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Abstract—We experimentally demonstrate the enhanced at-
mospheric turbulence resiliency in a 137.8 Gbit/s/mode mode-
division multiplexing free-space optical communication link
through the application of a successive interference cancellation
digital signal processing algorithm. The turbulence resiliency is
further enhanced through redundant receive channels in the
mode-division multiplexing link. The proof of concept demon-
stration is performed using commercially available mode-selective
photonic lanterns, a commercial transponder, and a spatial light
modulator based turbulence emulator. In this link, 5 spatial
modes with each mode carrying 34.46 GBaud dual-polarization
quadrature phase shift keying signals are successfully transmitted
with an average bit error rate lower than the hard-decision
forward error correction limit. As a result, we achieved a record-
high mode- and polarization-division multiplexing channel num-
ber of 10, a record-high line rate of 689.23 Gbit/s, and a record-
high net spectral efficiency of 13.9 bit/s/Hz in emulated turbulent
links in a mode-division multiplexing free-space optical system.

Index Terms—Mode division multiplexing (MDM), free-space
optics (FSO), multiple-input multiple-output (MIMO), successive
interference cancellation (SIC), turbulence.

I. INTRODUCTION

REE space optical (FSO) communication is a promising

wireless communication technique for a wide range of
applications. FSO systems can provide a very high unlicensed
bandwidth for data transmission at more than one hundred
Gigabits per second [1], and can also provide extremely long
transmission distance, inherent security, and robustness to
electromagnetic interference [2], [3].

Mode-division multiplexing (MDM) can be used in FSO
communication systems to increase the throughput or mitigate
the impact of atmospheric turbulence [4], [5]. A popular basis
for MDM is orbital angular momentum (OAM) modes, which
can be decomposed into the rotational symmetric complete
orthogonal Laguerre—Gaussian (LG) modal basis set [6]—[8].
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To further increase the transmission capacity, it is preferable
to employ a complete orthogonal mode set, such as LG modes
[9], where orthogonality guarantees negligible crosstalk, and
the rotational symmetry guarantees good compatibility with
conventional optical lenses and fiber based delivery with
relatively low modal crosstalk [10].

Atmospheric turbulence can significantly reduce the system
performance by introducing scintillation, beam wandering,
beam spreading, angle-of-arrival fluctuations, and phase fluc-
tuations [11]. The performance degradation is even more
pronounced in a MDM FSO system as it can introduce the
inter-mode crosstalk [7], [12]-[14].

Adaptive optics (AO) may be used to mitigate atmospheric
turbulence effects [8], [15], [16], and may be assisted by a
coaxial Gaussian beam as reference for MDM FSO systems
[8]. Recently, machine learning techniques have also been
employed in AO systems to improve the system performance
or reduce the hardware cost [17]-[19]. However, the AO
systems can not fully compensate for the turbulence effects
and residual inter-mode crosstalk remains [8], [15], requiring
a tradeoff between control bandwidth and compensation errors
[16].

Multiple-input multiple-output (MIMO) digital signal pro-
cessing (DSP) is another approach to mitigate the negative
effects of atmospheric turbulence in the MDM FSO systems
[20], [21]. MIMO DSP shifts the complexity from the optical
to the digital domain, enabling rapid feed-forward channel
state information (CSI) extraction. Most reported MIMO al-
gorithms in optical communications are based on a minimum
mean square error (MMSE) MIMO equalizer [20]-[24]. This
works well in few-mode fibre (FMF) channels where the
channel matrix is almost unitary [22]-[24], but introduces
significant performance degradation in fading channels [20],
[21], [25], where non-unitary channel matrices exist due to (a)
significant inter-mode interference and (b) power leakage to
the higher order modes which can not be received [12], [20].
Therefore, advanced MIMO decoders should be considered
to better mitigate the negative effects of turbulence-induced
fading. Successive interference cancellation (SIC) decoders,
which have been employed in radio frequency communication
systems and outperforms the MMSE MIMO decoders [26]—
[29], is a good candidate for the MDM FSO systems.

