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A single multi-plane light convertor (MPLC) is applied to simultaneously mitigate turbulence-induced crosstalk
and demultiplex two orbital angular momentum (OAM) multiplexed channels for a free-space optical link.
Comprised of six programmable phase planes, the MPLC is placed at the receiver side for turbulence mitigation
and channel demultiplexing. Propagating through the cascaded phase planes, two coaxial turbulence-distorted
OAM beams each carrying one data channel are shaped and sorted into two differently positioned Gaussian
beams with low inter-channel crosstalk. As an experimental demonstration, one MPLC adaptively mitigates
the turbulence-induced crosstalk by up to 26 dB for two OAM-multiplexed channels (¢ = {-1, +2}).
Two 100-Gbit/s quadrature-phase-shift-keying (QPSK) channels are recovered with an up-to-1.5-dB optical

signal-to-noise ratio (OSNR) penalty under one turbulence realization.

1. Introduction

Multi-plane light convertor (MPLC) is a technique for spatial trans-
formation of optical fields by multiple cascaded phase planes sepa-
rated in free space [1-7]. It has been theoretically shown that MPLC
could perform a unitary transformation given adequate number of
discrete phase planes [8]. One type of such unitary transformation
is “mode sorting” which converts coaxial orthogonal spatial modes
from a modal basis set to Gaussian modes with different transverse
spatial locations [8,9]. Such “mode sorting” function has been used
to achieve channel demultiplexing in a mode-division-multiplexing
(MDM) free-space optical (FSO) communication link [10].

Separately, the MPLC-related multi-mode-receiver approach has
been applied for turbulence mitigation in a single-channel FSO link
[11]. In an FSO communication link, the atmospheric turbulence could
distort the wavefront or cause beam wandering [12,13]. This could
lead to power coupling from a fundamental Gaussian mode to higher-
order modes and thus induce power fluctuation at the receiver [14,15].
With the help of MPLC-based “mode sorting” function, the signal
power in higher-order modes is captured, sorted into separate receivers,
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combined digitally and thus the turbulence-induced power fluctuation
of a single channel is reduced [11].

Moreover, in an MDM FSO link under turbulence effects, one may
want to both mitigate turbulence-induced inter-channel crosstalk and
demultiplex channels each carried by an orthogonal spatial mode. It
would be interesting to extend the MPLC-based spatial transformation
to correct the turbulence-distorted wavefront and thus reduce inter-
channel crosstalk in an MDM FSO link. Moreover, using the same
MPLC, wavefront correction function and “mode sorting” function
could be combined and applied [16]. In the previous experimental
work [16], the MPLC was applied to achieve the turbulence mitigation
function and the channel demultiplexing function for a fixed mode set
(i.e., ¢ = {0, +1}) and the turbulence mitigation performance with a
different number of mitigation planes was not discussed.

In this paper, we experimentally utilize a single MPLC to simulta-
neously mitigate turbulence-induced crosstalk and demultiplex chan-
nels for an FSO link with two orbital angular momentum (OAM)
multiplexed channels each carrying a 100 Gbit/s quadrature-phase-
shift-keying (QPSK) signal. The turbulence-distorted wavefronts of the
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Fig. 1. (a) Concept of utilizing one MPLC to simultaneously mitigate turbulence-
induced crosstalk and demultiplex OAM channels. The turbulence distorts the coaxial
OAM beams and introduces power coupling among multiple neighboring modes before
coupling into the MPLC. The phase patterns of MPLC are initialized for channel
demultiplexing without considering turbulence distortion. With the feedback of the
monitored inter-channel crosstalk, the genetic algorithm is applied to adaptively update
the phase patterns of MPLC. Subsequently, each distorted beam propagates through
the cascaded phase patterns and gets converted to the corresponding Gaussian beam
with relatively low inter-channel crosstalk. (b) Examples of the (b1) phase patterns for
channel demultiplexing and (b2) superimposed mitigation and demultiplexing patterns
for a turbulence realization.

data-carrying beams are shaped by the six cascaded phase plates of
MPLC. The experimental results show that (i) the MPLC can be re-
configured to mitigate turbulence-induced crosstalk for OAM-carried
channels with different mode sets (# = {—1,+2} or # = {-1,+1}),
(ii) the crosstalk is mitigated by up to 26 dB for OAM-multiplexed
channels (i.e., ¥ = {—1,+2}) under 10 turbulence realizations (D/r, <
1.7); and (iii) the bit error rate (BER) at the 3.8 x 10~3 forward error
correction (FEC) threshold level is achieved with an optical signal-to-
noise ratio (OSNR) penalty of up to 1.5 dB for two OAM channels
(i.e., £ = {—1,+2}) under one turbulence realization.

