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Abstract We demonstrate a single-wavelength mode-division multiplexing free-space optical com-
munication system utilising 6 Hermite-Gaussian modes. By employing probabilistic-shaped 256-QAM
signals at 80 GBaud, this system achieved a record-high line rate of 5.07 Tbit/s/λ in free-space optical
communications. ©2024 The Author(s)

Introduction

Free-space optical (FSO) communications is a
promising technology for high-capacity wireless
communications. Recently, 1 Tbit/s/λ single-input
single-output (SISO) FSO communication sys-
tems were demonstrated[1],[2]. Constrained by
the limited electrical bandwidth and the noise,
this data rate is approaching the limit of optical
communication systems[3]. To further improve
the single-wavelength capacity in FSO transmis-
sions, mode-division multiplexing (MDM) tech-
nology is frequently discussed as a promising
candidate[4]–[9]. While single-input multiple-output
(SIMO) MDM systems were primarily employed
to combat turbulence[9], multiple-input multiple-
output (MIMO) MDM systems have shown their
potential to further increase the data rate[4],[5].

However, the MDM systems were constrained
by practical inter-mode crosstalk and inter-symbol
interference (ISI). Therefore, considerable perfor-
mance degradation was observed when compared
with the SISO counterparts, resulting in limited
symbol rate and constellation complexity[4],[5],[7].
As a result, pure MDM FSO systems only quan-
tified a slight improvement in aggregate line rate
when compared with SISO FSO systems[4],[5]. Al-
though remarkable results was achieved by em-
ploying two sets of “concentric rings”, each com-
prising multiple orbital angular momentum (OAM)
modes[4], the achievable spatial density was con-
strained by the incomplete OAM mode basis.
Moreover, it introduced drawbacks such as in-
creased beam size, varying beam divergence
across different “rings”, and added system com-
plexity, which hindered practical implementation.

In this paper, we demonstrate a 6 × 6 MDM
FSO communication system using the 6 lowest
order Hermite-Gaussian (HG) modes (Fig. 1). By
employing multi-plane light conversion (MPLC) de-
vices and carefully calibrating the optical paths, the
inter-mode crosstalk was suppressed to <-25 dB.
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Fig. 1: The symbol rate and aggregate line rate of the
state-of-the-art free-space optical communication systems.

By employing Volterra pre-distortion and careful
mode-wise delay calibration, the intra- and inter-
mode ISI were minimised, supporting a record-
high 80 GBaud MDM transmission. By employ-
ing probabilistic shaping, the system achieved
a record-high average mode-wise line rate of
845 Gbit/s/λ in MDM FSO systems, leading to a
record-high aggregate line rate of 5.07 Tbit/s/λ in
all FSO communication systems.

Methods and Experimental Setup
Our experimental MDM MIMO FSO communica-
tion system is depicted in Fig. 2. At the trans-
mitter, a 1550.12 nm laser was modulated by a
dual-polarisation (DP) in-phase and quadrature
(IQ) modulator with a nominal 6 dB bandwidth
of 45 GHz using a 4-channel 120 GSa/s arbitrary
waveform generator (AWG) with a 3 dB bandwidth
of 50 GHz, and a 80 GBaud signal was generated.
The signal was root-raised cosine (RRC) shaped
with a roll-off factor of 0.1 and pre-distorted by non-
linear Volterra pre-distortion with kernel memory
lengths of (201,9,9) taps[10],[11]. The signal had
a frame structure of 20,000 symbols with 1,920
quadrature phase-shift keying (QPSK) symbols
in the training sequence, and 1 random QPSK



Fig. 2: Experimental setup for beaconless MDM communication system. L: lens; M: mirror; EDFA: erbium-doped fiber amplifier;
MPLC: multi-plane light conversion; OSA: optical spectrum analyser; FSO: free-space optics. (a) Schematical diagram of

experimental setup. (b) The structure of the MPLC device. (c) The normalised transfer matrix when the system is properly aligned.

pilot symbol for every 9 data symbols, the data
symbols were either 16-QAM symbols generated
from a 215 − 1 pseudo random binary sequence
(PRBS) or PS-256-QAM symbols (shaping fac-
tor=2, constellation entropy≈7.32) generated from
a mt19937ar Mersenne Twister[12]. After being am-
plified by an erbium-doped fiber amplifier (EDFA),
the signals were passed through an acousto-optic
modulator (AOM) to generate a 20 µs burst sig-
nal for each 160 µs period (Fig. 2(a1)) to enable
the time-division multiplexing (TDM) receiver setup
which will be detailed later. To emulate indepen-
dent transmitters, 6 copies were split from the burst
signal and delayed by precisely calibrated variable
fibre delay lines (FDLs). These delay lengths were
carefully set to 0, 320, 640, 960, 1280, and 1600
symbols with an error of less than 0.05 symbol.
The delayed signals were passed through variable
optical attenuators (VOAs) to compensate for prac-
tical power imbalances at the inputs of MPLC. The
compensated signals were then converted to cor-
responding HG modes using MPLC technology
(Fig. 2(b), the output beam waist diameter of the
HG0,0 mode was ~0.3 mm)[13].

In the FSO channel, the transmitted HG modes
were passed through a beam expander consist-
ing of a convex lens with a focal length of 30 mm
(L1) followed by another convex lens with a focal
length of 100 mm (L2). The expanded beam was
reflected off a steering mirror (M1) with two high-
precision stepper-motor actuators for precise align-
ment. The beam was then reflected off two more
mirrors (M2, M3), and another symmetric beam
expander consisting of a convex lens with a focal
length of 100 mm (L3) followed by another convex
lens with a focal length of 30 mm (L4). The beam

was then coupled into the receiver MPLC device
after a total FSO length of ~1.6 m. Here we per-
formed fine focal length matching by carefully ad-
justing L1-L4 towards the optical axis. Additionally,
we ensured fine alignment by carefully adjusting
M1 and M3. As shown in Fig. 2(c), the normalised
transfer matrix achieved <1.7 dB mode-dependent
loss, and >25 dB suppression for 6×6 MIMO when
the system was optimally aligned.