It is widely accepted in the radio frequency wireless MIMO
communication systems that adding redundant receive chan-
nels can provide extra diversity gain, which is beneficial to the
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Fig. 1. The experimental setup. DP-QPSK: dual-polarization quadrature phase shift keying; TS: training sequence; P: pilot; D: data; SM-EDFA: single-mode
erbium-doped fiber amplifier; AOM: acousto-optic modulator; FDLs: fibre delay lines; VOAs: variable optical attenuators; MSPL: mode-selective photonic
lantern; SLM: spatial light modulator; HWP: half-wave plate; PCs: polarization controllers; ASE: amplified spontaneous emission; OBPF: optical bandpass
filter; OSA: optical spectrum analyzer; DSP: digital signal processing; CD: chromatic dispersion; LMS: least mean squares; SIC: successive interference
cancellation; MIMO: multiple-input multiple-output. (a) Frame structure generated by Ciena transponder; (b) signal burst after AOM; (c) delayed frame
structure after transmitter FDLs; (d) time-division multiplexing (TDM) signal after receiver FDLs; (e) TDM signal after receiver coupler; (f) offline DSP.

bit error rate (BER) performance [25], [26]. In theoretical anal-
ysis, there are some researches on diversity gain for the MIMO
FSO systems [30], [31]. However, in experimental MDM FSO
systems, diversity gain has only been considered in special
cases such as single-input multiple-output (SIMO) systems, or
systems with multiple spatially separated apertures [5], [21].
To date, the generalized MIMO algorithms with redundant
receive channels have not been applied to the experimental
MDM FSO systems to combat turbulence induced fading yet.

In this paper, we experimentally demonstrated enhanced at-
mospheric turbulence resiliency in MDM FSO communication
systems. In particular: (1) We validate for the first time that
SIC MIMO decoding provides enhanced turbulence resiliency;
(2) We provide the first demonstration that a generalized
MIMO algorithm with redundant receive channels provides
enhanced turbulence resiliency by comparing different MIMO
systems (e.g. 10 x 10, 10 x 12, and 6 x 6 to 6 x 12); (3)
We employ commercial components, including mode selec-
tive photonic lanterns (MSPLs) and coherent transponders
to demonstrate practical applicability. As a result, we have
demonstrated a record high independent channel number of
10, line rate of 689.23 Gbit/s, and net spectral efficiency of
13.9bit/s/Hz in emulated turbulent MDM FSO links.

The remainder of this paper is organized as follows: the
experimental setup is given in Section II, Section III pro-
poses the selection of phase screens for turbulence generation,
Section IV proposes the SIC MIMO DSP with redundant
receive channels for enhanced turbulence resiliency, Section V
provides the experimental results, and Section VI summarizes
the key advantages of the proposed MDM FSO system.

II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. At the transmit-
ter, a Ciena WaveLogic 3 transponder with a 39.385 GSa/s
onboard arbitrary waveform generator (AWG) was used to
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generate the 34.46 GBaud dual-polarization quadrature phase
shift keying (DP-QPSK) signals at 1550.12nm. As shown
in Fig. 1(a), the signals had a pilot-aided frame structure
with a frame length of 20,000 symbols. Each frame had a
training sequence of 1680 symbols, and a pilot symbol for
every 9 data symbols in the payload. The training sequence
and the pilots were generated by a random permutation of
balanced QPSK symbols. The data symbols were generated
from a PRBS-15 pseudo random binary sequence (PRBS).
The generated signals were shaped by a root-raised cosine
(RRO) filter with a roll-off factor of 0.1. The signals were then
amplified by a single-mode erbium-doped fibre amplifier (SM-
EDFA). In order to emulate the use of independent transmitters
and receivers, at the transmitter, the resultant optical signal
was passed through an acousto-optical modulator (AOM),
which was operated at a period of 160 us and a duty cycle of
12.5%, generating a 20 us signal burst (Fig. 1(b), more than
34 frames). The signals were then split into 5 copies by a
fibre coupler and then each copy was delayed by a variable
fibre delay line (FDL) with lengths of 0, 280, 560, 840, and
1120 symbols, respectively to generate decorrelated signals
for different modes (Fig. 1(c)), and the decorrelation length
between adjacent modes is 1/6th of the training sequence
length. The decorrelated signals were then connected to 5
variable optical attenuators (VOAs) to compensate for the
mode-dependent loss at the transmitter side to guarantee that
each transmitted mode contributed approximately the same
power at the receiver side. The attenuated signals were finally
connected to the five lowest order linearly polarized (LP)
modes of a 6-mode MSPL for mode multiplexing and then
coupled into free space using a collimator with a focal length
of 18.4mm and a lens diameter of D = 8.4 mm.

