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Abstract. We present two new distance records in wavelength- and space-
division multiplexed transmission based on few-mode fibers, at which novel
low-loss spot-based multiplexers were used to launch the signals into the fiber
modes. First, 5x3x2 wavelength-, space- and polarization-division multiplexed 20
Gbaud/s QPSK signals are transmitted along 209 km of a hybrid few-mode fiber
span by means of distributed backwards Raman amplification. Next, a 700-km
distance is achieved in a recirculating loop experiment transmitting 20 Gbaud/s
QPSK signals into 34 wavelengths, 3 spatial modes and 2 polarizations of graded-
index few-mode. In both fiber spans a DGD-compensating technique was applied
to keep a reduced impulse response of the whole system.

1. Introduction

In 2010, the combination of Shannon’s information theory and Kerr nonlinear effects
present in single mode fibers (SMF) revealed an approaching capacity crunch of
current optical communication systems [1]. Moreover, today’s most advanced research
achievements are close to reach such a limit by use of advanced modulation formats
in coherent transmission systems [2]. Therefore, a huge effort is taken in order to find
a breakthrough technology capable to overcome such a problem.

A promising solution that is currently being extensively studied relies on space-
division multiplexing (SDM), which explores the new spatial dimension given by novel
few-mode fiber (FMF) [3] or mutli-core fiber (MCF) [4, 5] designs to increase capacity.

Along this work we study SDM transmission over a FMF supporting three spatial
and two polarization modes (6FMF). A usual way to multiplex optical signals into this
kind of fiber is the use of phase-plate based multiplexers (PPMs), which couple the
signals into pure linearly-polarized (LP) modes (LP01, LP11a or LP11b) [6]. The
main drawback of PPMs is that they present high losses (typically of 9-10 dB for a
FMF supporting 3 spatial modes [6]). Furthermore, the loss increases linearly with
the number of spatial modes supported by the fiber, limiting their scalability. We
present a novel spot-based multiplexer (SMUX) capable of coupling optical signals
into a 6FMF with a theoretical loss <2 dB. In addition, the design can be modified
to be used for FMF supporting higher-order modes with predicted losses <3 dB [7].
Such multiplexer has been used in two transmission experiments denoting promising
performance.



Space division multiplexing transmission: A spot-based multiplexer for few-mode fibers2

2. Spot-based multiplexer

In order to show the spot-based multiplexer principle, we will use a FMF supporting
three spatial modes (LP01, LP11a and LP11b), whose intensity and phase profiles
can be observed in the first three columns of Fig.1(a). On the other hand, another
possible representation of the LP11 modes can be depicted in the two right columns
of the same figure, being LP11a+ iLP11b and LP11a− iLP11b an alternative basis
of orthogonal LP11 modes.

Figure 1. (a) Phase and intensity profiles of the generated spots (third row) that
excite different LP-mode configurations (first and second rows). (b) Spot-based
multiplexer insertion loss and optimal distance of the spots respect to the center
as a function of the spot diameter [8].

Now, one can imagine that the illumination of a focused beam (spot) onto the
faced of a multi-mode fiber may excite different modes, depending on the position,
phase and intensity profile of the beam. In the case of a 6FMF, three focused spots,
arranged symmetrically respect to the center of the fiber, can excite the basic LP-mode
basis by controlling its relative phase as shown at the bottom row of Fig.1(a).

However, one can also design a SMUX such that each spot couples the light into
a linear combination of modes which is orthogonal respect to the ones launched by the
other two spots, performing then a unitary transformation of the orthogonal modal
basis. This can be achieved by placing the spots symmetrically (within the same
distance respect to each other) around the center of the fiber core. Furthermore, each
spot have to couple the same amount of power into each of the orthogonal fiber modes
[(LP01, LP11a, LP11b) or equivalently (LP01, LP11a+ iLP11b, LP11a− iLP11b)].
The amount of coupling into LP01 or LP11 modes can be changed mainly by moving
the spot radially respect to the center of the fiber [8]. This can be understood by
looking at the intensity profiles shown in Fig.1(a). One can easily intuit that placing
the spots towards the center of the fiber will excite mainly the LP01 mode, while
placing them towards the outer part of the core will excite the LP11a+ iLP11b and
LP11a− iLP11b modal representations. Fig.1(b) shows the optimal distance from the
center (right y-axis) and the insertion loss (left y-axis) of the SMUX as a function of
the spot diameter (normalized respect to the mode-field diameter of a standard SMF).
The calculations were made for a step-index FMF with a core diameter of 17 µm and
normalized frequency V=3.92 [8].

