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Abstract—We report on the multiplexing of 12 spatial and polar-
ization channels and 120 wavelength channels in the C-band, each
carrying 16 quadratic-amplitude modulation symbols at 30 GBd
over graded-index few-mode fiber. A combination of multiple fiber
spools with positive and negative modal dispersion values is ex-
ploited to form a 59-km link with 0.35-ns differential mode group
delay. The link is placed inside a sixfold synchronized recirculating
loop transmission setup. Photonic lanterns with low insertion and
mode-dependent loss are employed to excite the six spatial modes
in the few-mode fiber. A net transmission rate of 138 Tb/s at a
spectral efficiency of 34.91 b/s/Hz over 590 km is demonstrated.

Index Terms—Optical fiber communication, space division mul-
tiplexing, wavelength division multiplexing.

I. INTRODUCTION

TRAFFIC in optical communication systems has been
growing exponentially in recent years, and current fore-

casts are corroborating this trend for the near future. Techno-
logical advances such as transmitting higher order modulated
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L. Grüner-Nielsen is with the Danish Optical Fiber Innovation, Brønshøj
2700, Denmark (e-mail: lgruner@ofsoptics.com).

R. V. Jensen is with the OFS Fitel Denmark, Brøndby 2605, Denmark (e-mail:
rjensen@ofsoptics.com).

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.2018.2791100

symbols at higher baud rates, constellation shaping (e.g. prob-
abilistic and geometric) and more efficient use of the available
optical spectrum has been able to support this increase in capac-
ity demand. However, these techniques are not able to facilitate
the traffic growth required as the non-linear Shannon capac-
ity limit of single-mode fiber (SMF) technology is approached
[1], [2].

To facilitate this capacity growth, the use of spatially sepa-
rated channels is proposed. Increasing the spatial multiplicity
in a single fiber is favorable as it has the potential to save en-
ergy, space, and costs [1], [3]. One approach of space division
multiplexing (SDM) in a single fiber is transmitting over multi-
ple modes within a single fiber core [4]–[13], or over multiple
cores [14]–[16]. Transmitting over multiple modes in a single
fiber has several advantages but is susceptible to transmission
effects and impairments, such as differential mode group delay
(DMGD) and mode dependent loss (MDL), that do not exist in
SMF. As the spatial channels co-exist in the same core, mixing
between modes occurs during propagation, which can be re-
solved by multiple-input multiple-output (MIMO) digital signal
processing (DSP). However, different propagation constants for
the spatial channels introduce DMGD and results in impulse
response broadening, which in turn requires more memory at
the receiver in order to successfully unravel the modes. Ad-
ditionally, MDL can lead to outage, thus limiting capacity of
SDM transmission systems [17]. As compensation in DSP is
challenging, mitigation of MDL has to be mainly addressed in
component design and fabrication.

As the complexity of mode-multiplexed transmission systems
scales with the number of modes, fibers supporting a limited
number of modes have received lots of interest [4]–[13]. With
these few-mode fibers, spectral efficiency as high as 58 bit/s/Hz
over single span distances has been demonstrated for 10 modes
[11]. Experiments with 3-mode fibers report transmission reach
up to 3500 km at lower spectral efficiency of 9 bit/s/Hz [12].
With 6-mode fibers, a higher spectral efficiency over 15 bit/s/Hz
was reported at transmission over hundreds of kilometers [8].
Combined with multi-core technology 10 Pb/s transmission over
a short length of 11.3 km using both the C and L bands has
been recently demonstrated [14]. Although, high throughput
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has been demonstrated with few-mode multi-core fiber (FM-
MCF), achieving such high throughput over longer FM-MCF
transmission distance comparable to single-mode and few-mode
fiber (FMF) transmission systems has been elusive. In addition,
fabrication of FMF is much simpler than their multi-core coun-
terparts. Hence, key design parameters of mode-multiplexed
transmission systems are the fiber design, the spectral efficiency
and the maximum transmission reach to optimally exploit all
available dimensions.