In the FSO channel, we employed a spatial light modulator
(SLM) with 1920 x 1152 pixels to emulate indefinite number
of independent turbulence realizations. The size of each pixel
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is 9.2 x 9.2um?. In order to modulate the both polarization
components of the signal, we passed the collimated light
through the SLM twice (red paths in Fig. 1). Simulated phase
screen were displayed on the left and right half of the SLM.
The distance between the collimators and the SLM, the mirrors
and the SLM, and the two mirrors were ~50cm, ~50cm,
and “20 cm, respectively. During the first pass, the horizontal
polarization component was modulated by turbulence phase
screen. A half-wave plate (HWP) located in-between the
first and second pass swapped the horizontal and vertical
components. And then the unaffected component in the first
pass was modulated by the same turbulence phase screen
during the second pass. The selection of phase screens for
turbulence generation will be detailed in Section III.

At the receiver side, the free-space beam was coupled into a
FMF by a second identical D = 8.4 mm diameter FSO coupler
with a focal length of 18.4 mm. The received signals were then
demultiplexed by a second 6-mode MSPL at the receiver side.
6 polarization controllers were connected to the output of the
MSPL to balance the received power in different polarization
states. Afterwards, the 6 signals were delayed by the 25 km,
20km, 15km, 10 km, 5km, and O km FDLs to enable the time-
division multiplexing (TDM) receiver [22], [23], which is also
used in our previous experiments to detect all the received
channels using a single receiver for the lab demonstration
[32], [33]. As shown in Fig. 1(d), the FDLs generated an
approximately 24.5 us delay between adjacent modes, which
was slightly longer than the signal burst. 6 VOAs were then
connected to the output of the FDLs to compensate for the
mode-dependent loss of the devices at the receiver side. The
TDM signals were then coupled into one single-mode fibre
(Fig. 1(e)) and amplified by another SM-EDFA. Afterwards,
the variable optical noise was loaded by a combination of an
amplified spontaneous emission source, an optical bandpass
filter, a SM-EDFA, a VOA, and a 50:50 coupler. The average
optical signal-to-noise ratio (OSNR) was then measured by
an optical spectrum analyzer to enable OSNR scanning. The
resultant signal was received by a standard coherent receiver
with a 50GSa/s sampling rate and 23 GHz bandwidth oscil-
loscope. Finally, the received digital traces were demodulated
and decoded by the offline DSP (Fig. 1(f)).

III. TURBULENCE GENERATION

In this work, we emulated the beam propagation in a
thin phase turbulent channel representing a weak atmospheric
turbulence, using a single aberration inducing phase screen
implemented with a SLM to emulate each instantiation of
the turbulent channel. The screens used were generated by
implementing a power spectrum inversion method, in which
phase screens are randomly generated by performing a Fast
Fourier Transform (FFT) of associated spatial frequency power
spectrum. The power spectrum that is commonly used for
atmospheric turbulence is the von Karman spectrum [11], that
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has Fourier series coefficients, ¢, ,,,, in the form,
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where w(n,m) is the random array that obey complex cir-
cular Gaussian statistics with zero-mean and unit-variance.
L = 8.832mm is the length of the 960 x 960 pattern. r is the
Fried’s parameter. The spatial frequency grid is determined by
parameters f, = n/L and f, = m/L. Further, this power
spectrum is influenced by the physical channel parameters that
determine the largest, Lj to smallest, [y eddies sizes present
in a turbulent channel.

Turbulence-induced phase ¢(x,y) can be generated by con-
sidering discrete x- and y-directed spatial frequencies denoted
as fr, and f, , respectively. To accurately represent modes
like tilt aberration, the sub-harmonic can be employed [34],
[35]. A 3 x 3 grid of 2D arrays of spatial frequencies is
used, where the frequency grid spacing for each value of p
is 1/(3PL), and the corresponding Fourier series coefficient is
Cn,m,p- A specific phase screen, ¢(x,y) can then be computed
as a sum of N, + 1 independent screens using the formula
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5l

Cn,m =w(n, m)

+oo +oo

Pz, y) = Z Z Cn,m €XP 127 (fo, @ + [y, Y)]

n=—0o0 m=—0oQ

Np 1 1
+ Z Z Z cn,m,p €xXp [.727T (fwnx + fllmy)]'

p=1ln=—1m=-1
2)

Each computed screen provides an individual instance of
turbulence and can vary in strength, where the full impact
of a particular turbulence strength can only be realized by
considering an appropriate number of instances over time. It
is generally considered that turbulence is approximately frozen
at a time base close to the coherence time, commonly called
the Greenwood frequency of the atmosphere and can vary
between 60Hz to 1kHz depending on the particular envi-
ronment condition [35]. Therefore, if a channel measurement
is performed suitably faster than this Greenwood frequency,
which is the typical case for the channel estimation algorithm
in the high-speed coherent optical communication systems,
then one single instance of turbulence needs to be considered
when the channel mitigation strategies are applied.

