.
Thus, a vector that contains the coefficients of each mode characterizes the propagating signal
at any point in the fiber. This is referred to as “mode vector”.
In addition to the modes’ spatial properties, different modes have different temporal propagation properties, since the effective refractive indices seen by each mode can differ slightly.
This variation of the delays introduced by the various modes accrues over the length of the
fiber, and this collective dispersive effect diminishes the data rate that the fiber can support. In
subsequent sections, we analyze the impact of this modal delay spread on the data rate as a
function of fiber core size and the selectivity of mode excitation.
3.

Propagation model

This section briefly discusses the propagation model used for the fiber modeling and simulations
discussed in this paper.
Since all fibers considered in this paper are multimode fibers, we can represent the signal
propagating within the fiber by means of a vector in the basis of propagation modes. Suppose
that the fiber has M propagating modes. Then the propagating signal at a distance l from the
launch position can be represented for the x and y polarizations using the complex mode vectors
bx and by as:

Section-

Section-i

Fig. 3. A representation of various sections of the fiber. The channel variations due to
bends and twists are assumed to be aggregated over these sections to determine channel
conditions.

Fiber section

50%

+50%

Fiber curvature

Rotation

Polarization

Fig. 4. The physical effects that cause intermodal coupling along each fiber section.
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bx (l) = 


b1x (l)
b2x (l)
..
.
bMx (l)




,





by (l) = 


b1y (l)
b2y (l)
..
.




,


(1)

bMy (l)

where bix and bix are the amplitudes of the i-th mode with x and y polarized vector respectively.
To compute the net transfer function of the fiber, it is necessary to characterize the evolution
of the bkx and bky along the length of the fiber. As discussed in [38], the evolution of bkx and bky
can be described using coupled mode theory. In this paper, we approximate the mode coupling
within the fiber by a concatenation of ideal fiber sections that undergo “block” mode coupling.
Such an approach permits a finite-element approach to evaluate the fiber channel properties. A
representation of this approximation is shown in Fig. 3.
Within each fiber section, we model the transformation of the vectors bx and by using a
matrix multiplication, with the individual effects shown in Fig. 4. For instance, if the section
length is δ l, then the transformation effected within the i-th section can be described as




bx (l + δ l)
bx (l)
= Ui
(2)
by (l + δ l)
by (l)
where Ui is a 2M × 2M matrix that encapsulates the modal transformations effected by the
fiber section, including mode-dependent losses. With this formulation, the combined modal
transformation effected by N consecutive fiber section can be captured by the 2M × 2M matrix
Utotal , given by
Utotal = UN UN−1 · · · U2 U1
(3)
Thus, modeling Ui matrices based on fiber properties allows us to calculate the aggregate spatiotemporal properties of the fiber channel. This formulation can be used to model and simulate
the impact of channel variations on data rates achievable through the fiber. For an ideal fiber, the
modes of the fiber modes would propagate without coupling with each other, thus making Utotal
a diagonal matrix. However, practical multimode fibers usually exhibit significant intermodal
coupling during propagation. To model the impact of mode coupling, we adopt the techniques
described in [39], where a statistical model of random twists and turns of the fiber are used
to evaluate the impact of intermodal coupling in the strong coupling regime. To account for
mode-dependent losses in each section, a random matrix is generated within each section and
included as part of the matrix Ui , as described in [40].
4.

