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We experimentally demonstrate simultaneous turbulence
mitigation and channel demultiplexing in a 200 Gbit/s
orbital-angular-momentum (OAM) multiplexed link by
adaptive wavefront shaping and diffusing (WSD) the light
beams. Different realizations of two emulated turbulence
strengths (the Fried parameter r0 = 0.4, 1.0 mm) are
mitigated. The experimental results show the following.
(1) Crosstalk between OAM l =+1 and l =−1 modes
can be reduced by >10.0 and >5.8 dB, respectively, under
the weaker turbulence (r0 = 1.0 mm); crosstalk is further
improved by >17.7 and >19.4 dB, respectively, under
most realizations in the stronger turbulence (r0 = 0.4 mm).
(2) The optical signal-to-noise ratio penalties for the bit
error rate performance are measured to be∼0.7 and∼1.6 dB
under weaker turbulence, while measured to be ∼3.2 and
∼1.8 dB under stronger turbulence for OAM l =+1 and
l =−1 mode, respectively. ©2020Optical Society of America

https://doi.org/10.1364/OL.383714

Due in part to the desire for more bandwidth between differ-
ent kinds of platforms, there is keen interest in increasing the
data transmission capacity of free-space optical (FSO) com-
munication links [1]. One potential approach for capacity
enhancement is to use a form of space-division multiplexing
known as mode-division-multiplexing (MDM) [2]. In mode
multiplexing, multiple independent data-carrying beams are
simultaneously transmitted through a single transmitter (Tx)
and receiver (Rx) aperture pair, such that each beam can be
described as a unique mode from an orthogonal modal basis
set. The orthogonality among different beams enables efficient

multiplexing, co-axial propagation, and demultiplexing with
little inherent crosstalk (XT) [3].

As one example, FSO MDM links can utilize orbital-
angular-momentum (OAM) modes, which are a subset of
the Laguerre–Gaussian (LG) modal basis set [4]. A propagating
OAM beam has a phase front that twists in helical fashion. The
amount of carried OAM is represented by an integer l , which
is the number of 2π phase shift in the wavefront. The intensity
profile of such an OAM beam is a ring-shaped “doughnut” with
little power at its center [5].

In an OAM FSO transmission system, the link tends to
have little dispersive effect, but suffers from beam divergence
[6] and atmospheric turbulence [7]. Turbulence effect is a
significant challenge, because it can induce modal power
coupling and resultant inter-channel XT [7]. Mitigation
of turbulence in OAM links has been demonstrated using
(1) adaptive optics that corrects the distorted wavefront [8] and
(2) multiple-input-multiple-output electronic digital signal
processing [9].

An additional challenge for OAM FSO links is to effi-
ciently demultiplex multiple spatial modes [10–12]. Recently,
an approach for OAM demultiplexing used adaptive wave-
front shaping and diffusing (WSD) of different modes [13].
Multiple OAM modes are shaped to interact differently with a
deterministic multiple-scattering medium, such that the scat-
tered light from different modes can be separated to different
spatial locations.

In this Letter, we experimentally exploit WSD [14] to tackle
the above two issues and to achieve simultaneous turbulence
mitigation and mode demultiplexing for a 200 Gbit/s OAM
multiplexed FSO link. Two OAM l =+1 and l =−1 modes,
each carrying a 100 Gbit/s quadrature phase shift keying
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Fig. 1. Concept of using WSD to mitigate the turbulence effects
and simultaneously demultiplex two data-carrying OAM beams.

(QPSK) signal, are multiplexed and transmitted through
emulated atmospheric turbulence. Two different turbu-
lence strengths (TSs) with the Fried parameters r0 = 0.4 mm
(stronger) and r0 = 1.0 mm (weaker) are emulated. Using
WSD, we mitigate turbulence-induced beam distortion as large
as D/r0 = 6.0 (the ratio of the beam size to the Fried param-
eter). The experimental results for OAM l =+1 and l =−1
modes show the following: (1) XT is reduced by >10.0 and
>5.8 dB under the weaker turbulence conditions and by>17.7
and >19.4 dB for most realizations of a stronger turbulence
scenario, respectively, and (2) a bit error rate (BER) perform-
ance below the 3.8e−3 forward error correction (FEC) limit
is achieved under different turbulence conditions. Optical
signal-to-noise (OSNR) penalties at the FEC limit for the OAM
l =+1 and l =−1 modes are measured as ∼0.7 and ∼1.6 dB
for weaker turbulence, while measured to be∼3.2 and∼1.8 dB
for stronger turbulence, respectively.

