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Abstract—We experimentally evaluate the performance of inco-
herent multiple-input multiple-output (MIMO) multimode fiber
(MMF) links with different fiber media, link lengths, and modu-
lation techniques. The performance of conventional 62.5 m di-
ameter silica as well as perfluorinated plastic, graded-index MMF
sections of various lengths were evaluated using 1 1, 2 2, 3 3
and 4 4 MIMO setups over a range of lengths, with both open-
loop equalization and feedback-based spatial multiplexing tech-
niques. The data rate was evaluated over silica fiber sections with
lengths ranging between 100 m–3 km using distributed feedback
lasers and VCSELs at the transmitters. In addition, plastic optical
fiber sections with lengths ranging from 1 m—100 m were evalu-
ated with Fabry Perot lasers. Axial offsets were introduced while
launching into, and detecting from the MMF to enhance modal di-
versity, and the impact of these offsets on the data rates was mea-
sured to obtain optimal launch and detection conditions. With op-
timized launch conditions and modulation parameters, the silica
based systems realized data rates of 16 to 26 Gb/s, representing a
bandwidth-length product improvement of over MMF stan-
dards such as 10 GBASE-SR. The plastic fiber system reached data
rates of 24 to 43 Gb/s, with bandwidth-length product increases of
up to of rated parameters. The use of off-axis launch and de-
tection with flexible offsets on all four MIMO streams of the 4 4
system would enable further performance improvement.

Index Terms—Optical fiber communication, MIMO.

I. INTRODUCTION

T HE growing demand for bandwidth has caused a signifi-
cant rise in data rate requirements through various wire-

less and wired media. This has necessitated the rapid scaling of
telecommunication networks, with newer optical components
as well as better modulation and coding techniques. Optical
fibers have proven to be effective in allowing high bandwidths
to be sustained over short and long-haul links. In particular,
single-mode fibers (SMFs) have been the primary drivers of
long distance high-speed communication links which span up
to several hundred kilometers, owing to their low loss and low
dispersion properties [1]. However, for short and medium range
links ranging from hundreds to few thousands of meters, de-
ploying SMF solutions proves to be expensive because sub-

Manuscript received March 14, 2013; revised June 02, 2013; accepted July
23, 2013. Date of publication July 25, 2013; date of current version August 14,
2013. This work was supported by the National Science Foundation under an
EAGER grant (EECS-1230034). This work was presented in part at the Optical
Fiber Communications (OFC) Conference, March 2013, Anaheim, CA, USA.
The authors are with the Department of Electrical and Computer Engineering,

The University of Texas at Austin Austin, TX 78712 USA (e-mail: kumar.
a@utexas.edu).
Color versions of one or more of the figures in this paper are available online

at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JLT.2013.2274795

micron alignment tolerances imposed by small-core diameter
SMFs causes device costs to become prohibitive. Conventional
multimode fibers (MMFs), on the other hand, possess a much
larger core diameter (typically 50 m or 62.5 m), thus obvi-
ating the tight alignment tolerances and have the potential to en-
able low cost links. However, their large core diameter causes
the signal to propagate over several fiber modes with different
group velocities, thus significantly limiting data rates. While
techniques such as dispersion compensation mitigate the dis-
persion effects to some degree, a significant improvement in
data rates over MMFs requires improved signaling techniques,
such as multiple-input multiple-output (MIMO) communica-
tion. Moreover, the use of MIMO along with advanced signal
processing allows flexibility in the choice of various modula-
tion and coding parameters which can be dynamically tuned for
optimal resource utilization.
The application of MIMO techniques to MMFs was first in-

vestigated in [2], where the utility of MIMO was demonstrated,
albeit at modest data rates. Subsequently, coherent as well as in-
coherent approaches to detection have been shown to be useful
for MIMO-MMF links. Coherent MIMO implementations in-
volve heterodyne detection, requiring the recovery of the orig-
inal laser signal in phase. This approach has been demonstrated
to be effective in conventional (large-core) multimode fibers
[3], [4], as well as modern fibers, such as few-mode and multi-
core fibers [5]–[11]. Coherent MIMO implementations in single
mode fibers have been realized using polarization diversity [12],
[13] and orthogonal band multiplexing [14], [15]. A simpler
incoherent communications approach, based solely on inten-
sity modulation and direct detection, obviates the need for laser
signal recovery [16]–[19], and this is the approach used for the
experiments discussed in this paper. These methods have al-
lowed the benefits of MIMO signaling to be harnessed with
much lower deployment complexity, at the cost of diminished
multiplexing benefits due to incoherent square-law detection.
Launching into the MMF with a radial offset to the fiber axis,
with the aim of improving the bandwidth-length product while
using intensity modulation and direct detection has been con-
sidered for silica fibers [20]–[22]. It has also been demonstrated
that data throughput through plastic MMF can be significantly
improved with the use of signal processing [23]–[25], and the
use of MIMO techniques to provide further improvements has
also been proposed [26]. However, a comprehensive evalua-
tion of channel quality and the impact of changing fiber length,
launch offset and the use of advanced modulation and signal
processing techniques over different MMF media is yet absent.
Characterization of the impact of link parameters such as

wavelength, fiber material, modulation and coding and axial
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offsets on fiber data rates is essential in understanding the
capabilities and limitations of incoherent MIMO-MMF links.
In this paper, we have described a detailed experimental eval-
uation of the impact of varying these parameters and how this
data leads to conclusions on developing more effective multi-
plexing and dispersion compensation solutions for incoherent
MIMO-MMF links. Data rates were measured on 2 2, 3 3
and 4 4 MIMO-MMF links that used silica graded-index
MMF (GI-MMF) sections with lengths ranging from 100 m to
3 km, and 1 1 and 2 2 links with plastic GI-MMF sections
of length 1 m to 100 m. To facilitate convenient evaluation
using the evaluation setup, all fiber sections evaluated had
a diameter of 62.5 m. Controlling the axial offset during
launching signals into, and detection of signals from the output
of the fiber allowed the launched modal distribution to be al-
tered. This approach closely parallels the technique of antenna
placement in wireless MIMO, where appropriate placement
of antennas is essential to ensure that multiplexing gains can
be achieved [27]. In addition to fiber offsets, mode scramblers
were also employed to further increase modal diversity. The
silica links were evaluated with a distributed feedback (DFB)
laser and vertical-cavity surface-emitting lasers (VCSELs),
while the plastic fiber links were realized using a Fabry-Perot
laser (FPL). The MIMO techniques described in this paper
resulted in a bandwidth-length improvements ranging from

to over the rated fiber bandwidth-length product
(that corresponds to the data rates obtainable using on-off
keying on a 1 1 system).
The rest of this paper is organized as follows: In Section II,

we describe the metrics evaluated to characterize the proper-
ties of the MMF link. Section III describes the components of
the optical system as well as the signal processing and modula-
tion/coding parameters used in the system. Section IV describes
the actual experimental results. Section V provides a discus-
sion of the experimental results and puts them in the context
of developing improved datacom solutions for MMF links. Fi-
nally, Section VI summarizes results and discusses some future
directions.