In this paper, we considered two sets of 120 independent
patterns, both with Ly = 10 m and [y = 0.1 mm, for stronger
(ro = 0.8mm, D/rq = 10.5) and weaker (ro = 3.0mm,
D/rq = 2.8) turbulence, respectively. Example patterns are
shown in Fig. 2(a) and Fig. 2(c), whilst Fig. 2(b) and Fig. 2(d)
show the probability density function (PDF) of the normalized
power in all modes at the receiver. The power is measured
at the output of the receiver FMF, and the normalization
process guarantees the average power to be 1, eliminating the
influence of attenuation in the system. According to Fig. 2(b)
and Fig. 2(d), the measured results agree well with normalized
lognormal curve fits corresponding to scintillation indexes
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Fig. 2. The typical turbulence realizations (Lo = 10 m, [p = 0.1 mm). PDF:
probability density function. (a) The typical pattern of the stronger turbulence
(ro = 0.8 mm); (b) The power distribution of the stronger turbulence (o7 =
0.079); (c) The typical pattern of the weaker turbulence (ro = 3.0 mm); (d)
The power distribution of the weaker turbulence (cr% = 0.0050).
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Fig. 3. Schematic diagram for MDM optical communication systems.

(02) of 0.079 and 0.0050, respectively [11]. We believe the
scintillation effect comes mainly from the scattering and inter-
mode crosstalk due to the random phase distortion, and the
power leakage to higher-order modes can not be coupled into
the FMF due to its limited supported modes.

IV. MIMO DSP ALGORITHM
A. Preliminaries

As shown in Fig. 3, a generalized mathematical model
for the TDM MDM optical communication system with NV,
transmit channels and N, receive channels can be given as

yr = PH¥s +n,, 3)

where y, is the N, x 1 received signal vector, H is the
N, x N channel matrix, s is the N; x 1 transmitted signal
vector, n, is the N, x 1 independent and identically dis-
tributed (i.i.d.) circularly-symmetric complex additive white
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Gaussian noise (AWGN) vector, where the expectation and
the variance of each element are 0 and N, respectively.
¥ = diag (ejwl’ . 7€ijt) and ® = diag (ejW1, . ’ejWNT)
are the diagonal phase matrices of the transmit and receive
channels, where ¢; and ) are the phase noise at the [*"
transmit channel and the k*" receive channel, respectively.

If the diagonal elements of & and W are approximately
identical, corresponding to a single transmit laser and a local
oscillator, both with phase matched fiber paths, then MIMO
equalization may be carried out prior to phase estimation
[22]. However, the approximately identical phase should be
conserved by carefully splitting and delaying the LO beam
or using multiple oscilloscopes at the receiver [23]. This extra
complexity can be reduced by employing carrier-asynchronous
algorithms to combat decorrelated LOs, but prior attempts
have suffered from iterative phase and channel estimation
structure [24]. Moreover, inherent difficulties exist in the above
mentioned DSPs when employing advanced MIMO decoding
algorithms such as SIC.

To accommodate these practical realities, we propose a
new carrier-asynchronous DSP structure, which is shown in
Fig. 1(f) (green text), to separate the MIMO decoder from
the phase estimation, the channel estimation, and the ISI
equalization. By doing so, redundant receive channels and
advanced MIMO decoding algorithms such as SIC can be
supported.

The phase and channel estimation algorithm is fully detailed
in one of our previous work [36]. Noting the fact that the
phases are well conserved at the transmitter side, we can set
¥ to a N, x N, identity matrix as reference. Therefore, (3)
can be simplified to

y, = ®PHs + n,.. 4)

After the phase and channel estimation, we can obtain & and
H, which are the estimations of ® and H, respectively. And
the phase information can be cancelled out as

y:@Hyr%Hs—&-'i)Hn,.:Hs—i-n, )

where (-)" is the Hermitian adjoint operator and n = ®n,.
Moreover, n has the same statistical property as n,..

Afterwards, a MIMO equalizer should be introduced to
mitigate the negative influence from ISI. We only update
the coefficients at the known pilot symbols s, in the least
mean squares (LMS) equalizer. The error signal of the LMS
equalizer is € = I — i@q, where the desired output of the
equalizer is I.4, and the actual output of the equalizer is
ieq. Moreover, we modified the desired output of our MIMO
equalizer to

I, = Hs,, (6)

which is different from I.; = s, in the conventional MIMO
equalizers [37]. By doing so, the ISI can be mitigated without
decoding the symbols, and an arbitrary MIMO decoding
algorithm, such as SIC, can be applied after the MIMO
equalization.
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Fig. 4. Schematic diagram for the SIC algorithm.