As shown in Fig. 1, two pure orthogonal OAM modes are
distorted by atmospheric turbulence, which couples the power
of each OAM mode into many neighboring spatial modes [7].
In an OAM multiplexed link, such power coupling leads to
inter-channel XT and degrades the system performance. The
atmospheric turbulence is emulated by a single-phase screen,
whose random transfer function U(x , y )= exp(iψ(x , y ))
multiplies the incident fields, E1(x , y ) and E2(x , y ), caus-
ing them to couple together upon reception if demultiplexed
using their original OAM modal basis. Without the turbu-
lence effects, a WSD system has been utilized to separate
multiple pure OAM modes by shaping the beams with a spe-
cific phase front [13]. One can modify such a phase front in
WSD so that it can also act as an inverse transfer function
U∗(x , y )= exp(−iψ(x , y )) for that of turbulence [14].
Therefore, WSD can perform turbulence mitigation and chan-
nel demultiplexing simultaneously. The performance of WSD
may depend on the received portion of the distorted beams. If
only partial optical beams are collected by the Rx aperture, the
system performance might be degraded by extra modal XT due
to limited aperture effects [6]. In WSD, these distorted wave-
fronts are then shaped by a phase-only spatial light modulator
(SLM) and focused onto an optical diffuser in which the light
fields are scattered multiple times. Generally, such a multiple-
scattering process may further degrade the mode purities of the
OAM beams [15]. However, by applying the “correct” phase
pattern on the SLM, WSD can be mode-selective so that light
fields from different distorted OAM modes would experience
different scattering trajectories inside the diffuser; then the fields
emerging from the diffuser are refocused to different spatial
locations [13,16] and collected by single-mode fibers (SMFs).

Fig. 2. Experimental setup of using WSD to mitigate turbulence
effects in a 200 Gbit/s OAM multiplexed link. PC, polarization
controller; FM, flip mirror; MR, mirror; PM, power meter; Ctrl.,
controller.

Figure 2 shows the experimental setup. At the Tx, a
100 Gbit/s QPSK signal is generated at ∼1.55 µm using an
in-phase quadrature (IQ) modulator. It is then amplified by an
erbium-doped fiber amplifier (EDFA) and sent into a 50/50
fiber coupler. One of the two copies is delayed by a∼1 m SMF
to decorrelate the data sequences, and both copies are coupled to
free space via SMF collimators (Col.). These two optical beams
are launched onto SLM-1 and SLM-2 to convert them to OAM
l =+1 and l =−1 mode (beam size ∼2.4 mm), respectively.
A beam splitter (BS-1) multiplexes the data-carrying OAM
l =±1 beams, and the resultant beams are transmitted through
the emulated turbulence. The atmospheric turbulence is emu-
lated by (static) thin phase screen plates which are designed
to produce Kolmogorov spectrum statistics with the effective
Fried coherence length r0 = 0.4, 1.0 mm, respectively [7,17].
Different realizations of emulated turbulence are implemented
by rotating the plate to different orientations. A dimensionless
measure for beam distortion of an optical beam is defined as the
ratio of the beam size to the Fried coherence length, i.e., D/r0.
Based on the selected r0, we emulate different levels of beam
distortion induced by different TSs: no turbulence (D/r0 = 0),
weaker turbulence (D/r0 = 2.4), and stronger turbulence
(D/r0 = 6.0), denoted as TS-0, TS-1, and TS-2, respectively.
At the Rx, the distorted beams are equally split by BS-2. One
branch is sent to a normal OAM Rx [4] for measuring the modal
XT induced by the emulated turbulence. For this purpose,
SLM-3 is loaded with a phase pattern conjugate to the OAM
mode of interest. The other branch sends the two modes to the
WSD Rx. For each turbulence realization, the wavefront of the
distorted beams is first shaped by SLM-4 and then focused by a
lens ( f = 50 mm) onto an optical diffuser (ground glass with
grit 120, Thorlabs). A pair of SMFs, spaced apart by 127 µm,
is placed ∼ 1 mm behind the diffuser. The collected power for
each SMF port is fed to the SLM-4 controller in which a genetic
algorithm (GA) (MATLAB global optimization toolbox) is
applied to search for the SLM-4-loaded phase pattern that aims
to maximize the received power of each distorted OAM mode.
These SMFs, each carrying (ideally) a single data stream, are
then connected to individual coherent Rxs for error-free data
recovery.