II. METRICS FOR EVALUATING MIMO-MMF SYSTEMS

In this section, we describe the channel models and metrics
used to evaluate the In optical MIMO literature, the term “spa-
tial multiplexing” is often used in the context of MMF links to
refer to directly multiplexing using the modes of the fiber. How-
ever, in this paper, we use the definition of spatial multiplexing
from the wireless MIMO context, as defined in [27], where
the physical channel is mathematically parallelized into several
virtual parallel channels to facilitate transmission of multiple
streams in conjunction with signal processing. This definition is
appropriate for characterizing the multiplexing capabilities of
the fiber channel in the case where information about the fiber
channel state is made available to the transmitter.
In order to evaluate and compare various system parameters,

we first present the abstraction used as part of the signal pro-
cessing structure during the encoding and decoding process.
These parameters provide a means to directly view how the
channel states of the fiber and the various transformations that

it effects translate to changes in data rate and multiplexing ca-
pabilities of the system. A key difference in the approach de-
scribed here is that we do not transmit and receive directly on
the physical MIMO channels, but we transform them to virtual
parallel channels and transmit and receive information on these
processed channels. Thus, the resources of the physical channels
are efficiently utilized to facilitate efficient transmission and re-
ception signals over these processed virtual channels.
To simplify the implementation and description, we utilize a

subcarrier based approach, in this case, orthogonal frequency
division multiplexing (OFDM), since it has been demonstrated
that OFDM is effective in combating dispersion in MMF links
[28], [29]. This allows each subcarrier to possess a single-tap
(flat-fading) channel parameter, thus making per-subcarrier
equalization just a process of dividing by the estimated channel
value, for zero-forcing equalization. In our implementation, we
used minimum mean-square equalization to correct for channel
impairments.
The use of incoherent detection constrains the signals trans-

mitted and detected at the received to be real and non-negative.
To arrive at a more conventional approach to modulation, we
perform transform the channel using an approach described in
[28]. We briefly describe this transformation here. The non-neg-
ative signal at the receiver is viewed as a real signal possessing
a bias. Thus, we recalibrate the signal axis to allow positive
and negative values for modulation. Fig. 2 shows an example
of this situation, the intensity values between 0 and offset
by , to obtain a signal that varies between .
Further, since we use baseband signaling, we require the

OFDM signal to be real. To ensure that this is the case, we en-
force the following condition on the complex modulated
subcarriers of each OFDM
symbol:

(1)

where denotes the complex conjugate of . The constraint
in (1) halves the spectral efficiency by a factor of two. In ad-
dition, the transformation described in Fig. 2 prevents the use
of the dc subcarrier for data transmission. Despite these
limitations, the use of OFDM on intensity modulation/direct de-
tection based optical links is known to be effective in increasing
data rates over optical fiber links [28], [30]–[33].
With this system model, we can view each subcarrier as a

conventional flat-fading MIMO channel. In the following dis-
cussion, we suppress the subcarrier number, and use notation
consistent with [27]. For an -transmitter -detector MIMO
system, let be the MIMO channel matrix for a sub-
carrier. To characterize the system from a spatial multiplexing
perspective, we use the singular-value decomposition (SVD) of
the channel matrix. The SVD of the channel matrix can be
represented as:

(2)

where and are unitary matrices, and
is a diagonal ma-

trix containing non-negative elements on its diagonals, called
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Fig. 1. Schematic of the 4 4 MIMO experimental setup. The offset launch and detection components were realized using nanoprecision fiber alignment stages,
while the MMF couplers were all 2 1 couplers. The inset shows the offset positions for the launch and detect stages, which were placed in a square grid with
offset intervals of 2 m. Fibers and couplers colored blue represent SMF, while red represents MMF.

Fig. 2. A transformation to allow non-negative values with intensity modula-
tion. Such a transformation permits all transmitted and received signals to be
real signals, rather than purely non-negative signals.

singular-values. With this new formulation, the achievable rate
over this subcarrier can be expressed as:

(3)

where is the effective received power on each stream, and
is the noise variance. This formulation is similar to the wireless
MIMO case with full CSI, as described in [27] and [34].
can be understood as the effective signal-to-noise ratio (SNR)
for each stream, if the each element of is normalized to
satisfy ; where

is the expectation operator.
Thus, we can view the MIMO channel from a multiplexing

perspective as several parallel virtual channels whose SNRs
are determined by the singular-values. While this formulation
makes the assumption of a linear system, this assumption has
been found to hold for intensity modulation systems under mild
conditions [2], [35], [36]. Thus, with an experimental setup of
a MIMO-MMF system, the above formulation provides us with
metrics that allow for a detailed study on how changing various
system parameters, such as launching and detector stage offsets,
mode scramblers, modulation choices etc. affect the achiev-
able data rate. In the following sections, we describe the de-
sign of such a link and describe the techniques we use to opti-
mize the link to achieve the for maximum data rate using this
formulation.

III. SYSTEM DESCRIPTION

In this section, we describe the design and implementation
of a 4 4 MIMO-MMF system, describing the various compo-
nents as well as the modulation, coding and receiver aspects.

A. Optical System

Since the system is operated with various different fiber
media and configurations, each of these is described separately.
1) Silica MMF With DFB Lasers: The optical system

schematic for a 4 4 link with silica fibers is shown in Fig. 1.
The transmitter consists of two (non-identical) C-band fiber
coupled distributed feedback (DFB) lasers. The specific lasers
used were a 1541 nm JDSU telecom laser and an NEL 1517 nm
telecom laser, each having an optical power output of 13 dBm
(20 mW). Two lasers were employed because the power re-
quirements for links above 1 km could not be met by splitting
a single laser for a 4 4 system. Moreover, the use of lasers
carriers spaced apart more than the bandwidth of the signal
minimizes the coherent interference among modes [17]. The
optical signal from each of these lasers was split into two parts
using SMF splitters. The four resulting signals were modulated
using external intensity modulators, whose rf input signals
were produced using two Tektronix 7102 arbitrary waveform
generators from four quadrature amplitude modulated (QAM)
data streams. The modulators used in this setup were four
JDSU Mach-Zehnder modulators rated for 10 Gb/s operation.
The two pairs of signals were then coupled together, with one
of them connected to the coupler using a conventional patch
cord and the other connected through a mode scrambler to
induce a different mode profile [37]. The mode scramblers
consist of tightly wound multimode fiber (consisting of about
100 turns, each of radii less than 1 cm) that are designed to
facilitate heavy intermodal coupling in the transmitted signal,
resulting in the randomization of modal content. Inducing a
different mode pattern among each of the signals through a
modal filtering or scrambling process serves to differentiate the
spatial mode content of each data stream [2]. Distributing the
signal across different modes, maintaining mechanical stability
of the fiber, and the ability to perform digital signal processing
at the receiver make the system robust against coherent modal
interference [17]. After combining the two pairs of signals
originating from each laser, these were further combined by
means of anMMF coupler; one of themwas butt-coupled, while
the other was launched with a specific offset using a 3-axis
nanoprecision fiber alignment stage. The optical signal thus
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obtained was then transmitted and received over a conventional
62.5 m diameter graded-index multimode fiber (OM1), whose
rated bandwidth-length product was 2 Gb/s-km at 1550 nm
and 1 Gb/s-km at 850 nm. This class of fibers is commonly
deployed in 10 GBASE-SR systems [38].
On the receiver side, the signals were split using a MMF