At the receiver, the optical signals split by the
receiver MPLC device were delayed by the FDLs
for the 6 lowest order modes to realise the TDM
receiver. A 5 km difference between adjacent
modes introduced a ~24.5 µs delay (Fig. 2(a2)),
slightly longer than the signal burst (Fig. 2(a1)).
Each delayed signal was then split by a 99:1 fi-
bre coupler so that the overall power received by
each mode could be measured by a correspond-
ing power meter. Here, we also connected two
more unused higher-order modes (i.e. HG0,3 and
HG3,0) to better observe the power leakage when
aligning the FSO channel. The 6 lowest order
modes were then amplified by 6 EDFAs, coupled
into one single-mode fibre for TDM combining
(Fig. 2(a3)), and amplified by another EDFA. Af-
terwards, the variable optical noise was loaded
by a sequence of devices involving an EDFA, an
optical bandpass filter, another EDFA, a VOA,
and a 50:50 coupler. The average optical signal-
to-noise ratio (OSNR) was then assessed using
an optical spectrum analyser (OSA) to facilitate
OSNR scanning. Finally, the TDM signals were
received by a coherent receiver with a 70 GHz,
200 GSa/s oscilloscope and demodulated by an
offline digital signal processing (DSP). The DSP
includes a sequential combination of the Gram-
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Fig. 3: Experimental results of the communication system. EVM: error vector magnitude; BER: bit error rate; OSNR: optical
signal-to-noise ratio; HD-FEC: hard-decision forward error correction; GMI: generalized mutual information. (a) Constellation

diagram. Red crosses: reference constellation points. (b) BER versus average OSNR for 16-QAM. (c) GMI versus average OSNR.

Schmidt orthogonalisation[14], frequency-domain
frequency offset estimation, frequency-domain
chromatic dispersion (CD) compensation for the re-
ceiver FDLs[15], Godard timing recovery[16], phase-
asynchronous phase and channel estimation[17],
and MIMO equalisation[18].

Experimental Results
The experimental results are depicted in Fig. 3.
Considering 16-QAM signals without noise load-
ing, the channel-wise constellation diagrams are
shown in Fig. 3(a). When the FSO system was op-
timally aligned, the error vector magnitude (EVM)
performance across different channels was sim-
ilar, with minor differences observed due to the
mode-dependent loss in the MPLC devices.

Fig. 3(b) depicts the average bit error rate (BER)
versus the average OSNR when loading 16-QAM
signals. We observe an implementation penalty
of <3 dB at the hard-decision forward error cor-
rection (HD-FEC) limit of 4.7 × 10−3[19]. We be-
lieve this was mainly due to (1) the shot noise and
quantisation noise in the coherent receiver; (2)
the DSP implementation penalty; (3) the mode-
dependent loss in the MPLC devices. To quan-
tify the influence of mode-dependent loss, we il-
lustrate the range of channel-wise BER with a
shaded pink area in Fig. 3(b). We observed
slight BER fluctuations between different chan-
nels, which was consistent with the EVM fluctua-
tions in Fig. 3(a). In the high OSNR area, a min-
imum average BER of 5.55× 10−4 was obtained,
approximately an order of magnitude lower than
the HD-FEC limit. As a result, an aggregate line
rate of 80 GBaud×6 modes×2 polarisations×
4 bit/symbol = 3.84 Tbit/s was achieved when load-
ing 16-QAM signals.

Fig. 3(c) depicts the aggregate generalized mu-
tual information (GMI) versus the average OSNR

when loading 16-QAM signals and PS-256-QAM
signals, respectively. In the low OSNR area,
the experimental GMI aligned with the theoret-
ical capacity, with approximately 1.13 dB and
1.56 dB OSNR degradation for PS-256-QAM sig-
nals and 16-QAM signals, respectively. We be-
lieve the 1.13 dB degradation mainly came from
the DSP implementation penalty and the further
0.43 dB degradation for 16-QAM signals mainly
came from the constellation penalty. In the high
OSNR area, the 16-QAM signals achieved a
GMI of 47.88 bit/symbol, approaching the theoreti-
cal limit of 6 modes× 2 polarisations× 4 bit/symbol
= 48 bit/symbol. When loading the PS-256-
QAM signals, the GMI was further increased to
63.43 bit/symbol in the high OSNR area, while
a higher deviation was observed from the theo-
retical capacity due to the practical implementa-
tion penalties. As a result, an aggregate line rate
of 80 GBaud×63.43 bit/symbol = 5.07 Tbit/s was
achieved when loading PS-256-QAM signals.

Conclusions
In this paper, we have demonstrated a high symbol
rate 6× 6 HG-MDM FSO communication system.
By employing MPLC-based mode-(de)multiplexer
and precise alignment stages, the inter-mode
crosstalk was suppressed to <-25 dB by careful
beam alignment and optical path calibration. More-
over, the intra- and inter-mode ISI were minimised
by employing Volterra pre-distortion and careful
mode-wise delay calibration. As a result, our sys-
tem supported up to 80 GBaud signals, achieving
a line rate of 5.07 Tbit/s/λ when loading PS-256-
QAM signals and 3.84 Tbit/s/λ when loading 16-
QAM signals, respectively. These results indicated
the feasibility of employing MDM technology for
ultra-high capacity wireless communications.
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