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Abstract By employing successive interference cancellation decoder and redundant receive channels,
we achieved a record-high line rate of 689 Gbit/s, channel number of 10, and net spectral efficiency
of 13.9 bit/s/Hz in single-wavelength mode-division multiplexing free-space optical transmission under

strong turbulence. ©2023 The Authors

Introduction

Free-space optical (FSO) communications can
provide ultra-fast data ratel'l, ultra-long link dis-
tancel?, robustness to electromagnetic interfer-
encel®l, and is a promising technology for high-
speed wireless transmissions. To further in-
crease the link capacity, different multiplexing
technologies have been considered in FSO sys-
tems, including polarisation multiplexing!*l, dense
wavelength-division multiplexing (DWDM)®!, and
mode-division multiplexing (MDM)].  Unlike the
other approaches, the MDM technology can also
enhance turbulence resiliency without adaptive
optics (AO)V"l, making it a promising technology
for high-capacity FSO transmissions with a much
faster adaption speed for turbulence.

However, the turbulence resiliency of MDM
technology was mostly observed in single-input
multiple-output (SIMO) systems[’M8.  In MDM
multiple-input multiple-output (MIMO) systems,
the AO has been the major approach to com-
bat turbulencel® %, However, a single AO can
not fully compensate for strong turbulence, where
both phase and amplitude distortion exists, and
a considerable amount of power may fall outside
the receive aperture. Therefore, previous MDM
MIMO transmissions mainly focused on weak tur-
bulencel®, and severe performance degradation
has been observed in strong turbulencel'?.

In this paper, we demonstrated for the first time
a digital signal processing (DSP)-based approach
to simultaneously increase transmit data rate and
enhance turbulence resiliency in strong turbulent
channels. By employing advanced successive in-
terference cancellation (SIC) MIMO decoder and
redundant receive channels, we demonstrated an
MDM MIMO FSO transmission with a record-
high line rate of 689.2 Gbit/s, independent chan-

nel number of 10, and net spectral efficiency of
13.9 bit/s/Hz in strong turbulent channels, indicat-
ing the feasibility of high-capacity MDM MIMO
transmission in long-haul FSO links.

Methods and Experimental Setup

Our experimental setup is shown in Fig. 1. At
the transmitter, a Ciena WavelLogic 3 transpon-
der was employed to generate a 34.46 GBaud
dual-polarization quadrature phase shift keying
(DP-QPSK) signal at 1550.12nm by using the
39.385GSa/s onboard arbitrary waveform gen-
erator (AWG). The data sequence had a frame
length of 20,000 symbols. Each frame had 1,680
symbols as a training sequence and 1 pilot sym-
bol for every 9 data symbols. The training sym-
bols and pilots were generated from random
QPSK symbols and the data symbols were gen-
erated from a PRBS-15 pseudorandom binary se-
quence (PRBS). The signals were shaped by a
root-raised cosine (RRC) filter with a roll-off factor
of 0.1 and then amplified by a booster erbium-
doped fibre amplifier (EDFA). To emulate inde-
pendent receivers, an acousto-optic modulator
(AOM) was employed to enable the time-division
multiplexing (TDM) receiver!®l. Here a 20 us sig-
nal burst was generated in a period of 160 us
(Fig. 1(a)). To emulate independent transmitters,
the burst signals were split into 5 copies and de-
layed by variable fibre delay lines (FDLs) with
lengths of 0, 280, 560, 840, and 1120 symbols to
generate decorrelated signals for different modes.
The last mode was intentionally left unconnected
due to its significantly higher loss. Afterwards,
5 variable optical attenuators (VOAs) were em-
ployed to compensate for the mode-dependent
loss in the transmitter mode-selective photonic
lantern (MSPL). Finally, the MDM signals were
coupled into a free-space turbulence emulator.
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Fig. 1: The experimental setup. DP-QPSK: dual-polarization quadrature phase shift keying; EDFA: erbium-doped fibre amplifier;
AOM: acousto-optic modulator; FDLs: fibre delay lines; VOAs: variable optical attenuators; MSPL: mode-selective photonic

lantern; LO: local oscillator; DSP: digital signal processing. (
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Fig. 2: Turbulence emulator based on polarisation
multiplexed multi-plane light conversion. PBS: polarising
beam splitter; HWP: half-wave plate; SLM: spatial light
modulator.

The details of the turbulence emulator in Fig. 1
are shown in Fig. 2. Here we employed the po-
larisation multiplexed multi-plane light conversion
(MPLC) technology to emulate distributed strong
turbulent channels which can not be accurately
described by a single phase platel'!{'2], In this
emulator, the MDM signals were coupled from a
few-mode fibre (FMF) into free-space by using a
transmit collimator with a focal length of 10 mm.
A polarising beam splitter (PBS) was placed af-
ter the collimator to split both polarisations of the
beam, the upper beam was reflected by a mir-
ror and passed through a D-shaped half-wave
plate (HWP), rotating the polarisation by 90° for
the polarisation-sensitive spatial light modulator
(SLM). Both the upper and lower beams were
reflected four times on the 1920 x 1200 SLM by
employing a square mirror. Here turbulence pat-
terns were generated from the von Karman spec-
trum, mapped onto the SLM using the MPLC
method!"3!, and duplicated for the upper and the
lower beam, respectively. Afterwards, the lower
beam was rotated by 90° by another D-shaped
HWP and then reflected by another mirror. The
upper and lower beams were then composed by
another PBS and coupled into a receive coupler
with a focal length of 10 mm.