coupler, and one of these arms was butt-coupled into another
MMF coupler directly, and the other was connected to an MMF
coupler via a nanoprecision fiber alignment stage that acted as a
modal filtering system. The resulting four signals were directly
detected by four 10 Gb/s fiber coupled InGaAs photodetectors.
Each photodetector’s electrical output was connected to a
Tektronix DPO70604 oscilloscope, which acted as an analog to
digital converter (ADC). The detected signals were processed
offline with signal processing algorithms. To obtain an accurate
bit-error rate (BER) statistic, the transmission characteristics
were evaluated over several thousand OFDM symbols, and
the accumulated errors from these iterations were averaged to
obtain a BER estimate. Feedback of channel state information,
obtained using training symbols (pilots) at the receiver, was
returned to the transmitter for the experiments where channel
state was used at the transmitter. The temporal variation of the
channel was measured, and it was found that channel estimates
did not vary appreciably over about 2 milliseconds. Quan-
tizing the channel state feedback to use 10 Mb every second
allowed the feedback algorithms to function at a sufficient
speed to sustain the data rates evaluated in our experiments.
This corresponded to an overhead of 0.1% of the data rate.
The transmission of each stream by the waveform generator
was at 10 gigasamples/s, while the receiver sampling of the
electrical output from the photodetectors at the oscilloscope
was at 20 gigasamples/s. The fiber offset locations at the
launch and detect fiber alignment stages were spread over a
40 m 40 m grid, as shown in the inset of Fig. 1. The data
rate was evaluated by launching and detecting at 2 m offsets
at the transmit and receive alignment stages, so as to obtain the
best data rate.
The DFB laser based system’s performance metrics and data

rate capabilities were investigated over a wide array of fiber
lengths; specifically 10 m, 100 m, 500 m, 1 km and 3 km. The
various MIMO configurations ranging from 1 1 to 4 4 were
obtained with slight modifications to the system in Fig. 1 as
follows:
• 1 1: The couplers were removed from transmit and re-
ceive ends, and only the first laser was used at 10 dBm
output power.

• 2 2: Streams and were used, along with the first
and third photodetector directly connected (without cou-
plers). The two lasers each operated at 10 dBm output
power and the modulators and photodetectors were con-
nected directly without couplers.

• 3 3: Streams and were used, along with the first
three detectors. The first laser operated at 13 dBm, and was
split by a 2 1 coupler, while the second laser operated
at 10 dBm and was directly connected to the modulator
corresponding to stream .

• 4 4: The full system as, shown in Fig. 1, was active, with
each laser output set to 13 dBm.

Fig. 3. The transmitter and receiver arrangement for the VCSEL case.

Fig. 4. The transmitter and receiver arrangement for the evaluation of plastic
fibers.

The power levels of the lasers were adjusted to launch the
same amount of power fiber per stream, for a fair comparison.
The combined coupler and scrambler insertion losses were less
than 1 dB, and thus, did not appreciably alter our data rate
measurements.
2) Silica MMF With VCSELs: For the VCSEL case, the

system design was fairly similar to the DFB based system,
except that a 2 2 system was employed. The optical transmit
subsystem consisted of two Finisar 850 nm VCSELs, each
of which was biased and directly modulated by means of
a 100 Hz–12 GHz bias-tee. The VCSELs were capable of
emitting at dBm (0.5 mW). The system is shown in Fig. 3.
For the 1 1 case, the couplers were removed from both the
transmitter and receiver, and only one VCSEL and detector
were used.
The VCSEL based system’s performance metrics and data

rate capabilities were investigated over only 10 m, 100 m, 500
m and 1 km MMF fiber sections. Longer lengths were not con-
sidered since the optical power of the VCSELs was insufficient
to support a sufficiently large SNR with longer fiber sections to
ensure reliable communication at high speeds.
3) Plastic MMFWith Fabry-Perot Laser: In addition to eval-

uating the system parameters for conventional silica MMF, a
similar experiment was performed for a 2 2 optical link with
a plastic MMF. The schematic for this setup is shown in Fig. 4.
Like in the VCSEL system, for the 1 1 case, the couplers were
removed from both the transmitter and receiver, and only one
VCSEL and detector were used.
For these evaluations, perfluorinated graded-index plastic

optical fiber with 62.5 m diameter was used. This choice was
made to allow for consistency in the use of components across
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the silica and plastic fiber setups, and to facilitate comparison
with the 62.5 m diameter silica GI-MMF used in the other
experiments. The rated bandwidth-length product of this fiber
was 200 Mb/s-km, and the experiment was conducted on
sections of length 1 m, 10 m and 100 m. The laser used was
a single-mode fiber coupled 10 dBm (10 mW) Fabry Perot
laser whose wavelength was 1310 nm, and the modulator was
a JDSU lithium niobate external modulator designed for use in
the O-band (1260–1360 nm).
4) Mode Scramblers and Fiber Offsets: The primary benefit

of MIMO for data transmission through MMFs is obtained
by separating multiple streams through different modes or
mode groups of the fiber. To facilitate this, we took two ap-
proaches: the use of mode-scramblers and axial offset-launch
and detection.
Passing an optical signal through a mode-scrambler causes

the signal to gain a randomized modal footprint [37], [39].
The aim of using multiple mode scramblers, each producing a
random mode footprint, was to allow signals to possess spatial
diversity by virtue of traveling through different modes. The
significant advantage of using mode scramblers is that they
are easy to interface with an existing fiber-coupled setup.
However, they are limited in the variation of modal footprint
they provide, since they offer no means to alter or control the
modal transformation they effect.
The use of fiber alignment stages at the transmitter and re-

ceiver provides a convenient means to evaluate the complete
spatial characteristics of the fiber channel. By traversing all lat-
eral offsets during signal launch and detection into the fiber,
they can provide fine-grained access to the mode-groups of the
fiber, along with simultaneous control at the transmit and re-
ceive stages to maximize the data rate. However, they also sig-
nificantly complicate the deployment of the optical link. Our
motivation in the use of the optical stage was to determine how
offset coupling enhances the fiber data rates, and to gain intu-
ition on geometries for the design of device structures (such as
arrays of lasers and detectors) that would possess the combined
benefits of enhanced data rates as well as deployment ease. It
must be noted that the use of fiber alignment stages by them-
selves does not allow for access to individual modes or mode
groups of the fiber. Modulating individual modes would require
sophisticated techniques, such as spatial light modulation or ac-
curate spatial filters, and would make the system highly sensi-
tive to fiber variations and require tight alignment tolerances.
Since the focus of these experiments is to utilize a diversity of
modes rather than specific modes, we utilize offset launch and
detection and do not focus on matching accurately to individual
fiber modes or mode groups.
Launching and detection with offsets larger than a few

microns results in a reduction of power coupling at the offset
stages. However, offsets also result in an improvement in the
diversity of modes excited during launch, resulting in improved
multiplexing performance. The experiments described in the
following sections measure this tradeoff, since the channel
estimates and measured data rates recorded are based on the
signal detected at the receiver. Since the SNRs are based on the
measured power in each stream for the same transmit power,
they accurately account for the losses incurred during offset

TABLE I
OFDM SYSTEM PARAMETERS

coupling. This approach was used to permit characterization of
the performance improvements over conventional (large-core)
MMF systems operated at rated parameters.