Metrics for evaluating performance

To evaluate the performance of the MIMO-MMF links under consideration in this paper, we use
the information theoretic outage capacity. Conventionally, the information theoretic capacity is
used as the metric to evaluate the performance of communication links. The capacity specifies
the data rate limits of communication links, and trends in the capacity with various signaling
techniques offer good indication of the data rates practical modulation schemes can be achieved.
For wireless MIMO channels that undergo channels that vary quickly in comparison to the data
rate, the ergodic capacity is a useful metric to consider while characterizing the achievable
data rates through the channel [41]. In the MIMO-MMF case, however, we restrict ourselves to
considering the outage rate due to the fact that the channel variations are slow in comparison to
the signaling rate through the fiber, making the outage capacity a more appropriate metric [40].
The links considered in this paper are assumed to be thermal noise limited, as opposed to
shot noise limited. Given this, the outage capacity is given by:
Coutage (ε) = sup {r : P [log |I + HCX H∗ | < r] ≤ ε}
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where H is the 2NR ×2NT channel matrix (the factor of two arising from polarization multiplexing), and CX is the optimizing input covariance matrix for each H. The H matrix is obtained for
each Utotal by performing an overlap of the electric field that each laser and detector couples to
with the fiber modes, and is described in detail in [42], although the analysis therein concerns
incoherent detection. For the case of coherent MMF links, the evaluation of the capacity differs
from the wireless MIMO communications scenario in two ways, as described below.
First, in the wireless MIMO case, the power constraint is assumed to be a sum power constraint. So, if the net power available across all the NT transmitters is P, the constraint on CX is
that its trace should be within P, i.e. trace(CX ) ≤ P. In the MIMO-MMF case, however, each
laser is assumed to be independently controlled. Thus, if the i-th laser is constrained to emit a
power of Pi over both polarizations, the constraint becomes [CX ]i,i + [CX ]i+NT ,i+NT ≤ Pi (i.e.,
sum of the diagonal elements of the covariance matrix corresponding to the two polarizations
derived from the i-th laser are within the power constraint of that laser).
More significantly, in the conventional Rayleigh fading wireless MIMO channel, the distribution of H is well known, thanks to a convenient characterization of the entries of H as complex
normal random variables. For the case where the entries of H are i.i.d. entries with a sum power
constraint of P on the transmitters, the design of CX simplifies to choosing it as N1T P. However,
in the MIMO-MMF case, characterizing the distribution of H is highly nontrivial, since the
entries are not generally independent or identically distributed. Moreover, since they are generated using a model that involves mode coupling over several sections of the fiber, obtaining
a closed form solution for the joint distribution of the entries of H is complicated. Thus, the
computation is performed numerically. It is assumed in these simulations that the information
about the fiber channel is available to the transmitter to evaluate the optimal CX .
5.
5.1.