A schematic diagram of the SMUX built for the experiments can be observed in
Fig.2. Beams from three SMFs were collimated onto different mirrors, used to redirect
the beams to the FMF and generate the 3-spot profile described above (see spots view
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Figure 2. Schematic representation of the spot-based multiplexer and image of
the generated spots [8].

in Fig.2). Notice that some of the mirrors must have very sharp edges to be able to
place the spots close to each other and minimize the insertion loss. This concept is
better understood from the demultiplexing point of view, at which we must sample
the beam coming out of the FMF into three different spots. To do so, we mounted
first a periscope containing a mirror M2a with a top sharp edge to cut off the bottom
part of the beam, which is redirected by M2b to port 2 (P2), see side view in Fig.2.
Then, the rest of the beam is cut vertically in two halves by M1, which has a sharp
edge and redirects one of the halves to port 1 (P1), see top view in Fig.2. Finally, the
last part of the beam is redirected through M3 to port 3 (P3). A double telecentric
lens system composed by two lenses of focal lengths f1 and f2 is used to match the
size of the 3-spots generated profile with the size of the FMF modes.

3. Multiple-Input Multiple-Output equalization

Along the propagation through a FMF, coupling between different modes produces a
linear mixing of the transmitted signals. Thus, as shown in Eq.1, each of the received
signals rj(k), at the k-th symbol, will contain a linear combination of all transmitted
signals si(k), which can be described as vectors whose lengthN depends on the impulse
response of the channel between the i-th transmitter and the j-th receiver hj,i(k).
Futhermore, a noise contribution nj has also to be taken into account. Please notice
that Eq.1 describes the 6x6 MIMO system of a FMF supporting three spatial modes
and two polarizations (6 orthogonal channels).

rj(k) =

[
6∑

i=1

hT
j,i(k)si(k)

]
+ nj(k) (1)

The original signals can be recovered by use of MIMO equalization as follows:

ym(k) =

 6∑
j=1

wT
m,j(k)rj(k)

 exp[−jφ̂m(k)] (2)

where ym(k) is the k-th symbol of the recovered signal, wT
m,j(k) is the feed-

forward equalizer (FFE) vector that undoes the coupling between the j-th received

signal and the m-th transmitted signal at the k-th symbol, and φ̂m(k) is the result of
the carrier-phase estimation performed to recover the phase of the transmitted signal
[9].
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In a transmission over a 6FMF, 36 FFE will be required to undo the
mixing produced by all possible channels placed between any transmitter-receiver
combination. Furthermore, being variable channels, a continuous adaptation of the
equalizers must be accomplished in order to obtain the optimum wT

m,j(k) coefficients
for each symbol. To perform this task we use the Least Mean Square (LMS) algorithm
[10] to adapt the coefficients and the Fourth Power algorithm to obtain the carrier-
phase estimation [11].

It is important to notice that in order to undo completely the crosstalk between
modes, the size of the equalizer vectors must be greater than the length of the impulse
response of channels. Such length will determine the complexity and viability of the
MIMO-DSP.

4. WDM-SDM transmission over a 209-km hybrid FMF span

In this section we present a transmission of 5x3x2 wavelength, spatial and polarization
multiplexed 40 Gbps QPSK signals over 209 km of a FMF span by means of backwards
distributed Raman amplification, representing the first demonstration of WDM-SDM
transmission for a distance greater than 50 km. The hybrid fiber span consists on a
first section of large effective area depressed cladding few-mode fiber (DC-FMF) and
a second section of a graded-index few-mode fiber (GI-FMF). Moreover, in order to
be able to recover the signal with affordable equalizer lengths, a DGD-compensating
technique is used to keep a small impulse response of whole fiber span.