B. Modulation and Coding

In this section, we discuss the modulation and coding utilized
in the system implementation, as well as the MIMO techniques
used for system evaluation and data rate measurements.
To simplify the design of the transmit and receive communi-

cation subsystems, orthogonal frequency division multiplexing
(OFDM) and quadrature amplitude modulation (QAM)
were employed to obtain a high spectral efficiency, and a
Reed-Solomon code of appropriate rate to limit the BER. The
constellations were chosen by waterfilling across subcarriers,
and the highest rate Reed-Solomon code that achieved a BER
of was then used. The use of OFDM in optical commu-
nication has been shown to be a useful technique considered
in the past both with coherent detection [40] and incoherent
detection [41]. Since direct detection imposes the constraint
that signals should be non-negative, the dc subcarrier was
not used for data transmission, and the signal was offset to
modulate the non-negative intensity of the laser. To facili-
tate channel estimation, some subcarriers were designated
as “pilot” subcarriers, which carried symbols known to the
receiver. One pilot was introduced for every 16 data subcar-
riers, and the channel estimates for the other subcarriers were
obtained by interpolation. This choice was made based on the
dispersion rating of fibers up to 3 km, which was the longest
silica fiber section length evaluated in these experiments. This
pilot allocation was experimentally determined to be sufficient
to estimate the frequency selective nature of the channel.
The receiver utilized these subcarriers to obtain a minimum
mean-square error (MMSE) estimate of the channel parameters
for these subcarriers and interpolated to determine the channel
coefficients for the remaining subcarriers. The receiver data
was collected and stored, and signal processing algorithms
were executed offline on these to recover the transmitted data.
To evaluate the data rate that can be obtained for a certain
configuration of the system, the best combination of forward
error correction (Reed-Solomon codes of appropriate rates) and
modulation to yield the highest data rates was utilized. Thus,
the measured data rates reported from the experiments are net
data rates which account for channel training and forward error
correction overheads so as to obtain a BER of or lower.
The exact parameters used for the OFDM system are listed in
Table I.
To evaluate the system from a MIMO perspective, we uti-

lize the spatial multiplexing technique described in Section II.
First, channel measurements were obtained at the receiver by
utilizing the pilot symbols. Using this channel coefficient data,
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the achievable data rate through each subcarrier was calculated
and added up to obtain a net achievable data rate estimate. In
addition, by studying the singular values of the system, an infer-
ence can be drawn on how effective various virtual streams are
in their ability to transmit data. These metrics are evaluated with
various configurations of the optical system described above,
including mode scramblers as well as various offset launching
and detecting, as shown in the inset of Fig. 1. Once we obtain
a position where the parameters are optimized, we evaluate the
data rate obtained by optimizing the modulation and error con-
trol coding parameters.
For the data rate experiments, the techniques evaluated in-

cluded:
• The vertical Bell Labs layered space-time (V-BLAST)
code, which is an open-loop multiplexing technique that
does not require feedback of channel coefficients. The
decoding technique in this case is called successive in-
terference cancellation. A detailed description of this
technique can be found in [42].

• The feedback based spatial multiplexing technique, which
uses feedback of channel coefficients to parallelize the
channel, as described in Section II. The key advantage of
this technique over V-BLAST is that it results in focused
allocation of resources along the virtual parallel channels
which offer the highest SNR, although the complexity of
transmitting channel coefficients accurately to the trans-
mitter makes it more difficult to realize massive gains in
practice. These techniques are covered in detail in [27].

Channel state information was found at the receiver by
sending an OFDM symbol with pilots on all subcarriers. The
channel estimates thus obtained at the transmitter were im-
mediately used for modulating further data for the feedback
based spatial multiplexing case. The delay in transmission of
the feedback information was within a few hundred millisec-
onds, to minimize the impact temporal channel variations. The
temporal stability of the MMF channel is well known [3], [43],
thus ensuring that the delay in feedback transmission is well
within the coherence time of the system. This ensured that
feedback transmission was useful for effective preprocessing
at the transmitter.
To transmit feedback information to the transmitter, a simple

approach of quantizing the channel estimates and relaying them
to the transmitter was used. For obtaining an accurate estimate
of channel coefficients, an OFDM symbol with pilots on all sub-
carriers was sent, so that the receiver could infer information
about the channel state of every subchannel. This was followed
by the actual data transmission, with modulation parameters op-
timized based on the channel state information. The accuracy of
quantized feedback has a significant impact on the performance
of a feedback based MIMO link [44], although a simple quan-
tization approach is sufficient for us to demonstrate the value
added by feedback in MMF-MIMO links, while retaining ease
of practical implementation. Another significant fact utilized in
this experiment was that the link coherence time, during which
the channel coefficients are assumed to not change appreciably,
is sufficiently large for the feedback of channel coefficients to
be useful [3], [43]. Since the transmission requirements of the
feedback channel generally amounts to a small fraction of the

Fig. 5. The impact of a mode scrambler compared with a fiber offset launch
after propagating through a 1 m MMF patch cord. While the mode scrambler
causes an expansion of the beam and signal spread into neighboring modes, the
alignment stage allows control for excitation of higher order modes.

data rate, the burden of additional overheads incurred due to the
transmission of feedback information is very small (0.1% in our
case). The simplistic quantization approach described here re-
sults in noisy channel estimates, so an additional equalization
step was performed at the receiver to compensate for this be-
fore the data was decoded. Exploration of feedback transmis-
sion methods that are specifically suited for optical links is a
topic currently under investigation.
For each of the transmission scenarios described above, the

data rate was evaluated for the best combination of QAMmodu-
lation and Reed-Solomon code to obtain the maximum possible
data rate, for various MIMO configurations and fiber lengths.