Simulation results
Description of simulations

Based on the models and metrics described in sections 3 and 4 respectively, this section describes simulation results for fibers of various dimensions and various coupling scenarios. In
particular, the simulations aim to compare the performance of:
• Large-core multimode fibers
• Few-mode fibers
• Multicore fibers
Large-core multimode fibers are the conventionally found in short haul as well as legacy
fiber links. They possess diameters of 50 µm or more. Due to their large core diameter, they
possess a large number of modes, but the bandwidth-length product achievable over these fibers
using conventional modulation methods are generally restricted to around 2 Gb/s-km because
of modal dispersion [37]. It has been experimentally shown that the use of signal processing
techniques and multiplexing can far exceed the this limited bandwidth-length product [28]. The
simulations considered in this section investigate the limits of data rates that can be achieved
using these modulation and multiplexing techniques.
Few-mode fibers are multimode fibers that possess a core diameter marginally larger than
single-mode fibers, so as to possess two or three propagating modes. They are specially engineered to possess this characteristic, so that controlled, selective launching and detection in the
propagating modes, along with signal processing, facilitates increases in data rates [43]. They
generally possess bandwidth-length products that far exceed those of single-mode fibers and
large-core multimode fibers. The relatively few modes allows effective spatial mode filtering,
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so that signals can be coupled into, and recovered from, the fiber with great fidelity. Examples
such spatial mode filtering based approaches are found in [9, 11].
Multicore fibers are also specially engineered fibers that resemble external dimensions of
other fiber types, though they possess multiple cores that can all carry parallel data streams.
Although the data rates could be limited by cross-talk among fiber cores, modern multicore
fibers with N cores possess performance comparable to N parallel single mode fiber links.
In general, the data rates achievable over modern multicore fibers is comparable to the the
data rates that can be attained with the cores behaving as independent, parallel SMF links [13,
44]. Since the propagation characteristics of multicore fibers differ significantly from those of
multimode fibers, we restrict most of our consideration to multimode fibers, but comment on
the performance of multicore fibers with varying launch offsets.
For conventional (large-core) MMFs, whose diameter exceeds 50 µm, intensity modulation
and incoherent detection is generally preferred [45]. However, to allow for a fair comparison
between fibers of all core diameters, the achievable rates considered in these simulations were
all for the case of coherent detection. While the use of incoherent detection would limit the data
rates through large-core MMFs, the data rate trends using coherent detection are still indicative
of the speed increases achievable with incoherent detection for short fiber lengths with modegroup diversity multiplexing [21].
For each of the above fiber types, we performed the following simulations:
1. The impact of the granularity of laser and detector arrays and mode-specific filtering on
mode selectivity and fiber coupling
2. The variation of data rates with fiber dimensions and properties.
3. The effect of radial offsets from the fiber axis during launch and detection on data rates.
The simulations were performed in a custom fiber-optic simulator to optimize laser and detector configurations that yielded the greatest 1% outage capacity over the ensemble of channel
realizations under various scenarios. The simulator was written using the SciPy package [46].
For each scenario, based on the MIMO system considered, the system matrices H was derived
from Utotal matrices, as discussed in Section 4. The 1% outage capacity was evaluated using
an ensemble of randomly generated Utotal matrices that corresponded to the ensemble of system realizations. To generate each Utotal , the model split the graded-index fiber several sections,
each 10 cm in length. The 10 cm length was chosen since this closely modeled the mode mixing
characteristics within the fiber [39]. The fiber had a core refractive index of 1.444 and a numerical aperture of 0.19. The lasers were assumed to operate at a wavelength of 1.55 µm, and the
spatial electric field pattern they produced was assumed to be circularly symmetric. This choice
of wavelength was made since since this wavelength corresponds to the lowest loss window of
the fiber. This field propagation approach for modeling MMF behavior closely corresponds to
a model that has been experimentally verified to be accurate [47]. The statistical variations induced within the fiber are caused by the curvature and twists in each section. These curvatures
and twists are represented as κi and θi respectively, as shown in Fig. 5. Both of these parameters are considered to be Gaussian random variables with κi having a standard deviation of
0.95 m−1 and θi having a standard deviation of 0.6 radians. These parameters were determined
by correlating experimentally observed beam profiles obtained after propagation through a 1 km
graded-index multimode fiber for tuning the model to match physical parameters. To reduce the
number of variables in the simulation, the device configurations were restricted to two dimensional structures that were coupled directly to the fiber axis. The motivation for this assumption
comes the fact that the fabrication of devices with this geometry has been demonstrated in
practice [48, 49].
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Fig. 5. This figure shows κi and θi for the i-th section of the fiber. κi refers to the section
curvature (inverse of the radius of curvature), and θi denotes the rotation induced due to
fiber twist within that section.

5.2.

Granularity of launch/detection couplers

In this section, we investigate the tradeoffs in using different coupling methods during launch
and detection, and simulate the impact of the granularity of the launch and detection geometries on the achievable rate over few-mode fibers as well as conventional large-core multimode
fibers. This is a useful approach to consider, since it is a natural way to enable mode filtering
at both the transmitter and receiver. While transmission using spatial light modulators allows
greater control over the launch geometry and signal phase, the use of laser detectors at the transmitter and detector arrays at the receiver leads to lower implementation complexity. Practical
approaches that utilize such laser and detector arrays have been discussed in [48, 50–52]. Fig. 6
shows some of the simulation cases considered. In the figure, the “FMF - arrays” case corresponds to a few-mode fiber that has a core diameter of 11 µm, with three spatial fiber modes.
This arrangement captures the mode filtering achieved by a mode filter arrangement, such as
the approach described in [9]. The “MMF - arrays” case represents a multimode fiber that had a
core diameter of 50 µm. Using the analysis of spatial and polarization modes for graded index
fibers discussed in [39], we find that the fiber has 55 spatial spatial modes. With two polarizations for each spatial mode, the fiber then has 110 usable modes for multiplexing. In each
case, square grid arrangements were evaluated, and the arrangement of the launch and detector
geometries were identical. Optimizing the grids to increase data rates is not considered here.
For few-mode fibers, the maximum grid size was restricted to a 7 × 7 grid, that corresponds to
a 49 × 49 MIMO system. The maximum grid size in the multimode fiber case was restricted
to a 9 × 9 grid case, which corresponds to a 81 × 81 MIMO system. For each of these cases,
using grids that contain launch and detection spatial filters whose diameter is below 4 µm could
result in severe specular noise at the detector. Nevertheless, the simulation is used for few-mode
fibers to provide an indication of the how more granularity affects data rates. For the purposes
of capacity evaluation, the detectors were assumed to be balanced detectors that could decode
the magnitude and phase coherently, as shown in Fig. 1.
For each case, the net power launched into the fiber was kept a constant to ensure fair comparison. In addition, the baseline for comparison was considered to be an arbitrarily fine grid
that can modulate each mode of the fiber individually. The actual data rate that can be achieved
is considered in the following section. The results of the simulations is shown in Fig. 7, which
plots the scaling of the 1% outage capacity with laser/detector array granularity. The outage capacity is plotted as a fraction of the outage capacity that can be obtained if each individual fiber
mode could be modulated and detected separately (in other words, using the notation of Section 3, the ability to modulate every individual fiber mode would correspond to the case where
H = Utotal ). From the plot, it is evident that increasing granularity of the launch/detection spatial arrays increases the achievable rate, although the benefits cease to become significant for
the few-mode fibers beyond small grids. This can be attributed to the fact that the sparse grid
#210320 - $15.00 USD
(C) 2014 OSA