2. Concept of MPLC

Fig. 1 (a) shows the concept of utilizing one MPLC to simulta-
neously mitigate turbulence-induced crosstalk and demultiplex OAM
channels. Two OAM beams each carrying an independent data channel
are transmitted coaxially. The wavefronts of the coaxial OAM beams are
distorted by the atmospheric turbulence, which introduces the power
coupling among multiple neighboring modes and leads to inter-channel
crosstalk. Subsequently, the spatial profiles of the distorted coaxial
OAM beams are shaped while propagating through the cascaded phase
planes in the MPLC. The phase planes are adaptively generated to
simultaneously mitigate turbulence-induced crosstalk and demultiplex
OAM channels. After propagating through the MPLC, the two distorted
OAM beams are converted to two differently positioned Gaussian beams
with low inter-channel crosstalk.

The phase patterns of the MPLC are generated by utilizing the
wavefront matching method [6] and the genetic algorithm (GA) [17,
18]. Fig. 1(b1l) shows the phase patterns for channel demultiplex-
ing. Fig. 1(b2) shows the phase patterns which are superimposed of
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demultiplexing patterns and mitigation patterns for one turbulence
realization. A wavefront matching method is utilized to pre-calculate
the demultiplexing phase patterns [6]. The wavefront matching method
works as an optimization process to point-to-point match the phase of
each pair of input (ie., the OAM beam with a specific mode order)
and output (i.e., the Gaussian beam with a specific position) with
multiple phase patterns. For demultiplexing two modes (k = 2) using
MPLC, five phase plates (2k+1 = 5) are typically needed to achieve
a relatively high mode purity [8]. As proof of concept, we utilize six
phase plates to achieve two-mode demultiplexing. By increasing the
number of phase plates, the MPLC could potentially achieve a higher
conversion efficiency [6]. The pattern-to-pattern spacing is chosen as
31.5 mm. We choose such a pattern-to-pattern spacing by considering
several experimental limitations, including the width of the mirror and
the incident angle of the light beam. On one hand, if a larger pattern-
to-pattern spacing is chosen, there could be larger beam divergence and
thus the output beam might be truncated by the mirror. On the other
hand, for a smaller pattern-to-pattern spacing, a larger incident angle
might be required to keep the same number of reflections which might
reduce the phase modulation efficiency of the SLM [19].

Subsequently, the GA is applied iteratively to search for the opti-
mized mitigation patterns in order to minimize the highest crosstalk
among the OAM channels. The GA stops when reaching a crosstalk
threshold of <—18 dB or 1000 iterations. It should be noted that all
the mitigation patterns and demultiplexing patterns are allocated in
the same SLM. However, the demultiplexing patterns and mitigation
patterns consist of a different number of elements (i.e., the minimum
components of each phase pattern). The pixel size of the SLM is 9.2 pm.
To fully utilize the spatial resolution of the SLM, each demultiplexing
pattern has 300 x 300 elements. Each element occupies one pixel of the
SLM (9.2 pm for each element). However, the optimization time of the
GA used to optimize the mitigation patterns partially depends on the
number of elements [20]. To optimize the mitigation patterns at a faster
speed for different turbulence realizations, each mitigation pattern
has a smaller number of elements compared to the demultiplexing
pattern. In this case, each mitigation pattern has 10 x 10 elements and
each element occupies 30 x 30 pixels of the SLM (276 pm for each
element). In general, an increasing number of pixels or an increasing
number of mitigation patterns could potentially provide more degrees
of freedom while it might also require a more efficient optimization
algorithm [20].