IV. EXPERIMENTAL RESULTS

This section discusses in detail the results of each experiment
conducted within the scope of this paper. Initially, we describe
the common procedure for all experiments, and then discuss
the specific performance results for various hardware and fiber
media.
In our experiments, we also compare the performance results

obtained by employing only mode scramblers and no fiber
alignment stages, in order to characterize the mode diversity
benefits provided by these solutions. In general, it was observed
that while mode scramblers and the inherent asymmetry in
mode couplers introduces some mode changes, they fall short
of the diversity benefits obtained by the flexible control of
offsets with fiber alignment stages. The example shown in
Fig. 5 shows the output of a laser beam after propagation
through an MMF for two cases: one after passing through a
mode scrambler, and the other after launching into a patch cord
with an axial offset of 12 m before connecting to the MMF
coupler. While a mode scrambler allows access to the modal
diversity of an MMF without advanced components, the use
of offset launch provides finer control, and is likely to result in
better data rates.
The fiber system was set up for each experiment as indicated

in Figs. 1, 3 and 4. The fiber alignment stages were computer
controlled, and measurements of channel parameters and data
signals were obtained by programmatically moving the fiber
alignment stages over a 40 m 40 m grid, with an incre-
ment of 2 m between grid locations, as shown in the inset of
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Fig. 6. Data rate versus length for a 1 1 system with and without signal pro-
cessing.

Fig. 1. Before we delve into a detailed discussion of the exper-
imental results, we discuss some of the limitations in measure-
ments caused by speed restrictions imposed by the rf compo-
nents of the system.
Fig. 6 compares the performance of a 1 1 MMF link of

various lengths, with “No DSP” referring to conventional
on-off keying without dispersion compensation (as in the case
of 10GBASE-SR systems [38]), “equalizer off” referring to the
case where OFDM with QAM modulation was used without
performing performing an equalization of the channel effects
on the subcarriers at the receiver, and “equalizer on” referring
to a complete minimum mean-squared error equalization on a
per-subcarrier basis. There are some important observations
that can be made from these observations:
• The achieved data rate does not exceed the rated band-
width-length product of the fiber for short lengths (around
200 m or less). This can be attributed to the fact that at
short lengths, the data rate limitation is primarily due to re-
strictions in the maximum bandwidth of the signals gener-
ated by the waveform generator and the speeds of the mod-
ulators and detectors (a combined limitation of 7 GHz).
For longer lengths of fiber, dispersion impacts the link
more significantly, and becomes the dominant effect con-
tributing to signal impairment for lengths of over 200 m.

• The benefits of using signal processing for dispersion com-
pensation rise with increasing distance. From the figure, it
is clear that the pulse shaping and spectrally efficient sig-
naling with OFDM raises the bandwidth-length product to
about 6.5 Gb/s-km. However, with dispersion compensa-
tion, the performance benefits over the “no equalization”
case rise with distance, indicating that the benefits of using
signal processing increase as fiber dispersion affects the
system more significantly.

Therefore, in all our experimental results, we make a distinc-
tion between these two data transmission regimes: one where
the system is limited by the equipment speed, and the other,
where it is limited by fiber dispersion.
We now discuss data rates measured on these systems and

their implications on the design of MIMO-MMF links.

A. 4 4 Link Over Silica MMF With DFB Lasers

The link shown in Fig. 1 was evaluated with and without
offset launch, and the performance of V-BLAST as well as feed-
back based spatial multiplexing was considered. Each of the
DFB lasers used was fiber coupled to a single-mode fiber, with
a core diameter of 8 m and a numerical aperture of 0.14, thus
resulting in a beam which was very small in comparison to the
core diameter of the MMF, which is 62.5 m. The small beam
size allowed fiber alignment during the launch stage to be effec-
tive and offered a significant control over the mode profile that
could be obtained.
1) Impact of Offset Coupling on Multiplexing: As part of the

experiment described here, we conducted a detailed measure-
ment and analysis of how offset launch and detection improves
data rate performance. Initially, the launch conditions were con-
figured such that the fiber alignment stage at the transmitter,
shown in Fig. 1, was fixed to an offset of 10 m from the fiber
axis, and the channel parameters were measured by moving the
receiver alignment stage over the set of positions shown in the
inset of Fig. 1. Using the channel matrix, the achievable data rate
was calculated with the formula from (3), and plotted in Fig. 7
for 10 m, 100 m, 500 m, 1 km and 3 km fiber sections. A two-di-
mensional cross-section is also displayed for better comprehen-
sion of the plot. Although 10 mmay not be the optimal offset at
the transmit stage to maximize the achieved data rate, the study
of how the achievable data rate varied at the receiver serves to
illustrate the spatial sensitivity of the detector offset, and how
this sensitivity changes with the length of the fiber section.
The results in Fig. 7 allow us to draw some interesting infer-

ences. It is easy to see that the maximum achievable data rate
falls with increasing fiber length, owing to fiber losses and ad-
ditional dispersion. Having no offset causes a drop in the data
rate since there is insufficient modal spread among the trans-
mitted data in order to support multiple streams. In addition, the
alignment tolerances for achieving the maximum data rate are
more stringent for shorter fiber lengths, and are more relaxed
for longer fiber lengths. For instance, to achieve 95% or more
of the maximum achievable 25 Gb/s for the 10 m case shown
in Fig. 7(a), the tolerance turns out to be m, while for the
18.7 Gb/s in the 3 km case, this number rises to m. This
can be attributed to spreading of the modal content into more
neighboring modes (that have similar spatial characteristics) as
the fiber section lengths increase progressively [45]. Such mode
mixing did not significantly affect the performance of signal
processing using linear techniques, since the group velocities
of these neighboring modes are very similar.
Fig. 7 provides a picture of how the offset coupling affects

data rate performance for a fixed launch configuration. Fig. 8
characterizes the relationship between the receiver stage offset
for different offset launch configurations. The “effective SNR”
plotted in the figure is the SNR that is obtained for the best
stream after performing aMIMO equalization procedure (corre-
sponding to the highest singular value). As is noted in [17], the
optimal receiver offsets that maximizes the processed effective
SNR is fairly close to the transmitter offset.
Overall, the results from Figs. 7 and 8 indicate that a signifi-

cant improvement in data rate can be obtained with appropriate
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Fig. 7. The radial variation of the capacity for various detector alignment stage offsets for a fixed position of the transmitter side alignment stage, in 3-dimensions
above as well as the cross-section along a plane below. As can be seen, an increase in length reduces the achievable data rate, but increases the tolerance with
which the receiver stage needs to be aligned. (a) 10 m, (b) 100 m, (c) 500 m, (d) 1 km, (e) 3 km.

Fig. 8. The effective (MIMO processed) SNR for the best multiplexed stream
obtained at the receiver for various transmit offset configurations. The best re-
ceiver offset for each case is fairly close to the launch offset.

signal processing and offset coupling with a fair amount of tol-
erance to misalignments. In the feedback based spatial mul-
tiplexing case, by setting the transmit and receive alignment
stages to a 10 m of offset, we were able to attain within 5% of

themaximum data rate obtained with optimized offsets of the re-
ceiver alignment stage for each fiber section length. In addition,
the power received did not vary much once the alignment stages
were set to the optimal position, as has been observed in related
experiments [17], [43]. Thus, evenMMF systemswith fixed off-
sets that would be simpler to deploy would be able to realize
significant gains with the use of MIMO techniques like the ones
described here, while retaining relaxed alignment tolerances.
2) Data Rates Without Channel State Feedback: For each

fiber section, the positions of both of the optical alignment
stages at the transmit and receive ends were moved across the
40 m 40 m square grid with points separated by 2 m,
as shown in Fig. 1, and, for the offset settings in which the
best channel quality was obtained, the data rate was evaluated.
To evaluate all possible configurations of the offset stages, the
transmit stage was initially set to one of the 441 grid locations
indicated by the dots, and the receiver parameters were mea-
sured for each of the 441 points. This was then repeated for
each of the transmit stage positions. Table II lists the optimal
offset positions of the fiber alignment stages at the transmitter
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Fig. 9. Data rate versus length for various lengths of fiber with V-BLAST.
These data rates were observed with optimized offset launch and detection with
V-BLAST. The solid curve indicates the rated fiber bandwidth-length product,
while the dotted line indicates the saturation speed for the detector beyondwhich
the eye diagram shows a mostly closed eye.