Received 17 Apr 2014; revised 22 May 2014; accepted 22 May 2014; published 7 Jul 2014
14 July 2014 | Vol. 22, No. 14 | DOI:10.1364/OE.22.017158 | OPTICS EXPRESS 17167

9 µm

4 µm

4.8 µm

50 µm

5.5 µm

12 µm

6.25 µm

12 µm

62.5 µm

Large-core
MMF

1.8 µm

11 µm

Few-mode
ﬁber

5.5 µm

Fig. 6. Multimode fibers with different launch/detection array geometries. The size and
the spacing between successive launch and detection filters is shown for these illustrative
examples. The actual mode filtering could be implemented using fibers, free-space coupling
or similar approaches. For the cases where the detector sizes fall below 4 µm, specular noise
is likely to dominate and diminish the achievable data rate.

Fig. 7. The fraction of the maximum (1%-outage) capacity of the fiber that can be achieved
using laser/detector arrays. The outage capacity is evaluated assuming that every individual
mode of the fiber can be launched and detected independently.

structures are sufficient to couple effectively to the modes of the fiber, and further granularity
does not improve achievable rate. The ability to excite a diverse group of modes selectively
is essential to utilize the multiplexing properties of the fiber. Since the use of very fine grids
is not practical from an implementation perspective, we assume that mode-specific filters are
used with few-mode fibers [9]. For the conventional large-core MMF case, since there are hundreds of modes, finer grids permit better access to a diversity of modes, both during launching
and detection, thus improving the achievable rate. The details are discussed in the following
sections.
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5.3.

Outage capacity

µ
Fig. 8. Achievable at a rate as a function of the core diameter. It is evident that fibers with a
smaller core diameter are better in terms of a data rate perspective since dispersion becomes
a significant limiting factor at higher diameters for all lengths.

Next, we consider the 1% outage capacity through few-mode and multimode fibers. In
these simulations, for few mode fibers whose diameters are 11 µm, we assumed that modespecific filters were used to launch into the fiber. For the larger core fibers, the most appropriate laser/detector grid that achieved the highest possible data rate was chosen based on the
simulation results in Fig. 7. This is because launch/detection spatial arrays achieve data rates
comparable to mode-specific filters for fibers that have a larger core diameter [42], while being easier to realize than mode-specific filters for large core MMFs. The achievable data rates
through fibers of various diameters are shown in Fig. 8. For a fair comparison, the net launched
power into the fiber was restricted to 13 dBm, and the fiber loss was assumed to be 0.5 dB/km.
From the figure, it is clear that an increase in the number of modes causes dispersion effects to
have a dominant impact on data rates, thus severely restricting the achievable data rates through
large core MMFs. For few-mode fibers, the small number of modes permits selective excitation of modes and effective multiplexing when mode-specific filters are used, thus providing
a sharp growth in the achievable data rate for small core diameters, though that effect diminishes quickly into the dispersion limited regime with increasing fiber diameter. As data rate
diminishes with fiber length, few-mode fibers offer a much higher data rate at all lengths. The
possible causes and impacts of dispersion in large-core MMF is discussed in Section 6.
5.4.