4.1. Single span experimental setup with backwards Raman amplification

The setup built to perform this experiment can be observed in Fig.3. As in most of
usual WDM experiments, all wavelength channels are transmitted simultaneously to
account for intra-channel crosstalk and nonlinear effects. However, the detection of
the different channels is performed sequentially by changing the local oscillator (LO)
wavelength.

In this setup, we used two external cavity lasers: one for the transmitted signal
under test and another for the LO. For the rest of transmitted signals (interfering
channels) distributed-feedback lasers (DFBs) were utilized, having a DFB laser for
each wavelength. However, the DFB laser corresponding to the wavelength under test
was switched off during each channel measurement. One can notice in the diagram
that the DFB lasers are divided in two groups, which correspond to the odd and even
wavelength channels. For each group, all wavelengths were coupled together with
a wavelength multiplexer (WMUX), which fed a 2:1 coupler used to aggregate the
channel under test (ECL). Notice that depending on the wavelength under evaluation,
the ECL was coupled either to the odd or to the even channels. For this particular
experiment 5 WDM channels aligned in an standard 50 GHz grid around 1555 nm
were generated [see Fig.4(e) to observe the WDM spectrum].

Each wavelength group was modulated independently by two double-nested Mach-
Zehnder modulators (DN-MZM). This way, first neighboring wavelength channels
were decorrelated. The in-phase (I) and quadrature (Q) inputs were set with two
independent De Bruijn bit sequences (DBBSs) of lengths of 212 generated by a 2
channel programmable pattern generator (PPG) working at 20 Gb/s per channel.

Once modulated, all signals went through a wavelength interleaver, which applied
a 50 GHz filter at each channel and combined them all together into a single output.
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Figure 3. Setup built for the hybrid FMF span experiment with backwards
Raman amplification. Triangles denote erbium-doped fiber amplifiers [13].

Then, six uncorrelated copies of the WDM signals were created by the 3x2 polarization-
division multiplexed (PDM) generation block. As can be observed in the diagram, such
a block splits first the signal into two copies and align them with two polarization
controllers (PC) into orthogonal polarizations. Then, one of the signals is delayed 25
ns respect to the other to introduce decorrelation. Both beams are coupled together
with a polarization beam combiner (PBC), creating this way a PDM beam containing
two orthogonally polarized uncorrelated signals. Then, the PDM beam is further split
in three copies, two of which are delayed by 49 and 97 ns, obtaining as a result three
uncorrelated PDM beams. Notice that the delays must be greater than the impulse
response of the system in order not to overlap the distinct signals. Furthermore, the
DBBSs must be long enough to provide decorrelation of all transmitted signals.

Next, each of the PDM beams fed a different port of the SMUX (described in
Fig.2), which multiplexed them into the hybrid FMF span (to be described in the
following section). After propagation through the fiber span, the signals were extracted
from the fiber by a spot-based demultiplexer (SDMUX), which was modified respect
to the SMUX to support backwards distributed Raman amplification. As depicted
in the SDMUX RAMAN inset of Fig.3, dichroic mirrors were used to separate the
transmitted signals (centered at 1555 nm) from the Raman pump laser emitting at
1455 nm. A phase-plate with a phase jump of π between its two halves was used to
launch 800 mW of Raman pump power into the LP11 mode. This configuration led to
a 10 dB equalized gain per mode with a mode dependent gain <0.5 dB [12]. Different
combination of lenses were used at the SMUX and SDMUX in order to match the
mode sizes of the two kind of fibers (DC-FMF, at the transmitter, and GI-FMF at the
receiver). A focal length of f1 = 100 mm was used at the first lens for both SMUX
and SDMUX; however the second focal lengths were f2 = 4.6 mm for the SMUX and
f2 = 3 mm for the SDMUX. One has to notice that having a larger effective area, the
DC-FMF (at the SMUX) requires less magnification than the GI-FMF (SDMUX) to
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match the size of the 3-spot pattern. The resulting insertion losses were 6 dB for the
SMUX and 3.9 dB for the SDMUX.