In this work, we report transmission over graded-index
6-mode FMF at a spectral efficiency of 34.9 bit/s/Hz up to
1475 km [13]. Furthermore, a maximum net transmission rate
of 138 Tbit/s over 590 km was demonstrated by means of syn-
chronized recirculating loop setups with 59 km FMF link. To the
best of our knowledge, this is the highest throughput-distance
product for C-band transmission in a single core few-mode fiber
reported to date. These results are obtained by loading 120
wavelength channels multiplexed in 2 polarizations and 6 spa-
tial modes with 120 Gbit/s mapped to 16-QAM symbols. Long
distance results are enabled by combining positive and nega-
tive dispersion fibers to reduce the total DMGD of the link to
approximately 6 ps/km, and by using photonic lantern mode
multiplexers with low mode dependent and insertion losses.

This paper is organized as follows: In the next section the
design of the fiber and the characterization of the transmission
link are described. Section III covers the design, manufacturing
process and characterization of the photonic lantern mode mul-
tiplexers. In Section IV, we describe the 6-mode transmission
experimental setup. Section V covers the experimental results,
where the performance is assessed in terms of Q-factor and in
terms of maximum transmission reach given the wavelength de-
pendent mode-dependent losses of the system. We discuss in
particular the Q-factor for specific transmission distances given
the specific recirculating loop round-trips.

II. 6-MODE GRADED-INDEX FIBER

The FMF supports exactly 4 linear polarized (LP) modes
[8], namely LP01 , LP11 , LP21 , and LP02 . Because both LP11
and LP21 each have 2 degenerate modes, labeled with ‘a’ and
‘b’, 6 spatial modes each with 2 polarizations are available
for SDM transmission. All supported modes have an attenu-
ation of 0.2 dB/km, while the chosen normalized frequency
(or V-parameter) ensures cut-off of higher order modes. The
refractive-index profile is of the graded-index type and is opti-
mized to minimize DMGD between the 4 mode-groups. Effec-
tive areas of 90 μm2 for the LP01 , 120 μm2 for the LP11 modes,
165 μm2 for LP21 and 180 μm2 for the LP02 mode, respec-
tively, increases its tolerance towards non-linear transmission
effects, thus allowing higher transmission powers with respect
to standard single-mode fiber (SSMF). The chromatic disper-
sion (CD) is close to conventional SSMF with approximately
18 ps/(nm km) averaged over all the modes.

Although the fiber is designed to have low DMGD, the total
mode dispersion in a link can be further reduced by combin-
ing multiple fiber spools with positive and negative dispersion
values [5]. This technique is similar to chromatic dispersion

TABLE I
LENGTHS AND DMGDS OF THE SPOOLS IN THE FEW-MODE LINK

Fig. 1. Dispersion map of DMGD managed 59 km fiber link showing the
build up and compensation of mode-group delay to 0.35 ns.

Fig. 2. Intensity averaged impulse responses after 59, 177, and 590 km trans-
mission obtained by channel estimation.

compensation with dispersion compensated fiber (DCF), how-
ever for mode division multiplexing (MDM) transmission dis-
persion between all modes has to be minimized. For this setup,
the 4 reels described in Table I are fusion spliced to form a
59 km link with a final mode-group dispersion of 0.35 ns. The
dispersion map in Fig. 1 shows the evolution of the mode dis-
persion in the link. For simplification, a linear dispersion growth
is assumed, which is true for weakly-coupled multi-mode trans-
mission systems. From the figure, it can be seen that the maxi-
mum DMGD at any point in the fiber link is below the largest
value of the individual fiber spools as specified in Table I. The
effect of DMGD compensation is also visible in the impulse
response of the system, obtained by averaging over all elements
of the 12 × 12 MIMO channel estimation [6]. Fig. 2 shows the
impulse response after 1, 3, and 10 circulations. After transmis-
sion over one span, most energy is concentrated in a window
of approximately 1 ns. The side peaks, correspond to the modal
dispersions at the splice points within the fiber link and are at
least 20 dB suppressed. As the full impulse response can still
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Fig. 3. (a) Transfer matrix of the photonic lantern mode multiplexer indicating
high intensity within the three mode-groups and limited crosstalk between the
groups. (b) Mode profiles captured with an NIR camera.

be captured within the 30 ns wide equalizer window it is not
expected that transmission performance is limited by dispersion
at a range of 590 km.