B. Successive Interference Cancellation

To focus on the k" transmit channel, we can rewrite (5) as

N Ny
y:Hs+n:Zhisi+n:hksk+2hisi+n, 7
i=1 i=1

i#k

where h; is the i column vector of the channel matrix H,
and s; is the i" element of the transmitted signal vector s. For
the kt" channel, the second term in the last equation is referred
to as the inter-channel interference (ICI). We may notice that
the ICI can be reduced if we can properly cancel out some of
the interfering channels.

The schematic diagram for the SIC algorithm is shown in
Fig. 4. The strategy of the SIC algorithm is to successively
cancel out the interference of channels which have already
been decoded [26]. For the k' channel, the subtraction process
can be written as

e=y— Y h, (8

N
Il
-

where h is the i*" column vector of the estimated channel

matrix H, and 3, is the decoded symbol in the i*" channel. If
the channel matrix is accurately estimated and the first k£ — 1
symbols are properly decoded, (8) can be rewritten as

Ny

Fe ~hpsi+ Y hisi +n, ©)
i=k+1

where the approximation indicates that the nonlinear error
propagation may occur in this process if estimation or decod-
ing error occurs [26]. However, the impact of this phenomenon
can be minimized by using an optimal decoding order for
each frame of the signal [28]. Moreover, it will be shown
in Section V that we can still achieve a significantly better
decoding performance by using the SIC algorithm.

After the subtraction process, the first k¥ — 1 channels are
cancelled out. Therefore, the k" MMSE receiver should be
modified to

H
A A =1,
=[(HkH£I + NoIn, . ) hk} e, (10)
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where H, = I:fl}c,flk+1,"' ,ﬁNt , and Iy, «n, represents
the IV, X N, identity matrix.
Finally, decoding in the k' channel can be calculated using

the conventional decision rule as [25]

(1)

=§k = argmin (|§k — =§k|) s
Sk€
where S represents the set of all possible transmitted symbols,
and || is the modulus operator for complex numbers.

C. Vector Space Explanation

In order to better understand why the proposed MIMO
DSP algorithm can obtain enhanced atmospheric turbulence
resiliency, Fig. 5 gives an vector space explanation for a sys-
tem with 3 receive channels. In order to simplify the analysis,
we only consider the special situation of negligible AWGN,
where the MMSE algorithm degenerates to multiplying by
a Moore—Penrose inverse matrix of H, which can also be
regarded as a projection and a scaling of the column vectors in
H. The AWGN in a practical system should be considered as
another dimension in the random vector space and analogous
analysis can then apply to the generalized situation with
AWGN.

Fig. 5(a) illustrates a 3 x 3 linear MMSE MIMO decoder
in vector space. Considering the fact that the scaling effect is
just for normalization, we are only interested in the projection
effect. For arbitrary hy, the effective projection hy, should be
in the 1 dimensional orthogonal complement of the subspace
spanned by {h; |1 <i < Ny, i # k} to eliminate the negative
influence of ICI.

Fig. 5(b) illustrates a 3 x 3 SIC MIMO decoder. In the
first channel, no interference cancellation is performed and the
same performance as the MMSE decoder should be expected.
However, when decoding the second channel, the first channel
can be cancelled out, and h, is a projection in the orthogonal
complement of hg, which is a 2 dimensional vector subspace.
Therefore, the degree of freedom is increased to 2 for the
second channel. Similarly, the last channel needs no projection
and all the 3 degrees of freedom can be exploited. As a result,
the effective projections in the SIC system will be longer than
or equal to the effective projections in the MMSE system, and
a larger effective signal-to-interference-plus-noise ratio (SINR)
can be achieved in the SIC system.

Fig. 5(c) illustrates a 2 x 3 MMSE MIMO decoder which
has redundant receive channels. The third channel is directly
cancelled out because we are not transmitting any symbols in
that channel. As a result, arbitrary h;, can always be projected
onto a 2 dimensional orthogonal complement subspace and a
better turbulence resiliency can be obtained.