Sensitivity to coupling offsets

Finally, we consider the offset tolerance of fibers of various diameters. The offsets at the detector were evaluated since the penalty was found to be much greater than offsets at the transmitter side. The characterization of offsets was performed by radially offsetting the detector-side
array or mode filters, as shown in Fig. 9. Fig. 10 plots the impact of radial offsets at the detector
end on the data rate. The multicore fiber consisted of seven cores and an inter-core cross talk
of about -40 dB (cf. [44]). The few-mode fiber was assumed to have a core diameter of 11 µm,
with three spatial fiber modes, and the large-core MMF was assumed to possess a core diameter
of 50 µm, with 110 spatial modes.
From Fig. 10, it is evident that the multicore fiber has the least tolerance to offsets. This can
be explained by the similarity between multicore fibers and parallel single-mode fibers. The
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Fig. 9. Radial offset coupling at the interface of fibers, showing a radial offset of r.

presence of only a single-mode in each core results in a significant reduction in signal overlap
at the interface with radial offsets, thus making them extremely sensitive to offsets. Few-mode
fibers also possess modes that are quite sensitive to offsets, although their marginally larger
core diameter, in conjunction with signal processing, endows them with more resistance to
offsets than multicore fibers. The 50 µm MMF’s large number of modes allows it to be the
most tolerant to offsets among the fibers being compared. They are, thus, better suited for
short-range deployment that have a greater offset tolerance requirements.
6.

Discussions

The results from Section 5 need to be viewed in the context of the amplitude of fiber modes
during propagation. Propagation of modes through longer fiber sections results in significant
intermodal coupling, thereby spreading the energy across several fiber modes. To observe this
effect, we simulated the modes of a 50 µm diameter MMF excited by a 16 laser configuration,
arranged in a 4 × 4 grid as shown in Fig. 6. The results of this simulation for 10 m and 1 km are
shown in Fig. 11. From the figure, it is clear that for fibers of longer length, the spread of energy across the modes is much more pronounced. This indicates that obtaining the multiplexed
signals effectively would require accurate decoding of all of these modes. Unfortunately, using
spatial mode filters or detector-side arrays would not capture the spread across all modes, thus
effectively losing a significant portion of the multiplexing benefits that could be obtained from
the multiplicity of modes. Regaining the energy spread across these modes, would require the
ability to differentiate and filter these modes effectively, either by means of a finer detector grid,
or by using several mode-specific filters. Neither of these approaches is easy, though, since finer
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Fig. 10. The variation of achievable data rate with offsets at the detector. Multicore fibers
are found to be much more sensitive to offsets than multimode fibers.
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Fig. 11. The amplitude of across each spatial mode (indexed on the x-axis) for a 50 µm
MMF, for 10 m section and a 1 km section. A longer length causes more signal spread
across mode groups, thus accentuating the impact of dispersion.

detector grids are susceptible to speckle [53, 54], while realizing modal filters for higher order
fiber modes for large-core MMFs is also difficult. One possible solution to this problem is to
estimate and signal using the principal modes of the fiber [55], although this necessitates the
use of spatial light modulation and regular feedback of the mode transformation effected by the
fiber to transmitter. A hybrid solution that utilizes channel-state feedback in conjunction with
appropriately sized detector-side arrays that do not suffer from speckle, could alleviate spreading of the signals across several fiber modes during filtering while limiting cost and complexity.
This is a topic for future consideration.
7.

Conclusion

The use of multimode fibers in conjunction with signal processing and multiplexing significantly improves data rates. However, the data rates achievable over these fibers are not uniform
across multimode fibers of different diameters. In this paper, we have used a simulation based
approach to characterize the impact of fiber dimensions and how different methods of launching
and detecting signals in the fiber can affect the data rate performance. Simulating the MIMO
outage capacity of the fiber indicates that the dispersion effect is accentuated in large-core
MMFs due to coupling of signals across several modes that are not effectively separable to be
decoded at the receiver. While large-core MMFs suffer from dispersion limitations at longer
lengths, they are much more resistant to offsets, thus making them well suited for applications
that require low-cost short-range deployments. Future work should focus on developing effective mode-specific encoding and decoding techniques that utilize more modes of large-core
MMFs to relax dispersion constraints significantly enhance the data rates they can support.
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