III. MODE-SELECTIVE PHOTONIC LANTERNS

To excite the modes in the transmission fiber, photonic lantern
(PL) are employed. These fiber based mode multiplexers can be
fabricated with low mode dependent and insertion losses, and
can be fusion spliced to the transmission fiber to minimize cou-
pling losses [18]. 6 SMF are positioned within a low refractive
capillary, which is heated and pulled to adiabatically taper the
structure down to match the dimensions of the FMF. In the
tapered section, the light escapes from the SMF cores and it
will form a super-mode. Note that the first photonic lanterns
did not have a strong relation between input fibers and excited
modes, which made launch power control challenging. To in-
troduce mode selectivity, the mode degeneracy can be broken
by using distinct propagation constants for each input [19]. In
our design, dissimilar SMF with core radii of 23 μm, 18 μm,
15 μm, and 11 μm were selected for LP01 , LP11 , LP21 , and
LP02 respectively [20].

Both multiplexers are characterized after manufacturing with
an optical vector network analyzer (OVNA) [21]. From the mea-
sured transfer functions, MDL and mode selectivity are ob-
tained. We found an MDL of 1.3 and 2.0 dB for our devices.
The transfer matrix depicted in Fig. 3(a) shows coupling be-
tween the spatial channels as intensity. In this matrix, mixing
within the degenerate modes of LP11 and LP21 can be seen.
As well as a coupling between the LP21 and LP02 modes due
to similar propagation constants, which is also visible from the
overlapping curves in Fig 1. Limited crosstalk between the three
mode-groups was observed. Another indication of mode selec-
tivity comes from observing the few-mode output with a near
infrared (NIR) camera. In the profiles in Fig. 3(b) the LP mode
profiles are clearly recognizable.

Next, a short length of 6-mode fiber is fusion spliced to the
multiplexers and the performance is once again evaluated. For
this test amplified spontaneous emission (ASE) is injected in
one of the SMF inputs of the PL while observing the power at
the FMF facet. The received optical power measured at the end
of each multiplexer, and after splicing one multiplexer to the
transmission fiber are given in Table II. The average loss of the

TABLE II
INSERTION LOSSES OF THE MODE MULTIPLEXERS AND THE 59 KM FMF SPAN

fiber is estimated to be 0.22 dB/km and less than 2 dB variation
in insertion loss (IL) for the full link was observed. This offset
can be easily compensated during transmission by controlling
the individual launch powers.

IV. FEW-MODE TRANSMISSION SETUP

In the transmission setup illustrated in Fig. 4 a 33 GHz spaced
grid of 120 wavelength channels is generated by modulating the
output of 40 distributed feedback (DFB) lasers with a 33.3 GHz
tone. The odd and even channels of the grid are separated and
independently modulated by nested Mach-Zehnder modulator
(MZM). The modulators are driven by two digital to analog
converter (DAC) running at 60 GS/s, which produce a sequence
of 216 16-QAM De Bruijn symbols. Polarization multiplexing
is simulated by adding fiber delay to one input of a polarization
beam splitter (PBS). Throughout this transmitter sub-system er-
bium doped fiber amplifier (EDFA) compensate for any losses,
while a gain flattening filter (GFF) enforces a flat spectrum, min-
imizing performance differences between wavelength channels.
In a wavelength selective switch (WSS) one of the channels is
replaced with the channel under test (ChUT), which is modu-
lated with independent data by a similar transmitter setup.

For long distance transmission experiments the signals are
transmitted trough a loop setup. This setup combines multiple
conventional SMF recirculating loops with a shared multi-mode
link. On each path in the loop there is a 1× 2 solid state switch to
switch between loading and looping states, a splitter to redirect
10% of the signal to the receiver, 2 stage EDFA, and GFF. In
between the 2 stages of the EDFA are the mode multiplexers
and DMGD minimized 59 km 6-mode fiber span. The path
lengths are matched within centimeters of each other and any
variation in losses is compensated for by tuning variable optical
attenuator (VOA) of the 2-stage EDFA. Furthermore, all loop
switches are synchronized and one extra switch is placed before
the mode decorrelation to improve extinction ratio. The 98 ns
decorrelation delays are sufficiently long to avoid overlap within
the equalizer windows of the spatial tributaries [22].