As a proof-of-concept illustration, Fig. 6 depicts the BER
curves of each channel in the simulated SIC and MMSE
MIMO systems. Here we use a channel matrix,

—0.87—0.64j 0.12+0.88j  0.50 +0.73;
H=| —-1.18+0.61j —0.53—045j —025+0.31j |,
—0.24+0.36j —0.84—0.32j 0.26+0.18;

(12)
for the 3 x 3 systems, and the first two columns of (12) for the
2x 3 MMSE system. In the 3 x 3 SIC system, the first decoded
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Subspace spanned
by h, and h;

Subspace spanned
by h; and h;

Subspace spanned
by h; and h,

(a) MMSE 3x3

(b) SIC 3x3

Fig. 5. The vector space explanation for the enhanced atmospheric turbulence
resiliency. hy, is the k*" column vector in the channel matrix H, and hy,
is the effective projection of hy. The vectors cancelled out by the SIC are
represented by dotted vectors. (a) the 3 x 3 MMSE MIMO decoder; (b) the
3% 3 SIC MIMO decoder; (¢) the 2 x 3 MMSE MIMO decoder with redundant
receive channels.

channel has the same performance as the 3 x 3 MMSE system,
as they use the same MMSE receiver. However, the second
and the third channel outperforms the 3 x 3 MMSE system
because of the interference cancellation process, which offers
extra degrees of freedom. On the other hand, both the channels
in the 2 x 3 MMSE system outperforms the corresponding
channels in the 3 x 3 MMSE system, indicating an extra degree
of freedom provided by the redundant receive channel.

It is also worth noting that employing the SIC algorithm
or adding redundant receive channels can only improve the
performance in the non-orthogonal channels (e.g. turbulent
channels). In an ideal channel with mutually orthogonal col-
umn vectors in the channel matrix (e.g. the orthogonality can
be well conserved in short FMF link or back-to-back FSO link
without turbulence), the equation ﬁk = h;, holds. Therefore,
the optimal system performance can be achieved by simply
employing the conventional MMSE MIMO decoder.

V. EXPERIMENTAL RESULTS

Table I lists the experimental parameters for our MDM FSO
communication system.
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Fig. 6. BER curves of each channel in the simulated SIC and MMSE MIMO
systems. Ch: channel.

TABLE 1
EXPERIMENTAL PARAMETERS

Parameter Value

Wavelength 1550.12 nm
Laser linewidth 100kHz
Symbol format DP-QPSK

Baud rate 34.46 GBaud
Roll-off factor 0.1

Receiver sampling rate 50 GSa/s
Hard—decisiop fo.rward error correction 4.7 % 10-3
(HD-FEC) limit with 6.25% overhead [38]

Diameter of the receiver lens (D) 8.4 mm
Fried’s parameter (ro) for weaker turbulence 3.0 mm
Fried’s parameter (o) for stronger turbulence 0.8 mm

Inner scale of turbulence (lp) 0.1 mm
Outer scale of turbulence (Lg) 10m

First, we experimentally examine the BER performance
against average OSNR of the 10 x 12 MIMO system under
different turbulence conditions, which is shown in Fig. 7.
The theoretical reference curve assumes that: (1) The channel
matrix is a N, X N, submatrix of a N, X NN, unitary matrix;
(2) No other imperfection except the AWGN exists. For the
turbulence free situation, a blank pattern with factory pre-
calibration is used in the system, here observe a "2.2dB
implementation penalty for the SIC system at the hard-decision
forward error correction (HD-FEC) limit, which we believe
is dominated by the inter-mode crosstalk and residual mode-
dependent losses in the MSPL pair. As expected, these imper-
fections have a slightly higher impact on the MMSE system
("2.7dB implementation penalty). In the weaker turbulence
case, the SIC system has a "3dB penalty but the penalty
for the MMSE system is "4.2 dB, which indicates a moderate
reduction in channel matrix orthogonality. For the stronger
turbulence, a larger penalty of “6.9 dB is observed in the SIC
system, but the MMSE system does not even achieve the HD-

e.orgépublications/rights/ir]dex.html for more information.
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Fig. 7. Average BER curves of the 10 x 12 MIMO system under different
turbulence intensities. Reference: Theoretical reference curve in an ideal
system; Turb free: turbulence free system with a blank pattern. Weaker: typical
weaker turbulence pattern when r9 = 3.0 mm; Stronger: typical stronger
turbulence pattern when ro = 0.8 mm.