As proof of concept, we set the locations of the two mitigation
planes at plane 1 and plane 2. It should be noted that the performance
of turbulence mitigation might be different when there is a different
arrangement of the mitigation planes. For example, when two mitiga-
tion planes are set at plane 5 and plane 6 or even separately at plane
4 and plane 6, the distorted coaxial beams are first partially separated
and then spatially modulated by the mitigation planes. Compared to
the arrangement used in our experiment, larger mitigation patterns
might be needed due to the beam separation. This could potentially
induce different crosstalk performance and require a different number
of iterations [21].

3. Experimental setup

The experimental setup is shown in Fig. 2. At the transmitter side,
the 100-Gbit/s QPSK signal with the center wavelength of 1550 nm
is equally split by a 50/50 coupler and the two signal copies are
decorrelated by passing through fibers with different path lengths. The
two fiber branches are fed into two input ports of a channel multiplexer,
whose free-space output comprises two multiplexed OAM beams. The
polarization controllers are used to maximize the polarization-sensitive
modulation efficiency of the SLM-based MPLC. It is also possible to
use a polarization-insensitive configuration [22]. A channel multiplexer
is used to generate different coaxial OAM beams by feeding different
fiber ports. The channel multiplexer itself is an MPLC-based device
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Fig. 2. Experimental setup of using MPLC for turbulence-induced crosstalk mitigation
and channel demultiplexing in an OAM-multiplexed link. QPSK: quadrature phase-
shift keying. EDFA: erbium-doped fiber amplifier. PC: polarization controller. Mux:
multiplexer. SLM: spatial light modulator. PM: power meter. FM: flip mirror.

where the beams are reflected multiple times at different locations on
a fixed reflective phase plate [8,10]. Subsequently, the OAM beams
with a beam size D of <1.7 mm is normally incident on the emulated
turbulence plate with an effective Fried parameter (coherence length
scale of turbulence) of r, = 1 mm [23-25]. The turbulence plate has
a pseudorandom phase distribution that obeys Kolmogorov spectrum
statistics. After ~0.5-m free-space propagation, the distorted beams
are projected onto the first plane (with the equivalent aperture size
of ~2.7 mm) of the SLM (Meadowlark Optics). Serving as an MPLC,
the SLM is positioned parallel to a silver mirror with a spacing of
~15.7 mm. The beams are bounced between the mirror and the SLM
to go through six different phase planes with an adjacent free-space
propagation distance of 31.5 mm. After passing through the six-plane
MPLC, the two beams are separated spatially and coupled into different
ports of the fiber array with a spacing of 127 pm using a single
collimator (NA = 0.35). After the power collection of both ports, a
feedback loop is designed to monitor the crosstalk between the two
channels. Given the measured crosstalk, a GA is applied in order to
update the patterns to mitigate the turbulence effect. After the MPLC
patterns are optimized, the signals carried by the two transmitted OAM
beams are received for coherent signal detection with low inter-channel
crosstalk.

4. Experimental results

In the experiment, we first characterize the channel demultiplexing
using MPLC. At the transmitter side, a single OAM beam is generated
and transmitted one at a time. At the receiver side, the demultiplexing
patterns are generated for two different cases, i.e., OAM-multiplexed
channels # = {-1, +1} and {-1, +2}. Fig. 3(al, bl) shows that
the inter-channel crosstalk is <—22 dB and <-19 dB for the OAM-
multiplexed channels of # = {-1, +1} and {-1, +2}, respectively.
To investigate the turbulence mitigation of the MPLC, we put a rotat-
able turbulence emulator in the free-space optical path. After passing
through the turbulence emulator, the distorted coaxial OAM beams
are demultiplexed by the MPLC. Fig. 3(a2, b2) shows that, compared
with the cases without turbulence, the crosstalk degradation in the
cases with turbulence and without crosstalk mitigation is >13.1 dB and
>9.2 dB for the transmitted OAM channels 7 = {-1, +1} and {-1,
+2}, respectively. After applying crosstalk mitigation, the crosstalk is
mitigated by >11.4 dB and >7.2 dB for the transmitted OAM channels #
= {-1, +1} and {-1, +2}, respectively, as shown in Fig. 3(a3, b3). The
turbulence-induced power loss is also reduced simultaneously. It should
be noted that, for both # = {-1, +1} and {-1, +2}, the insertion loss
of the MPLC is <-19 dB, >-23 dB and <-20 dB without turbulence,
without and with turbulence mitigation, respectively. The insertion loss
of the designed mode might be limited by the reflection coefficient and