Figure 3(a) shows the intensity profiles of the received
OAM l =+1 beam affected by the different TSs. As shown
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Fig. 3. (a) Turbulence-distorted OAM l =+1 beam profiles;
(b) received OAM spectrum of the distorted l =+1 beam; (c) one
example of the determined 30× 30 phase pattern; (d) received power
of each mode versus the number of iterations during the wavefront
shaping process; (e) received power of each mode after WSD miti-
gates different turbulence realizations (TS-1, realization 1–5; TS-2,
realization 6–10).

in Fig. 3(b), the ratio of leakage power to the neighboring
OAM modes (l = 0 and l =+2) is as low as ∼− 15 dB under
TS-0. However, the power of the transmitted OAM l =+1
mode spreads to many other modes under turbulence effects.
For instance, the ratio of the power coupled to the OAM
l =−1 mode increases from −19.04 dB (TS-0) to −7.94
and 1.51 dB under the effects of TS-1 and TS-2, respectively.
Turbulence-induced distortion depends on both the realization
and strength of the emulated turbulence. In WSD, each tur-
bulence realization with different strengths requires searching
for a wavefront-shaping phase pattern. One example of the
optimized phase pattern is shown in Fig. 3(c), which consists
of 30× 30 elements, each of which occupies 20× 20 pixels of
the SLM-4. The wavefront-shaping process for each turbulence
realization in WSD consists of two steps. The first step is to
transmit one OAM beam through the emulated turbulence
at a time and independently maximize the received power at
the designated SMF. Thus, two different phase patterns θ1 and
θ2 can be determined for OAM l =+1 and l =−1 mode,
respectively. The second step it to apply the phase pattern given
by θ = arg[exp(iθ1)+ exp(iθ2)] to simultaneously mitigate
the turbulence effect and demultiplex the l =±1 modes [18].
As shown in Fig. 3(d), the received powers of the distorted
OAM l =+1 and l =−1 modes (under TS-2) converge to
∼− 20.7 and ∼− 21.9 dBm, respectively, after ∼ 15000
measurement iterations. In this demonstration, each iteration
of WSD takes ∼0.1 s, and the GA takes ∼1200 s to converge
to the desired output. Although such a speed is mainly limited
by the refresh rate of the SLM (∼10 Hz), we believe that the
operation time of WSD can be significantly reduced by using
faster-responding devices [16]. If the mitigation pattern is fixed,
the operation speed of WSD needs to be accelerated to keep the

Fig. 4. Measured XT using OAM and WSD Rx for receiving
distorted OAM modes: (a) l =+1 mode and (b) l =−1 mode. The
XT without turbulence effects using OAM Rx is also shown. Tur.,
turbulence.

BERs below the FEC threshold against the change of turbu-
lence. For dynamic TS, we note that adaptively updating the
phase pattern starting from a pre-optimized mitigation pattern
may accelerate the GA’s convergence and would likely be more
time-efficient than starting from a blank phase pattern [19].