107 E
107
o~
03
M 10"
—- SIC. Min
4| |4 SIC. Max
107 F | —o-MMSE. Avg
~/- MMSE. Min
—A- MMSE. Max

12 14 16 18 20 22 24
Average OSNR (dB/0.1nm)

Fig. 8. BER curves of the 10 x 12 SIC (red lines) and MMSE (blue dotted
lines) MIMO systems under the stronger turbulence when r9 = 0.8 mm. Avg
(circles): average BER; Min (lower triangles): the best channel with minimum
BER at each average OSNR; Max (upper triangles): the worst channel with
maximum BER at each average OSNR.

FEC limit, and the loss of channel matrix orthogonality is
severe. The result in the stronger turbulence case also indicates
that the proposed DSP algorithm has only mitigated rather than
eliminated the negative influence of atmospheric turbulence.
In order to better understand the enhanced turbulence re-
siliency by the proposed SIC system, Fig. 8 depicts the BER
of the best channel (the channel with minimum BER at
each average OSNR), the worst channel (the channel with
maximum BER at each average OSNR), and the average
BER of all channels (also shown in Fig. 7) in the stronger
turbulence. The best channels in both the SIC system and the
MMSE system have similar BER performance, this is because
we don’t execute any interference cancellation for the first
decoded channel in the SIC system. At the high OSNR region,

. © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.orgépublications/rights/ir]dex.html for more information.
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the best channel in the SIC system performs slightly better
than the MMSE system. This is because the second decoded
channel may obtain a better BER performance by cancelling
out the first decoded channel. On the other hand, the worst
channel in the SIC system has a much better performance than
it in the MMSE system. This is because a higher effective
SINR can be achieved in the SIC system by cancelling out
the previously decoded channels. Considering the fact that
the worst channel is the dominant factor in the average BER
performance, the SIC system can obtain a significantly lower
average BER in turbulent channels.

The constellation diagrams for the 10 x 10 and 10 x 12
MIMO systems under the stronger turbulence case are depicted
in Fig. 9 without noise loading. The SIC order is given at
the bottom left of each constellation. Because the channel
matrices are different between the 10 x 10 and 10 x 12
MIMO systems, the SIC order may also be different. As
shown in Fig. 9, the 10 x 10 and 10 x 12 SIC systems have
a significantly lower error vector magnitude (EVM) than the
10 x 10 and 10 x 12 MMSE systems, respectively. This is
because certain ICI is cancelled out by applying the SIC
algorithm. However, no ICI is cancelled out in the first decoded
channel (LP,;py in both cases). In this channel, identical EVM
performance is observed in both SIC and MMSE decoders. On
the other hand, a comparison between the 10 x 10 and 10 x 12
MMSE MIMO systems shows that 1 more redundant receive
mode (2 more redundant receive channels) can significantly
reduce the EVM of the constellation in all the 10 channels.
Compared with the 10 x 10 SIC MIMO system, We can also
obtain a better average EVM performance in the 10 x 12 SIC
MIMO system because of the information obtained from the 2
redundant receive channels (EVM = 21.23% for the 10 x 12
SIC MIMO system and EVM = 25.78% for the 10 x 10
SIC MIMO system, respectively), although a higher EVM
in specific channels (e.g. LP,j,y) may be observed due to
the different SIC order. Moreover, less nonlinear propagation
(apparently discrete points in the diagram, see for example
LPy;x) is also observed in the 10 x 12 SIC MIMO system.
This is also because of the information obtained from the 2
redundant receive channels and less symbol error occurs in the
decoded channels.

We tested 120 independent turbulence patterns under the
stronger turbulence case without noise loading. As shown in
Fig. 10, the BER of the SIC system is consistently lower
than the MMSE system. As a result, the average BER among
different turbulence realizations is decreased by an order
of magnitude, from 8.02 x 1073 in the MMSE system to
4.76x 10~* in the SIC system (well below the HD-FEC limit).
The probability distribution of the BER in Fig. 10 is depicted
in Fig. 11 for better clarity. Because of the limited length of
our recorded data, the BER is taken as being below 10~6 for
the 18 turbulence realizations where no errors we recorded.
If we consider an outage when the BER is larger than the
HD-FEC limit, we have an outage probability of 48.3% in the
MMSE system and only 2.5% in the SIC system, suggesting
a more robust transmission using SIC.