To illustrate the polarisation insensitivity of our
proposed turbulence emulator, Fig. 3 depicts a
typical beam profile after the turbulence emulator
for (a) the upper beam, (b) the lower beam, and

a) Signal burst after AOM; (

b) TDM signal after receiver coupler.

Fig. 3: A typical beam profile after the turbulence emulator.
(a) The upper beam; (b) the lower beam; (c) both beams.
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Fig. 4: Received power distribution after the turbulence
emulator. The Gamma-Gamma model was employed in
curve fitting. PDF: probability density function.

(c) both beams with a Gaussian beam coupled
into the transmit collimator and using a phosphor-
coating beam-profiling camera in place of the re-
ceive coupler. By blocking the beam paths with an
opaque card, all the beam profiles can be seen to
show good similarity.

We also tested the statistical distribution of the
received power after the turbulence emulator. To
compare the received power difference using dif-
ferent kinds of fibres, we connected a single-
mode fibre (SMF) and an FMF to the receive cou-
pler, respectively. To obtain a fair comparison, an
SMF was always connected to the transmit col-
limator. As shown in Fig. 4, both setups were
well-fitted with the curve-fitting results using the
Gamma-Gamma model. When compared with
the SMF setup, the FMF setup provided a larger
effective aperture and a larger number of sup-
ported modes!'4l. Therefore, it showed a signif-
icant improvement in both the average received
power (increased from -5.00dBm to -0.02 dBm)
and the Rytov variance (c% reduced from 9.01 to
1.45, both setups were associated with strong tur-
bulence). These results also indicated the poten-
tial to exploit diversity gain by employing MDM.

At the receiver, another MSPL was employed
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Fig. 5: The BER performance of the 10 x 12 MIMO system

under 100 independent strong turbulence realizations. Avg:

average BER.

to decompose the received MDM signal from the
turbulence emulator. Afterwards, the 6 decom-
posed signals were delayed by the 25 km, 20 km,
15km, 10km, 5km, and 0km FDLs, generating
"24.5ps delay between adjacent modes, which
was slightly longer than the signal burst, to enable
the TDM receiver®l. The TDM signals were am-
plified by 6 independent EDFAs, coupled into one
SMF, and amplified by another EDFA (Fig. 1(b)).
Finally, the TDM signals were received by a co-
herent receiver with a 23 GHz, 50 GSa/s oscillo-
scope and demodulated by an offline DSP.

Experimental results

As shown in Fig. 5, We tested 100 independent
strong turbulence realizations to compare the per-
formance of different MIMO decoding algorithms
in an MDM FSO system. Here all 10 transmit
channels (5 modes x 2 polarisations) and 12 re-
ceive channels (6 modes x 2 polarisations) in
Fig. 1 were exploited. In this test, the conventional
minimum mean square error (MMSE) MIMO de-
coder had an average bit error rate (BER) perfor-
mance of 9.01 x 10~3. To further improve the BER,
we tested the SIC MIMO decoder!'S], obtaining a
BER of 1.21 x 1073, well below the 6.25% hard-
decision forward error correction (HD-FEC) limit
of 4.7 x 10730181 If we consider an outage when
the BER is larger than the HD-FEC limit, the out-
age probability was reduced from 41% (the MMSE
decoder) to 8% (the SIC decoder), indicating a
significantly better strong turbulence resiliency by
employing the SIC decoder.

To validate the BER and outage performance
improvement by employing redundant receive
channels, Fig. 6 depicts the average BER and
outage probability of MIMO systems with different
numbers of transmit channels (N;) and receive
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Fig. 6: The average BER and outage probability of MIMO

systems with different numbers of transmit and receive

channels under 100 independent strong turbulence

realizations. (a) Average BER with MMSE decoder; (b)
average BER with SIC decoder; (c) outage probability with
MMSE decoder; (d) outage probability with SIC decoder.

channels (V,)). This was realized by only connect-
ing the lowest N;/2 transmit modes and the low-
est N,./2 receive modes. As shown in Fig. 6, the
BER and outage performance can be improved by
either increasing N, or decreasing N;. Moreover,
the SIC decoder always outperformed the MMSE
decoder in the same system setup.

Conclusions

In this paper, we have shown that the SIC
MIMO decoder and redundant receive channels
can provide enhanced resiliency to strong turbu-
lence, leading to a better BER and outage per-
formance. By employing such DSP technologies,
we achieved a record-high line rate of 689.2 Gbit/s
and independent channel number of 10 in single-
wavelength MDM MIMO FSO communications
with strong turbulence, which was emulated by
an MPLC-based turbulence emulator. Consider-
ing the 8.4% training sequence, 10% pilot rate,
6.25% HD-FEC cost, and 0.1 roll-off factor, a
record-high net spectral efficiency of 13.9 bit/s/Hz
was achieved in strong turbulent links. These re-
sults indicate the feasibility of employing the MDM
technology for high-capacity long-haul FSO trans-
missions in strong turbulent links.
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