! (a3
| @ oam-10AM+1 TZ0AM-1 OAM+1 SOAM-1 OAM +1 :
| ~ |
& 52 05 i
IRX :
: o~ 1
| = -13.4 -08 1
| [¥] 1
.______________________________________'
(b1) (bZ) L )

OAM -1 OAM +2

OAM -‘I OAM +2

i
1

1

1

\ -

1 £ 2
1 Rx

1

1 o~

| i

1 [+]

OAM -1 OAM +2

W/O Turbulence Turbulence
turbulence realization 1 realization 6

ofels

OAM channels ¢ = {—1, +2} are transmitted

0 =71

£=-

+2

=

(d) 0r e q I i=
q s~ , \ Ili !
E ~ ,’)\I <. P \ ’ \I\I
- qv 7 ~Q \ ’
4 < \
2 10, - \‘N//B \ ’ e ‘\‘\ ',Cl L
= mitigation ~ « /
' ® w/o turbulence
w -2 (£ VR,
o TTA— - ey N e
(&) 9 a
_30‘~ ‘ | w/lmitigatioln
2 4 6 8 10
Realization

Fig. 3. Measured transmission matrix of OAM-multiplexed channels. (al-a3) ¢ =
-1 and +1, (b1-b3) # = -1 and # = +2 for channel demultiplexing without
turbulence, without and with crosstalk mitigation (miti.) under the turbulence (turb.).
(c) Beam profiles of # = —1 and +2 without turbulence and with turbulence under
different realizations. (d) Measured crosstalk without (dashed line) and with (solid
line) mitigation for the channels carried by # = —1 (black line) and ¢ = +2 (red line)
under 10 turbulence realizations.

the grating efficiency of the SLM. With a lossless SLM without blaze
gratings [3,6], the insertion loss of the MPLC could be ~—2 dB with
turbulence mitigation. It should be noted that the insertion loss of the
MPLC-based device might be related to the number of phase plates [6].
In general, the insertion loss related to the reflection coefficient and the
grating efficiency could be decreased by utilizing a smaller number of
phase plates. However, reducing the number of phase plates tends to
achieve less adiabatic spatial phase modulation and could potentially
decrease the conversion efficiency [6].

Furthermore, different realizations of the turbulence are emulated
by rotating the turbulence emulator. For each measurement under
different realizations, the turbulence phase plate is fixed and the beams
are transmitted through a different part of the turbulence emula-
tor [24,25]. As a proof of concept, the OAM-multiplexed channels of
¢ = -1 and +2 are transmitted. Fig. 3(c) shows the beam profiles



H. Song, X. Su, H. Song et al.

W/ turbulence
W/ mitigation

ks
OSNR:20.4 5 '

XT:-19.2dB

EV&*-QAB‘&

e

(a) WI/turbulence
WI/O mitigation

XT:-2.6 dB

XT: -27 dB

(b) —8—b2b
—6e—Ch. 1: w/ turbulence w/ mitigation
—<4—Ch. 2: w/ turbulence w/ mitigation
-+ =Ch. 1: w/turbulence w/o mitigation

102} 50-Gbaud QPSK
L. O *_ 7%
] b \EEC threshold
w103 T
Y
\
A
Y
4 *
0% : ‘
15 20 25

OSNR (dB)