To further illustrate the enhanced turbulence resiliency
obtained from the redundant receive channels, we increased
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Fig. 9. Constellation diagrams of different transmitted channels for the 10 x 10 MMSE (the first row), 10 x 12 MMSE (the second row), 10 x 10 SIC (the
third row), and 10 x 12 SIC (the last row) MIMO configurations without noise loading. The SIC order is given at the bottom left of each constellation. EVM:

error vector magnitude. Red crosses: reference QPSK constellation points.
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Fig. 10. The BER performance of the 10 x 12 MIMO system under 120
stronger turbulence realizations.

the ratio of received to transmitted channels by disabling the
two highest order mode inputs of the transmitter. Fig. 12
depicts the BER performance against average OSNR of a
6 x 12 MIMO system under the same turbulence conditions
as Fig. 7. For the turbulence free situation, a blank SLM
pattern with factory pre-calibration is used in the system.
In this turbulence free scenario, we observe a “1.4dB im-
plementation penalty between the reference and the SIC
system at the HD-FEC limit, while the MMSE system has
a slightly higher implementation penalty of “1.5dB. In the
weaker turbulence case, the performance of the SIC system
has a "1.7dB implementation penalty, compared to "2.0 dB
for the MMSE system. In the stronger turbulence case, a
larger implementation penalty of "4.0dB is observed in the
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Fig. 11. The probability distribution of the BER performance in the 10 x 12
system under 120 stronger turbulence realizations.

SIC system, while the implementation penalty of the MMSE
system is "8.2dB. When compared with the corresponding
results in Fig. 7, we can conclude that a significantly better
turbulence and device imperfection resiliency can be obtained
under different turbulence conditions by increasing the number
of redundant receive channels in the MDM FSO system.

Fig. 13 depicts the BER performance of a 6 x 12 system
using 120 independent patterns, which are the same as the
patterns used in Fig. 10, under the stronger turbulence case
without noise loading. Similar to Fig. 10, the BER of the
SIC system is consistently lower than the MMSE system.
As a result, the average BER among different turbulence
realizations is decreased from 1.56 x 10™% to 2.86 x 1076, If
we consider an outage when the BER is larger than the HD-
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Fig. 12. Average BER curves of the 6 x 12 MIMO system under different
turbulence intensities. Reference: Theoretical reference curve in an ideal
system; Turb free: turbulence free system with a blank pattern. Weaker: typical
weaker turbulence pattern when r9 = 3.0 mm; Stronger: typical stronger
turbulence pattern when ro = 0.8 mm.
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Fig. 13. The BER performance of the 6 x 12 MIMO system under 120
stronger turbulence realizations.

FEC limit, the outage probability of the MMSE and the SIC
system will be decreased to 1.67% and 0%, respectively. When
compared with the corresponding results in Fig. 10, we can
conclude that a significantly better turbulence resiliency can
be obtained in different turbulence realizations by increasing
the number of redundant receive channels.

In order to comprehensively compare different transmit and
receive channel numbers as well as different MIMO decoding
algorithms, Fig. 14 depicts the average BER performance of
different MIMO systems using 120 independent patterns under
the strong turbulence case without noise loading. As shown
in Fig. 14, when the number of transmit channels (/V;) is
fixed, the average BER will decrease as the number of receive
channels (/V,.) increases. On the other hand, when N, is fixed,
the average BER will increase as /V; increases. Moreover, in
the same system setup when N; and N, are both fixed, the SIC
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Fig. 14. The average BER performance of different MIMO systems under
120 stronger turbulence realizations.

algorithm always performs better than the MMSE algorithm.

VI. CONCLUSION

In this paper, we experimentally demonstrate the enhanced
turbulence resiliency in a MDM FSO communication link with
5 transmitted spatial modes, each carrying a 34.46 GBaud DP-
QPSK signal. By employing the SIC MIMO algorithm and
redundant receive channels, the average BER of the 10 x 12
MIMO system goes down to 4.76 x 10~4, which is well below
the HD-FEC limit, among 120 independent turbulence realiza-
tions where D = 8.4mm and ro = 0.8 mm (D/rq = 10.5).
Moreover, the outage probability is significantly decreased
when using the SIC algorithm, which indicates the possibility
of a much more robust transmission in the MDM FSO system
through turbulent channels.

We also compare the system performance among systems
with different transmit and receive channel numbers. The
results indicate that we can obtain an even better BER
performance by increasing the number of redundant receive
channels. These results may also provide useful guidelines
when deploying the MDM FSO system in an even stronger
turbulence environment.

As a result, the system demonstrates a record-high inde-
pendent channel number of 10 and line rate of 689.23 Gbit/s.
Considering the 8.4% training sequence, 10% pilot rate, 6.25%
HD-FEC cost, and 0.1 rolloff factor, a record-high net spectral
efficiency of 13.9bit/s/Hz was also achieved in emulated
turbulent MDM FSO links.
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