After amplification, the PDM beams were fed into three independent polarization-
diversity coherent receivers (PD-CRXs), giving 4 electrical outputs each (the I and Q
components from both x and y polarizations). The resulting 12 electrical signals were
measured with a LeCroy LabMaster 9zi modular oscilloscope with a bandwidth of 20
GHz operating at 40 GS/s.

4.2. Hybrid DGD-compensated FMF span

As mentioned above a hybrid DGD-compensated fiber span is used to perform this
experiment. Such span is composed by to different kind of fibers: a DC-FMF with large
effective area (Aef ) used at the beginning of the span to reduce fiber nonlinearities;
and GI-FMF, designed to minimized the DGD between modes (see Table 1 for fiber
parameters).

Table 1. Parameters of the few-mode fibers used to compose the hybrid DGD-
compensated span: fiber type, length, differential group delay (DGD), effective
area (Aef ), attenuation (L) and chromatic dispersion.

ID Fib. type Length DGD Aef(LP01,LP11) L(1.55,1.45)µm Chrom. Disp.

1 DC-FMF 33 km 1.43 ns (155, 159) µm2 (0.187, 0.26)dB/km 18 ps/(nmkm)
2 DC-FMF 96 km 2.6 ns (155, 159) µm2 (0.187, 0.26)dB/km 18 ps/(nmkm)
3 GI-FMF 10 km -3 ns (64, 67) µm2 (0.226, 0.32)dB/km 18.5 ps/(nmkm)
4 GI-FMF 25 km -1.46 ns (64, 67) µm2 (0.226, 0.32)dB/km 18.5 ps/(nmkm)
5 GI-FMF 5 km 1.46 ns (64, 67) µm2 (0.226, 0.32)dB/km 18.5 ps/(nmkm)
6 GI-FMF 15 km 3.3 ns (64, 67) µm2 (0.226, 0.32)dB/km 18.5 ps/(nmkm)
7 GI-FMF 25 km -4.2 ns (64, 67) µm2 (0.226, 0.32)dB/km 18.5 ps/(nmkm)

First fiber prototypes showed DGD variations within the range of ± 300 ps/km.
Thus a DGD-compensating technique had to be engined to keep a reduced overall
impulse response. Such a technique is based on alternating fiber spools with opposed
DGD as shown in Fig.4(a). Notice that we can define DGD = τLP11 − τLP01, being
τLP11 and τLP01 the time that expend the modes LP11 and LP01, respectively, in
propagate through a fiber of a certain length. Fig.4(b) shows the accumulated DGD
as a function of the distance for two different spans: a 209 km span, at which we used
all fibers shown in Table 1, and a 154 km span, where only fibers 1, 2 and 7 were
utilized. As one can notice, both spans have been designed to have a DGD almost
totally compensated (both LP01 and LP11 modes arrive at the same time at the end
of the span). Furthermore, both spans present also a similar amount of maximum
DGD (DGDmax). Thus the impulse responses of both spans, shown in Figs.4(c-
d), are practically equal. Such impulse responses present two peaks at the center,
corresponding to signals propagating along the whole span into the same LP01 or
LP11 mode, surrounded by a 8-ns wide plateau, generated by crosstalk terms between
both modes along propagation. Note that the length of the plateau is determined by
the difference between the slowest and the fastest optical paths having into account
1st order crosstalk terms [see Fig.4(a)].



Space division multiplexing transmission: A spot-based multiplexer for few-mode fibers7

c)

d)b)

a) e)

f)

1 2 3 4 5

Figure 4. (a) Graph explaining the DGD-compensating technique. (b)
Accumulated DGD as a function of the distance for fiber spans of 154 and 209 km.
(c, d) Impulse responses corresponding to the 154-km and 209-km fiber spans. (e)
Spectrum of the transmitted WDM optical signal. (f) BER in logarithmic scale
as a function of the OSNRpol after 209 km. [13].