TABLE II
OPTIMAL AXIAL OFFSETS FOR 4 4 SYSTEM

and receiver where the highest data rate was obtained. The
tolerance is defined as the minimum offset that can be tolerated
at the transmitter or receiver that causes the data rate to fall
below 95% of the maximum. The best axial offsets for each
length were in between 8 m to 12 m at both the transmitter
and receiver alignment stages, and the data rate did not vary
appreciably with small perturbations, as discussed previously.
The data rate was evaluated for the best offsets using V-BLAST
decoding without channel state feedback to the transmitter, the
data rates obtained are shown in Fig. 9.
The performance with on-off keying and no additional dis-

persion compensation, as used in standards such as 10 GBASE-
LRM, is labeled “No DSP” in Fig. 9. The bandwidth of the gen-
erated signals was smaller than the full bandwidth supported
by the fiber at lengths of 200 m or less, since the speed of the
modulators, photodetectors and the waveform generators was
limited to 7 GHz. The impact of this limitation is indicated by
the shaded region in the left part of Fig. 9. For longer fiber
lengths, fiber dispersive effects became more pronounced, and
signal processing techniques enabled data rates to significantly
exceed the rated bandwidth-length product of the fiber. The fiber
channel responses were measured for each data stream using
the pilot sequences, and the best offsets for the two fiber-align-
ment stages were those that maximized the total data rate. A
sample-averaged SNR for the 4 4 system with a 3 km fiber
section is shown in Fig. 10. For most situations, an axial offset
of m from the fiber center at both the launch and detec-
tion stages was found to be effective for increasing the data rate
for all fiber lengths considered. The temporal variation of the
channel was sufficiently slow and the change in the best offset

Fig. 10. Average SNR for each stream in the 3 km 4 4 case, corresponding
to the data streams labeled and in Fig. 1. The energy of each
subcarrier was averaged over 100 OFDM symbols for an SNR estimate.

Fig. 11. Constellations received in the 35th subcarrier over a 3 km 4 4 link
with offset launch and detection that correspond to the data streams labeled

and in Fig. 1. While streams 1 and 3 have a very low BER
, 2 and 4 suffer from a much higher BER .

location was not significant (as in [3], [43]), allowing for estima-
tion and equalization digital compensation of dispersion and in-
termodal coupling while fixing fiber offsets. Once the best fiber
alignment parameters were established, random bits were gen-
erated for each data stream and transmitted over the optical link.
Upon reception, the signals were processed offline to evaluate
the BER. A sample received constellation on subcarrier 35 for
a 4 4 MIMO link over a 3 km MMF section is presented in
Fig. 11. Here, it can be observed that V-BLAST decoding results
in two streams (in this case, streams 1 and 3) that possess a much
lower BER than the other two. Even though the average power
received at each photodetector was roughly the same (around

dBm), streams 1 and 3 outperform streams 2 and 4. This
is because and possess a higher effective SNR when de-
coding them from the signals received on all of the photode-
tectors combined. After decoding these, the remaining interfer-
ence due to intermodal coupling was too great for V-BLAST
decoding to recover and . The performance observed in
streams 1 and 3 was similar to that which can be obtained in
wireless MIMO systems, where two channels seen by a pair
of appropriately spaced antennas possess significant spatial di-
versity [27]. In the optical case, the spatial separation between
these streams is provided using alignment stages. Conversely,
for streams 2 and 4, the incremental benefits mirror the wire-
less MIMO case for antennas that are not appropriately spaced,
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resulting in heavily correlated channels and diminished diver-
sity gains [27]. This suggests that the benefits offered by con-
trolled spatial offsets of fiber axes significantly exceed those
from the inherent spatial diversity offered by couplers and mode
scramblers.
Next, the data rates supported by the system for various

MIMO configurations and various fiber lengths with V-BLAST
was observed. To verify the efficacy of the system in com-
pensating for differential model delay for higher order modes,
the 1 1 system was evaluated with several offsets, and dis-
persion compensation was found to be effective up to offsets
of 22 m. Subsequently, the performance evaluation was
conducted for all relevant MIMO configurations, as described
in III.A. The modulation and coding rates were adjusted to
obtain a coded BER of and the measured BER was
then verified to be within this limit by averaging bit-error
counts over several transmissions. The data rate improvement
from the 1 1 to 2 2 case was significant, but diminished
benefits were obtained with further increase in the numbers
of transmitters/receivers, due to the lack of additional modal
diversity. From observing the performance versus fiber length,
it is evident that effective signal processing with MIMO was
able to increase data rates through the MMF link, ranging from
26 Gb/s to 16.5 Gb/s for 4 4 systems with lengths increasing
from 100 m through 3 km. Significantly, MIMO signaling
and signal processing was able to increase data rates to 16.5
Gb/s over 3 km, exceeding the bandwidth-length product by
25-fold in comparison to 10 GBASE-SR data rates. The same
improvement was not observed at shorter fiber lengths due
to the bandwidth limitations of the waveform generators and
photodetectors. The use of faster components that raise the
bandwidth limitation from the current 7 GHz to 10 GHz is
expected to provide up to 30% increase in data rates for lengths
of 200 m or less [1]. Equipment limitations notwithstanding,
the trends observed at all lengths confirm the benefits of using
MIMO-based multiplexing to effectively boost the data rate
in MMF links. Offset launch was able to provide a consistent
60–70% increase in data rates at all lengths, thus underscoring
the benefits of the higher modal diversity harnessed from offset
launch and detection.
3) Data Rates With Channel State Feedback: A similar eval-

uation of data rates was performed for the case of spatial mul-
tiplexing with feedback. For each of the cases, it was observed
that, upon parallelizing the channels to obtain virtual channels
and ordering these based on singular values, the first two chan-
nels were usable, and the remaining two were very noisy, and
did not support a high data rate. This is indicative of the fact that
the predominant benefit of the fiber offsets is effectively cap-
tured in the first two virtual channels. The highest possible QAM
constellation was used in these channels to maximize the data
rate, and error control coding was used to keep the BER below

. The data rates obtained are shown in Fig. 12. Although
only two virtual channels were used, the data rates supported on
them were higher than those obtained in the case of V-BLAST
by about 12%. Fig. 13 shows two constellations obtained after
transmission over the best virtual channels for the 1 km case,
where the ability to transmit a rich constellation (QAM-64) over
the primary virtual channel compensates for the inaccessibility

Fig. 12. Data rate versus length for various lengths of fiber with spatial mul-
tiplexing. These data rates were observed with optimized offset launch and de-
tection with spatial multiplexing with feedback of channel coefficients.