The outputs of the loop are amplified and passed through
WSS where the loading channels are dropped before sending
the channels of interest to the receivers. A 10 KHz linewidth
external cavity laser (ECL) is tuned to match the wavelength
of the ChUT and acts as a local oscillator (LO) signal for
the 6 polarization diverse coherent receiver (PD-CRX). The re-
ceiver outputs are converted to the digital domain by a 20 GHz
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Fig. 4. Few-mode recirculating loop transmission setup. Triangles represent EDFAs.

bandwidth, 24 channel real-time oscilloscope operating at
40 GS/s. Alternatively, the outputs of the loop can be redi-
rected to an optical spectrum analyzer (OSA) for analyzing the
spectrum.

All signal processing is performed offline [23]. First, all sig-
nals are aligned in time and resampled to 2-fold oversampling.
Next, IQ-imbalance, CD, and frequency offset between signal
and LO are compensated. Subsequently, a 12 × 12 MIMO fre-
quency domain equalizer (FDE) is applied to undo the mode
mixing. This equalizer combines the least means square (LMS)
algorithm for convergence with a multi-modulus algorithm
(MMA) during transmission. The last block in the DSP chain
recovers the carrier phase before performance is evaluated over
8 million bits per spatial channel.

V. TRANSMISSION RESULTS

This result section is split into two subsections. In the first we
describe the optimization of the transmission setup using only
15 of the 120 wavelength channels centered around 1550 nm,
reducing both measurement and processing time significantly.
In the second section, all 120 wavelength channels are enabled
to achieve 138 Tbit/s.

A. System Optimization and 15 WDM Channel Transmission

At first, any performance variation amongst the spatial chan-
nels is investigated by varying the launch power in one of the
PL inputs. A 2 dB offset for one of the LP21 modes was ob-
served, which matches with earlier IL measurements described
in Table II. This offset can be easily compensated by tuning the
VOA inside the loop. With this optimization applied, all spatial
channels perform similarly over the measured range of powers
and all have their optimum around −1 dBm, as can be seen in
Fig. 5.

Next, we investigate the performance of the system for various
transmission distances while sweeping the launch power. The Q-
factors after 118, 295, 590, 885, 1180, and 1475 km are depicted
in Fig. 6. Any difference in Q-factor between the spatial channels
is represented by the shaded area, while the solid line indicates
the system average. Note that after 1475 km transmission the
averaged Q-factor is approximately 6 dB at the optimum, en-
abling transmission when 20% overhead soft decision forward
error correction (SD-FEC) is assumed, resulting in a record
spectral-efficiency-distance product of 51,400 bit/s/Hz × km.
Although the worst performing spatial channels are on the edge
of the assumed forward error correction (FEC) threshold, a sim-

Fig. 5. Q-factors of the spatial modes versus launch power after 590 km
transmission.

Fig. 6. Q-factors versus launch power for various transmission distances.
Solid line represents the system average, while the shaded areas indicate the
performance difference of the spatial channels.

ple space-time coding scheme such as round-robin coding [10]
can be applied to equalize performance to the system average.

For each wavelength channel, the 12 × 12 transfer matrix is
estimated by the MIMO equalizer. A singular value decomposi-
tion (SVD) performed on this matrix returns the strengths of the
12 transmission channels in the form of singular values. Typi-
cally the MDL is represented as the ratio between the strongest
and weakest singular value. These values are calculated for each
distance captured, also points after the maximum transmission
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Fig. 7. Mode dependent loss calculated as ratio between strongest and weakest
singular value as well as the standard deviation of the MDL and its square root
fit function.

reach are included, as can be seen in Fig. 7. We observe a MDL
of 3.9 dB after the first circulation, which corresponds closely
to the measured 1.3 and 2.0 dB MDL of the mode multiplexers,
leaving a residual MDL of approximately 0.01 dB/km for the
fiber. Another interesting parameter can be calculated from the
SVD, namely the standard deviation of the MDL. This parame-
ter grows according to

σM DL = ξ

√
1 +

1
12

ξ2 (1)

with ξ =
√

Kσg , where K is the number of identical fiber sec-
tions, and σg is the MDL standard deviation of a single section
[17]. As we transmit multiple times over the same span in the
recirculating loop setup, the standard deviation of the MDL of
the 59 km fiber link can be estimated by fitting the measured
standard deviations to (1). As can be seen in Fig. 7, the fit-
ted curve matches closely to the calculated values for σg = is
0.62 dB.