4.3. Transmission results

All signals captured by the oscilloscope were processed off-line using MIMO-DSP, as
described above. A total of 36 feed-forward equalizers (FFEs) of a length of 400 taps,
corresponding to a 10-ns time window required to capture the whole impulse response,
were used to undo the coupling between different channels. As already mentioned, the
adaptation of the equalizer coefficients was done by means of the Least Mean Square
(LMS) algorithm [10], which was modified to perform carrier-phase estimation (CPE)
using the Fourth Power algorithm [11]. During the first half million samples, a data-
aided LMS was used to reach convergence of the equalizers. Then, the algorithm was
switched to a decision-directed mode to evaluate the data along 1 million samples.

Fig.4(f) shows the bit-error rate (BER), measured after 209-km of transmission
when launching a 1 dBm input power per spatial and polarization mode, as a function
of the optical signal-to-noise ratio accounting only for noise co-polarized with the
evaluated signal (OSNRpol). Such transmission results showed a maximum penalty
of 3 dB at a BER of 10−3 respect to theoretical predictions. Furthermore, no extra
penalties were observed respect to previous experiments performed with a 154-km
span, where no Raman amplification was applied [8], and a 184-km span, at which
the Raman pump power launched into the LP11 mode was 600 mW [14]. This fact,
demonstrate the robustness of the DGD-compensating technique and the effectiveness
of the mode-equalized distributed Raman amplification.

5. WDM-SDM transmission over 700 km in a loop experiment

In order to achieve longer transmission distances we performed a recirculating loop
experiment by using a 70-km DGD-compensated GI-FMF span. Along this experiment
we transmitted 34 WDM channels carrying 40 Gbps QPSK signals in each of the spatial
and polarization modes of a GI-FMF reaching a total distance of 700 km.
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5.1. Recirculating loop experimental setup

In order to build the recirculating loop setup, shown in Fig.5, we used the WDM
QPSK transmitter, the 3x2 PDM generation block and the coherent receiver depicted
in Fig.3 when describing the previous experiment. Nevertheless, in this case the WDM
QPSK transmitter generated 34 wavelength channels, whose spectra can be observed
in Fig.6(b). In addition, no Raman amplification was used along this experiment.
Thus, both SMUX and SDMUX were built as described above in Fig.2. For the
current multiplexers, the telecentric system built used lenses with focal lengths of
f1 = 100 mm and f2 = 3 mm to match the GI-FMF mode sizes.

For this experiment, we designed a triple recirculating loop. As can be observed
in Fig.5, after the 3x2 PDM generation block each of the PDM beams underwent a
different optical switch, which was used to change between loading mode, at which
the signals generated at the transmitter were directly launched into the GI-FMF, and
looping mode, at which the signals going through the span were sent back through
the switch into the GI-FMF. Then, a 90:10 coupler was used to extract part of
the light from the loop to feed the coherent receiver. One has to notice that a
two stage amplification system was placed after the fiber span to make up for the
losses introduced by the SMUX, GI-FMF, SDMUX, 90:10 coupler and the switch.
Furthermore, three wavelength selective blockers (WSBs) were used to equalize the
gain along the whole spectrum for the three beams. Before entering into the coherent
receiver the extracted signals were amplified and filtered with 0.6 nm tunable band-
pass filter (BPF) centered at the wavelength under test. Finally, by triggering the
scope at the right moment with a delay generator, we could evaluate the data traveling
as many times as desired through the recirculating loop; emulating this way, long-
distance transmission systems.

The fiber span was designed to compensated the DGD with different GI-FMFs
of following lengths (and DGDs): 12.5 km (-2 ns), 25 km (1.64 ns), 12.5 km (-1.17
ns), and 20 km (1.52 ns). Notice that such fibers have the same characteristics as the
GI-FMFs described in Table 1.
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Figure 5. Setup built for the loop experiment. Triangles denote erbium-doped
fiber amplifiers [15].