Fig. 4. Measured bit error rates (BERs) performance for multiplexed data channel 1
(¢ = —1) and 2 (¢ = +2) with and without turbulence mitigation (a) Constellation
diagrams for QPSK signal; (b) BER vs OSNR. Ch: channel. XT: crosstalk. FEC: forward
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of the OAM ¢ = -1 and +2 are distorted differently under differ-
ent turbulence realizations which could lead to varying inter-channel
crosstalk. Such beam profiles are captured at the input side of the
MPLC. It should be noted that, the beam profiles are not perfect without
turbulence [10]. The intermodal crosstalk between # = —1 and ¢ =
+2 without turbulence is <—25 dB. This might be due to imperfect
performance of the channel multiplexer. Fig. 3(d) shows that under 10
different turbulence realizations before applying turbulence mitigation,
the crosstalk of channel 1 (# = —1) and channel 2 (¢ = +2) varies
from —0.8 dB to —16.2 dB and from —12.8 dB to 2.0 dB, respectively.
After applying turbulence mitigation, the crosstalk under —18 dB and
a crosstalk reduction of up to 26 dB are achieved for both channels.
Under some specific turbulence realizations, the inter-channel crosstalk
after turbulence mitigation is lower than that without turbulence. This
might be due to that the MPLC mitigates the crosstalk induced by not
only the turbulence but also residual misalignment [18,26].

Under turbulence realization 1, the BER performance is measured
by transmitting the OAM-multiplexed (# = {-1,+2}) channels simul-
taneously. As shown in Fig. 4(a), the measured crosstalk for channel
1 (Z = —1) and channel 2 (¢ = +2) mode are decreased from —12 dB
and —2.6 dB to —19.2 dB and —27 dB and the error vector magnitude
(EVM) is improved from 31% and 58% to 25% and 24%, respectively,
by applying the turbulence mitigation. Fig. 4(b) shows that without
turbulence mitigation, there is ~4.8 dB OSNR penalty for channel 1
to achieve BER of 3.8 x 10~3(i.e., 7% FEC threshold) compared with
that of back-to-back case. For channel 2 (# = +2) without turbulence
mitigation, the coherent detection algorithm does not readily recover
the I-Q information. After applying turbulence mitigation, there is
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Fig. 5. Measured crosstalk with different number of mitigation patterns applied under
one turbulence realization in experiment for OAM-multiplexed channels # = {-1,+2}.

~0.5 and ~1.5 dB OSNR penalty to achieve the 7% FEC threshold
compared with that of the back-to-back case for channel 1 and channel
2, respectively. The difference in the OSNR penalty might be due to the
different crosstalk of different channels.

As the generation of demultiplexing patterns and mitigation pat-
terns is relatively independent, the number of mitigation patterns is not
necessarily the same as that of demultiplexing patterns. To explore the
effect of the number of mitigation patterns, the number of mitigation
patterns is varied from 1 to 6. Fig. 5 shows that the cases with a
different number of mitigation patterns achieve similar crosstalk miti-
gation performance while the two-plane case takes the lowest number
of iterations. This might be due to that, with the increasing number of
mitigation patterns, the increased degree of freedom tends to increase
the optimization speed while also increase the search space that might
limit the optimization speed [21,27].

5. Simulation results

In addition, we further explore the turbulence mitigation using
different number of mitigation planes under 200 turbulence realizations
in simulation. Fig. 6 (a, b) show that (i) the crosstalk could be achieved
below the crosstalk threshold of —18 dB and sometimes <—25 dB,
and (ii) the number of iterations could range from ~50 to ~700. The
average number of iterations could partially depend on the number of
mitigation planes. The simulation result shows that, when the number
of mitigation planes increases from 1 to 6, the average number of
iterations taken to reach the crosstalk level under —18 dB is ~250,
~160, ~170, ~180, ~200 and ~200, respectively. The case with two
mitigation planes could achieve the crosstalk below —18 dB with the
smallest average number of iterations. This might be due to that, when
the number of mitigation patterns increases, the increased degrees of
freedom tend to increase the optimization speed but could also increase
the search space that might limit the optimization speed [21,27].
Moreover, we use two turbulence simulation approaches: (a) single
phase plate in order to replicate our experimental demonstration, (b)
two phase plates in order to have better accuracy for thicker turbulent
layers [25,28]. For the case with two turbulence plates, we use the same
Fried parameter r, = 1 mm as the case of a single turbulence plate
(red-dashed line) [28]. In such a scenario, the two cases with different
turbulence plates show a similar trend of crosstalk performance and av-
erage iteration number. It should be noted that the number of iterations
might be related to various parameters that include but are not limited
to the crosstalk threshold and the optimization algorithm [20].