Fig. 13. Constellations for the two virtual channels which were used for mod-
ulation with feedback based spatial multiplexing for a 1 km MMF. (a) Stream 1
(highest singular value): a QAM-64 constellation was supported by this virtual
channel. (b) Stream 2 (second highest singular value): Only a QAM-4 constel-
lation was supported in this virtual channel. The remaining two channels were
ignored, since their SNRs were very low.

of the remaining two channels. The ability to use a constellation
with higher spectral efficiency is a notable improvement over
the V-BLAST case, owing the the availability of feedback of
channel state information to the transmitter. The singular values
realized for the four virtual channels, with the largest singular
value normalized to unity, were [1.00, 0.33, 0.04, 0.001], thus
making the effective SNRs of the second, third and fourth chan-
nels respectively 10 dB, 28 dB and 60 dB lower than the first.
The observation that only the first two channels are usable and
that the two had a very low SNR can be understood by realizing
that we had the flexibility of only one offset each at the trans-
mitter and receiver, thus possessing only one spatial degree of
freedomwith full control in addition to direct center launch. The
flexibility to introduce more axial offset streams to effectively
utilize different modes of the fiber is likely to increase the third
and fourth singular values as well, making them useful for mul-
tiplexing by endowing them with a higher effective SNR.
Optimal axial offsets of the alignment stages at the trans-

mitter and receiver were m and did not vary much with
length, possibly due to the inherently large beam size of the
VCSEL output. The alignment tolerance, measured as the max-
imum offset introduced at the transmitter or receiver for the data
rate to reduce by 5%, was about 2 m up to 100 m and 4 to 6 m
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Fig. 14. Initial VCSEL beam pattern and after being shaped by a mode scram-
bler.

for lengths of 500 m and above. The results of the data rate ex-
periments for the spatial multiplexing case are shown in Fig. 12.
For 100 m and 500 m, the data rate increase is not significant in
comparison to the V-BLAST data rates, as shown in Fig. 9. This
is likely because the benefits obtained with spatial multiplexing
with a simple (noisy) channel quantization might prove insuf-
ficient to harness the full benefits of parallelizing the channels
with channel state feedback. However, for the 1 km and 3 km
cases, the data rate improves noticeably, by 5% and 10% respec-
tively.While these data rate improvements aremodest, the value
of these techniques is indicative of further benefits which can
be exploited with more sophisticated feedback techniques in op-
tical links. Using V-BLAST and spatial multiplexing with offset
coupling, a bandwidth-length product of about 57 Gb/s-km (for
the 3 km case) was obtained, representing an improvement of
28-fold over the rated fiber bandwidth-length parameter of the
fiber.

B. 2 2 Link Over Silica MMF With VCSELs

An experiment similar to the one conducted with the DFB
laser setup was conducted with directly modulated VCSELs for
the 2 2 case, as shown in Fig. 3. However, the fiber lengths
were restricted to 1 km, since the power emitted by each laser
( dBm) was insufficient to support a 3 km MIMO link with
an acceptable SNR at 3 km.
The VCSELs had an cross-section diameter of 40 m, which

caused them to emit beams that were several times larger than
the beams obtained in the DFB case. Moreover, the resulting
beam is shaped according to the inherent spatial mode pattern
of the emitting laser. As shown in Fig. 14, passing the signal
through a mode scrambler was effective in shaping the beam,
although the impact on data rate due to this transformation was
not appreciable. Thus, the ability attract a diversity of modes
among the two transmitted signals to improve multiplexing per-
formance is greatly diminished.
A procedure similar to that of the DFB link was performed

for the evaluation of channel parameters, and by varying the
modulation and coding for the position with highest rate. The
rate was evaluated by substituting channel parameters in (3).
For the position that provided the highest rate, the modulation
and coding parameters were optimized, and the best obtainable
data rate was measured. The results are shown in Fig. 15, where
the rated fiber bandwidth-length product is 1 Gb/s, and “Sp.
mux.” refers to the performance using spatial multiplexing with
feedback. The signal processing and multiplexing benefits are
able to exceed the bandwidth length product significantly for
links of 100 m or more, but the benefits are significantly dimin-
ished in comparison to the DFB case. In addition, while feed-

Fig. 15. Data rate performance of the 2 2 VCSEL link. The benefits from
spatial multiplexing are not very significant, although there is notable improve-
ment at longer fiber lengths.

back and spatial multiplexing improved data rate performance
for the 500 m and 1 km cases, the benefits are small. For ex-
ample, examining the 35th subcarrier reveals that the ratio of
the second singular value to the highest one diminishes from
0.55 to 0.18 as the length ranges from 10 m to 1 km. As a re-
sult, 10 Gb/s could not be reached for the 1 km case, and the
bandwidth-length product increase over the rated fiber param-
eter of 1 Gb/s was restricted to ; much less than the
improvement obtained in the DFB 4 4 case. This diminished
performance can be attributed to two major effects. First, the
larger core diameter of the VCSEL beams causes the power loss
with offset coupling to be more severe, thereby limiting gains
due to MIMO. Second, the large beam size also limits control
over the number of separate mode groups that are excited, thus
causing a significant correlation among the two data streams.
The use of VCSELs with smaller beam sizes and more effective
strategies for offset launch with VCSELs would improve mul-
tiplexing performance.

C. 2 2 Link With Plastic MMF

The channel parameters and data rate performance was evalu-
ated with plastic fibers in a manner similar to the measurements
conducted with silica fibers, as described in the earlier subsec-
tions. However, due to the lossy, dispersive nature of the plastic
fibers, the lengths of fiber sections for which the experiments
were conducted were restricted to 1 m, 10 m and 100 m. In
addition, for these experiments, the waveform generators were
operated in their “interleaved” mode, wherein each waveform
generator generated a 20 gigasamples/s signal.
The optimal fiber alignment stage offsets at the transmitter

and receiver were m and did not change much with the
plastic fiber length. The alignment tolerance, measured as the
maximum offset introduced at the transmitter or receiver for the
data rate to reduce by 5%, was about 4 m for all lengths. The
data rates measured in this experiment are shown in Fig. 16,
where the rated fiber bandwidth-length product is 200Mb/s-km,
and “Sp. mux.” refers to the performance using spatial multi-
plexing with feedback. An interesting observation is that spatial
multiplexing does not improve the performance significantly
in comparison to V-BLAST. More significantly, the benefits
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Fig. 16. Data rate performance of the 2 2 plastic fiber link.