5.2. Channel estimation and transmission results

First, as we did for the previous experiment, we studied the evolution of the impulse
response along transmission. Fig.6(a) shows the impulse response measured after
different transmission distances. One can notice, that it has a shape similar to the
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one shown in the previous experiment, presenting a central peak (main signals) and a
plateau (crosstalk terms). However, one can observe the impulse response slightly
broadening along the distance. We believe that such broadening appears mainly
from the fact that the fiber span itself and the delays in the loop were not perfectly
compensated or aligned, creating thus a broadening produced by the accumulation
of small delay differences within the different optical paths through several loops. In
addition, 2nd and 3rd order crosstalk terms might also broad the impulse response.

The measured signals were processed as in the previous experiment (using the
same parameters and algorithms). The resulting BERs, measured for all wavelengths,
modes and polarizations as a function of the distance can be observed in Fig.6(c). A
distance of 700 km is reached with a BER< 10−2, which can be supported by using a
forward error correction (FEC) with a 20% overhead.

Distance (km)

Figure 6. (a) Impulse response of the system after different number of loops,
(b) Spectra of the transmitted WDM channels, (c) BER in logarithmic scale as a
function of the distance [15].

6. Conclusions

We presented a novel low-loss spot-based multiplexer showing possible scalability to
FMFs supporting higher-order modes with neglectable loss penalty. Furthermore,
first, a record distance of 209-km in WDM-SDM single FMF-span transmission has
been achieved by use of mode-equalized distributed Raman amplification and a hybrid
DGD-compensating FMF span; leading to an aggregate line-rate of 1.2 Tb/s. Then, we
demonstrated a second record distance of 700 km in a WDM-SDM loop transmission
experiment over FMF, achieving an aggregate capacity of 4.8 Tb/s over a bandwidth
of 1.7 THz. Both experiments showed the effectivity of the presented multiplexer and
corroborated the FMF-based SDM as a potential solution to overcome the coming
capacity crunch.
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J. Essiambre, S. Randel, C. Schmidt and X. Palou for all their help and support.



Space division multiplexing transmission: A spot-based multiplexer for few-mode fibers10

The author of this thesis has contributed to the following publications: [3, 4, 8, 13, 14, 15].

References

[1] R.-J. Essiambre, G. Kramer, P. Winzer, G. Foschini, and B. Goebel. Capacity limits of optical
fiber networks. Lightwave Technology, Journal of, 28(4):662 –701, February 2010.

[2] P. Winzer. Energy-efficient optical transport capacity scaling through spatial multiplexing.
Photonics Technology Letters, IEEE, 23(13):851 –853, July 2011.

[3] S. Randel, R. Ryf, A. Gnauck, M. A. Mestre, C. Schmidt, R. Essiambre, P. Winzer, R. Delbue,
P. Pupalaikis, A. Sureka, Y. Sun, X. Jiang, and R. Lingle. Mode-multiplexed 6x20-
GBd QPSK transmission over 1200-km DGD-compensated few-mode fiber. In Optical
Fiber Communication Conference and Exposition and The National Fiber Optic Engineers
Conference (OFC/NFOEC), page PDP5C.5, 2012.

[4] R. Ryf, R.-J. Essiambre, A. Gnauck, S. Randel, M. A. Mestre, C. Schmidt, P. Winzer,
R. Delbue, P. Pupalaikis, A. Sureka, T. Hayashi, T. Taru, and T. Sasaki. Space-
division multiplexed transmission over 4200-km 3-core microstructured fiber. In Optical
Fiber Communication Conference and Exposition and The National Fiber Optic Engineers
Conference (OFC/NFOEC), page PDP5C.2, March 2012.

[5] H. Takahashi, T. Tsuritani, E. L. T. de Gabory, T. Ito, W.-R. Peng, K. Igarashi, K. Takeshima,
Y. Kawaguchi, I. Morita, Y. Tsuchida, Y. Mimura, K. Maeda, T. Saito, K. Watanabe,
K. Imamura, R. Sugizaki, and M. Suzuki. First demonstration of MC-EDFA-repeatered SDM
transmission of 40 x 128-Gbit/s PDM-QPSK signals per core over 6,160-km 7-core MCF. In
European Conference and Exhibition on Optical Communication (ECOC), page Th.3.C.3.
Optical Society of America, September 2012.