B. 138 Tbit/s Transmission

For the next experiment, we maximize throughput of the sys-
tem by modulating 120 wavelength channels at a spacing of
33 GHz, thereby occupying up to 4 THz of bandwidth in the C-
band. From the power sweep, we observe no significant changes
of optimum launching conditions with respect to earlier exper-
iments. However, a penalty of approximately 1 dB in Q-factor
is observed for same 15 wavelength channels previously evalu-
ated. These wavelength channels are highlighted with the gray
area in Fig. 8. Moreover, from Fig. 8 lower performance for the
shorter wavelengths can be observed, which limits the transmis-
sion reach of our system to 590 km. At this distance Q > 6.3 dB
still allows for successful signal demodulation when a 20%
overhead FEC is applied. The lower performance for the shorter
wavelength channels can be attributed to the limited gain for
this wavelength regime of the EDFA used to amplify the LO
and the non-flat spectrum. A tilting effect of the spectrum in-
creasing with distance was observed from OSA captures, as can
be seen in Fig. 9. Note that the OSA has to be synchronized
with the recirculating loop, significantly reducing the length of
the acquisition windows. The OSA observes only one of the

Fig. 8. Q-factors of the wavelength channels. Solid black line represents the
system average, while dotted and dashed lines show the performance difference
of the spatial channels for the two polarizations. The 15 wavelength channels
in the gray shaded area corresponds to channels used in the experiments of
Section V-A.

Fig. 9. Optical spectrum shows a tilting effect increasing with transmission
distances.

outputs of the recirculating loop, which will contain a combi-
nation of the 12 transmitted spatial and polarization channels.
This combination might vary with wavelength or over time due
to changes in mode mixing. As a result, the spectrum depicted
in Fig. 9 does not represent the full multi-mode spectrum at a
single moment in time.

In Fig. 8 it can be seen that the spread in performance ex-
pressed in Q-factors, of the spatial channels is larger at both
ends of the spectrum. This effect is also visible in the calculated
MDL in Fig. 10(b). All singular values of the SVD on the esti-
mated transfer matrix of each received wavelength channel are
concatenated to form the graph in Fig. 10(a). As there is no data
in the guard bands, we do not have information on the MDL
at this part of the spectrum. This can be seen in more detail in
the close up around 194.0 Thz in Fig. 10(c). Note that, the SVD
returns the singular values ordered from strongest to weakest,
but do not necessarily represent the same spatial channel for
each individual point in the spectrum. Within each wavelength
channel the ratio between the strongest and weakest singular
value as well as the standard deviation are plotted as the MDL
in Fig. 10(b). Plugging in our previously found σg 0.62 dB,
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Fig. 10. (a) Singular values obtained by SVD of the transfer matrix of each wavelength channel. Each color represents a single λ2
i . (b) Mode dependent loss

calculated as ratio between strongest and weakest singular value as well as the standard deviation of the MDL. (c) close-up if figure a, centered around 194 THz.
(d) Standard deviation of spatial channel Q-factors and mode dependent loss.

a standard deviation of 2.9 dB in MDL is expected. As can
be seen in Fig. 10(b) this is true for center wavelengths that
were investigated earlier, but does not hold for the ends of the
spectrum.

Fig. 10(d) shows both the standard deviation in Q-factor and
MDL. Please be aware that the x-axis represents wavelength
and not frequency as in Fig. 10(b). It can be seen that for the
channels in the longer wavelengths these curves show similar
trends, and it can be assumed that the transmission performance
for those wavelength channels are mainly limited by the mode
dependent loss of the system.

VI. CONCLUSION

We have reported a spectral-efficiency distance product over
50,000 bits/s/Hz × km by transmitting 15 wavelength, and 12
spatial and polarization channels modulated with 120 Gbit/s
16-QAM in 500 GHz of bandwidth over 1475 km. By increasing
the number of wavelength channels to 120, a net transmission
throughput of 138 Tbit/s over 590 km was achieved in a single
core. These results demonstrate the potential of MDM to over-
come the capacity crunch for long-haul transmission systems.
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