To investigate the scalability of the MPLC for turbulence mitigation,
we apply the same method to the OAM mode sets with a different
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Fig. 6. Simulated (a) crosstalk and (b) number of iterations under 200 turbulence
realizations for OAM-multiplexed channel # = {—1,+2}. Each red/black dot represents
the simulated crosstalk and the simulated number of iterations under one turbu-
lence realization emulated by a single turbulence plate/two turbulence plates. The
circles/squares represent the simulated average crosstalk and the simulated average
number of iterations under 200 turbulence realizations emulated by a single turbulence
plate/two turbulence plates. The bars show the corresponding standard deviation
values. (c) Simulated average insertion loss of the MPLC without turbulence, without
and with mitigation under 100 turbulence realizations.

number of modes in simulation under 100 turbulence realizations. It
should be noted that the power loss induced by MPLC might depend on
(i) the spatial modulation efficiency related to the reflection coefficient
and the grating efficiency of the SLM, (ii) the channel demultiplexing,
and (iii) the turbulence mitigation [6,8,29]. In our simulation, to
separate the influence of the SLM’s modulation efficiency from channel
demultiplexing and turbulence mitigation, each phase plate is assumed
to be lossless. Therefore, the modulation efficiency of the SLM is not
included in the simulated power loss. As a proof of concept, the first
N (N < 10) OAM modes are selected from the sequence of OAM ¢ =
0, +1, -1, +2, -2, 43, -3, +4, —4) and two mitigation patterns are
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adaptively applied in the MPLC. Fig. 6(c) shows that the turbulence-
induced power losses of 6-9 dB are induced on average under 100
turbulence realizations without applying turbulence mitigation. After
the corresponding turbulence mitigation is applied, the average inser-
tion loss of MPLC is reduced. This could be due to that the mitigation
patterns not only reduce the inter-channel crosstalk but also mitigate
the power coupling to the other higher-order modes [29].

6. Discussion

To mitigate the turbulence effects on an MDM FSO link, there
have been various approaches including (i) adaptive optics which
applies an inverse phase function of turbulence to mitigate inter-modal
crosstalk [29-33] and (ii) electronic digital signal processing based on
multiple-input-multiple-output (MIMO) equalization [34,35]. We note
that there are some challenges to minimize the system complexity for
the proposed MPLC-based approach. It would be valuable to develop a
more efficient method for the MPLC system.

In our demonstration, we need to periodically update the phase
patterns and measure the mode transmission matrix of the two chan-
nels. During the measurement of transmission matrix, we: (a) interrupt
the transmitted data flow of the two data channels, (b) sequentially
transmit only one OAM beam at a time, and (c) for each OAM beam,
we measure the power in each part of the full mode transmission
matrix. Subsequently, the two data channels can then be transmitted
simultaneously. Importantly, this periodic interruption of data trans-
mission can potentially be avoided by utilizing probe beams that:
(i) experience similar turbulence effect, and (ii) could be separated
from the transmitted data channels with little power coupling. Possible
methods include (a) utilizing coaxial OAM probe beams at different
wavelengths [29] or (b) transmitting coaxial backward-propagating
probe beams from the receiver to the transmitter and measuring the
crosstalk at the transmitter [36].

Additionally, we note that real-time turbulence mitigation appro-
aches in an FSO link should be operated as fast as the dynamic decoher-
ence effects of the turbulence, perhaps at a rate of ~kHz [23,25]. In our
demonstration, it takes ~5 s for each iteration and ~200 iterations to
mitigate the turbulence-induced crosstalk. This would be too slow in a
practical link, but the speed could be significantly increased by various
methods. In order to decrease the operation time of each iteration and
increase the speed of turbulence mitigation, one might consider: (i)
applying a more efficient optimization algorithm to reduce the number
of iterations, such as a parallel wavefront optimization method [20]
and (ii) utilizing a high-speed wavefront modulator [37].
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