Fig. 17. Beam propagation in plastic fiber sections of various lengths. The
heavy intermodal coupling causes a spatial spread of the signal even within tens
of meters.

from multiplexing display a diminishing trend at longer lengths
of fiber. For instance, the 35th subcarrier sees the ratio of the
second singular value to the highest one diminish as 0.65, 0.53
and 0.2 for a 1 m section, 10 m and 100 m respectively. This
is indicative of the fact that the multiplexing capabilities of the
channel are poorer than in the silica case, likely due to signifi-
cant intermodal coupling in 100m of plastic fiber. This is consis-
tent with earlier observations of significant mode coupling over
short distances of perfluorinated plastic fiber [46], [47]. For a
visual manifestation for this effect, Fig. 17 shows the impact on
a beam launched from a glass fiber patch cord (referred to as
“Input”) into the plastic fiber sections used in this experiment.
It is clear that even as the distance rises to about 10 m, the beam
spreads significantly across the cross section of the fiber, thus in-
dicative of the signal spreading across several modes. In terms
of the singular values of the MIMO channel, the second singular
value was significantly diminished at 10 m, and almost negli-
gible at 100 m. Thus, the bandwidth-length product increase is
restricted to about .
In view of these observations, multiplexing through plastic

fibers seems to offer significant benefits only at short distances.
At lengths longer than tens of meters, while signal processing
without MIMO (the 1 1 case in Fig. 16) remains effective, the
benefits of multiplexing seem to diminish significantly. Thus,
the bandwidth-length product improvement can be attributed
largely to advanced modulation and signal processing, as op-
posed to multiplexing, for long sections of plastic MMF.

V. DISCUSSION

In this section, we discuss the observations and results pre-
sented in the previous section, and comment on what the impli-
cations of these results are for some of the practical aspects of
designing components and signal processing for realizing effi-
cient and effective MIMO-MMF systems.
The first realization, based on the experimental results, is

that the use of linear processing techniques such as V-BLAST
and spatial multiplexing are effective in increasing data rates
in intensity modulation/direct detection based links. The use
of offset coupling and mode scramblers with these processing
techniques boosts MIMO performance with incoherent detec-
tion. However, these improvements are not as significant as the
data rate increases observed in coherent optical MIMO links,
where a linear growth in data rates is generally observed with in-
creasing number of modulator/detector pairs [5], [10], [11]. The
use of direct detection reduces the effectiveness of multiplexing
through modes of the fiber. Although coherent detection is more
effective in increasing data rates, deployment of such a solu-
tion would impose significant cost and complexity, thus making
it a less attractive proposition for short, inexpensive fiber optic
links. Future work should involve a detailed comparison of cost,
complexity and data rate with coherent and incoherent detec-
tion, and determine the system limits where the utility of each
technique lies.
The use of feedback in optical links is relevant, especially

since most optical links involve a bidirectional setup, thus pro-
viding very high bandwidth paths from both transmitters to re-
ceivers.Moreover, since channel conditions vary slowly in com-
parison to the data rates, the amount of feedback can be made
very small (of the order of 0.1%). The feedback methods used
in the experiments described in this paper to enable channel par-
allelization using spatial multiplexing are simplistic due to con-
straints in implementation, yet they offer evidence of the utility
of providing channel state information to the transmitter. A fur-
ther refinement of techniques to estimate and effectively quan-
tize and transmit channel state information can be expected to
provide further increases in performance and the flexibility to
enable a larger number of streams of data through the MMF
with high effective SNRs.
Evaluating the power consumption of the silica link described

in the previous section with an estimate for the DSP power re-
quirements, we find that over the range of 100 m to 3 km, the
energy-per-bit achievable with the 4 4 MIMO link is between
0.15 to 0.25 nJ/bit. This number is comparable to the current
energy-per-bit values achieved in data centers and access net-
works [48]. However, signal processing also affords us tech-
niques such as dynamic rate and power adaptation [15] that
widens the scope for achieving power savings in these links.
Implementing these techniques and evaluating the power sav-
ings that can be obtained by efficient link utilization is a topic
currently under investigation.
Finally, the effectiveness of offset launch and detection in

conjunction with signal processing facilitates a significant in-
crease the data rates in MMF links. Due to equipment limita-
tions, only one alignment stage was employed at the transmitter,
and one at the receiver. For a fixed offset at the transmitter, the
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TABLE III
SUMMARY OF EXPERIMENTAL RESULTS

results from the experiments described in Section IV provide
only two effective streams even in a 4 4 configuration. This in-
dicates that using only one offset launch stage each at the trans-
mitter and receiver with mode scramblers is insufficient to ex-
ceed support more than two parallel multiplexed streams. These
observations are also consistent with other experimental obser-
vations on the characteristics of systems that use offset launch in
with MMFs. For instance, a similar conclusion on the effective-
ness of exciting more than two mode groups is made in [22], al-
though the focus there is on bandwidth-length product enhance-
ment without multiplexing.
In spite of these limitations, the observations from these

experiments strongly indicate that using offset coupling and
signal processing makes multiplexing effective, and the ability
to launch multiple data streams, with the flexibility of axial
offsets and greater modal diversity, promises to further increase
data rates. While the use of complicated alignment solutions,
such as nanoprecision fiber alignment stages provides sig-
nificant control and accuracy, it is not practical to use these
tools when deploying such links. However, the results from
Section IV indicate that there is a significant amount of flex-
ibility and tolerance in positioning the launch and detection
stages for optimal data rates, motivating the design of devices
such as arrays of lasers and detectors with appropriate ge-
ometries to harness modal diversity benefits. The use of such
devices would provide a convenient and and easily deployable
solution that would enable multiplexing through MMF links.

VI. CONCLUSION

The use of conventional multimode fibers has been limited,
owing to the data rate restrictions imposed by modal disper-
sion. While electronic dispersion compensation enables some
improvement in data rates, a further boost requires techniques
such as advanced modulation, signal processing and techniques
such as MIMO. To gain a better understanding of how various
parameters of the system, such as offset coupling, fiber channel
parameters and different optical components affect system
performance, we have performed an extensive experimental
characterization of the fiber channel for various fiber media
over several fiber sections of various lengths. In addition to a
thorough evaluation of the fiber channel parameters, we have
also presented an evaluation of variousmodulation and feedback
methods that are able to provide bandwidth-length product
increases ranging from to , with the bandwidth-length
products are summarized in Table III. The observed data rates
ranged from 16–25 Gb/s with DFB lasers and VCSELs on
silica fibers with lengths of 100 m to 3 km. While plastic fibers
exhibited significant intermodal coupling at longer lengths,
MIMO techniques still enabled a 12 improvement in data rate,
achieving 22Gb/s over 100m.While the use ofmode scramblers
enhanced data rates in a 4 4 system, only two streams could

be transmitted effectively. Future work should investigate how
multiple axially offset streams can be used to overcome diversity
limits, and motivate the design of arrays of lasers and detectors
that can take advantage of modal diversity. In addition, investi-
gations are needed to study how improved feedback quantization
can improve the performance of spatial multiplexing for better
preprocessing of data symbols at the transmitter.
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