WSD is also applied to mitigate different realizations of TS-1
and TS-2. As shown in Fig. 3(e), under the effects of TS-2, the
received powers of the l =+1 and l =−1 modes decrease by
>6.25 and >8.41 dB, respectively. Here the stronger turbu-
lence severely distorts the beams’ wavefronts and, consequently,
induces more modal power coupling. After WSD is applied to
mitigate realizations 1–5 of the weaker turbulence, 1–6 and 3–
8 dB MDL, respectively, are observed for receiving the l =+1
and l =−1 modes. However, as for the realizations 6–10 of
stronger turbulence, WSD is capable of enhancing the received
power ∼ 4− 19 dB for the two modes. This may be because
WSD controls a large number of spatial modes and, thus, may
couple some of the leakage power back to the received mode
[16]. Moreover, the WSD-mitigated powers for both modes are
∼− 26 dBm for realizations 1–10, not significantly depending
on the realizations.

XT improvement for receiving the two OAM modes using
WSD is shown in Fig. 4. For comparison, the XT for receiv-
ing both the OAM modes using the OAM Rx under TS-0 is
∼− 20 dB. Such XT slightly fluctuates over time due to the
drift of alignments in the OAM multiplexed link. Under TS-1,
the XT for the l =+1 and l =−1 modes can be suppressed by
>10.0 and >5.8 dB, respectively. XTs can also be reduced by
>17.7 dB under TS-2 for realizations 7–10. It also appears that
the mitigation performance of WSD does not largely depend
on the turbulence realizations. We note that the mitigated XT
may be even lower than the XT without turbulence effects. For
example, the XT for OAM l =−1 is decreased from +3.41 to
−21.17 dB (realization 7), which is lower than the XT without
turbulence, that is, −17.72 dB (using OAM Rx). This may be
because WSD also corrects some misalignment of the optical
link and, thus, further decreases the XT.

Figure 5 shows the measured BER as a function of the OSNR
after WSD mitigates different turbulence effects. Without any
turbulence effects (TS-0), BER values for both modes using the
normal OAM Rx easily fall below the 7% FEC limit. However,
using the OAM Rx under TS-1, a power penalty as large as
∼9.3 dB at the FEC limit is observed for decoding l =+1 mode
and the l =−1 mode cannot achieve below the FEC limit,
shown in Figs. 5(a) and 5(b), respectively. For the case of TS-2,
both OAM modes can hardly achieve below the FEC limit due
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Fig. 5. Measured BER of OAM-carried data channel as a function
of OSNR under different turbulence effects: (a) l =+1 under TS-1;
(b) l =−1 under TS-1; (c) l =+1 under TS-2; (d) l =−1 under
TS-2.

to the presence of strong XT between these two channels, shown
in Figs. 5(c) and 5(d). After WSD is applied to mitigate the
turbulence effects, both distorted modes exhibit similar BER
performances as the BER performance under TS-0, albeit with
some OSNR penalties at the 7% FEC limit:∼0.7 and∼1.6 dB
under TS-1, while∼3.2 and∼1.8 dB under TS-2 for the OAM
l =+1 and l =−1 modes, respectively.

In general, turbulence mitigation approaches in FSO sys-
tems should be operated at a rate of ∼kilohertz [17]. We note
that the operation speed of WSD can be potentially increased
to ∼kilohertz level by (1) utilizing a high-speed wavefront
modulator, e.g., a 350 kHz micro-electromechanical modulator
in [20], and (2) applying a time-efficient algorithm, such as
parallel wavefront optimization that reduces the number of
measurements by more than an order of magnitude [21]. To
enable OAM transmission over a longer distance (>100 m) in
a field-trial link, several limiting factors need to be considered,
including [6] (1) mode-dependent beam divergence effects,
(2) power loss due to the limited aperture size, and (3) modal
crosstalk induced by the misalignment between Tx and Rx. To
accommodate extra OAM channels, one may need to consider
(1) using low-loss mode multiplexer to reduce the 1/N com-
bining loss [11,12, and (2) employing high-speed wavefront
shaping algorithms and devices to reduce the extra operation
time for demultiplexing more OAM channels [20,21]. Since
turbulence is likely to induce little wavelength-dependent
distortion, WSD might be potentially applicable in quan-
tum communications by using an extra beacon on a separate
wavelength [13,22].
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