[6] R. Ryf, S. Randel, A. H. Gnauck, C. Bolle, A. Sierra, S. Mumtaz, M. Esmaeelpour, E. C.
Burrows, R.-J. Essiambre, P. J. Winzer, D. W. Peckham, A. H. McCurdy, and R. Lingle.
Mode-division multiplexing over 96 km of few-mode fiber using coherent 6x6 MIMO
processing. Lightwave Technology, Journal of, 30(4):521–531, February 2012.

[7] R. Ryf, N. Fontaine, and R. Essiambre. Spot-based mode coupler for mode-multiplexed
transmission in few-mode fiber. In Photonics Society Summer Topical Meeting Series, 2012
IEEE, pages 199–200, 2012.

[8] R. Ryf, M. A. Mestre, A. Gnauck, S. Randel, C. Schmidt, R. Essiambre, P. Winzer, R. Delbue,
P. Pupalaikis, A. Sureka, Y. Sun, X. Jiang, D. Peckham, A. H. McCurdy, and R. Lingle.
Low-loss mode coupler for mode-multiplexed transmission in few-mode fiber. In Optical
Fiber Communication Conference and Exposition and The National Fiber Optic Engineers
Conference (OFC/NFOEC), page PDP5B.5, 2012.

[9] S. Randel, R. Ryf, A. Sierra, P. J. Winzer, A. H. Gnauck, C. A. Bolle, R.-J. Essiambre, D. W.
Peckham, A. McCurdy, and R. Lingle. 6x56-Gb/s mode-division multiplexed transmission
over 33-km few-mode fiber enabled by 6x6 MIMO equalization. Optics Express, 19(17):16697–
16707, August 2011.

[10] N. Benvenuto and G. Cherubini. Algorithms for Communications Systems and their
Applications. John Wiley and Sons, Inc., 2002.

[11] A. Viterbi. Nonlinear estimation of psk-modulated carrier phase with application to burst digital
transmission. Information Theory, IEEE Transactions on, 29(4):543 – 551, July 1983.

[12] R. Ryf, A. Sierra, R.-J. Essiambre, S. Randel, A. Gnauck, C. A. Bolle, M. Esmaeelpour, P. J.
Winzer, R. Delbue, P. Pupalaikis, A. Sureka, D. Peckham, A. McCurdy, and R. Lingle.
Mode-equalized distributed raman amplification in 137-km few-mode fiber. In 37th European
Conference and Exposition on Optical Communications, page Th.13.K.5. Optical Society of
America, 2011.

[13] R. Ryf, M. A. Mestre, S. Randel, C. Schmidt, A. Gnauck, R.-J. Essiambre, P. Winzer, R. Delbue,
P. Pupalaikis, A. Sureka, Y. Sun, X. Jiang, D. Peckham, A. McCurdy, and R. Lingle. Mode-
multiplexed transmission over a 209-km DGD-compensated hybrid few-mode fiber span.
Photonics Technology Letters, IEEE, 24(21):1965 –1968, November 2012.

[14] R. Ryf, M. A. Mestre, S. Randel, C. Schmidt, A. Gnauck, R.-J. Essiambre, P. Winzer, R. Delbue,
P. Pupalaikis, A. Sureka, Y. Sun, X. Jiang, D. Peckham, A. McCurdy, and R. Lingle.
Mode-multiplexed transmission over a 184-km DGD-compensated few-mode fiber span. In
Photonics Society Summer Topical Meeting Series, 2012 IEEE, pages 173 –174, July 2012.

[15] R. Ryf, M. A. Mestre, S. Randel, X. Palou, A. Gnauck, R. Delbue, P. Pupalaikis, A. Sureka,
Y. Sun, X. Jiang, and R. Lingle Jr. Combined SDM and WDM transmission over 700-km.
In Optical Fiber Communication Conference and Exposition and The National Fiber Optic
Engineers Conference (OFC/NFOEC), page OW1I.2, 2013.


