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Adaptive optics compensation of multiple orbital
angular momentum beams propagating
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We propose an adaptive optics compensation scheme to simultaneously compensate multiple orbital angular mo-
mentum (OAM) beams propagating through atmospheric turbulence. A Gaussian beam on one polarization is used
to probe the turbulence-induced wavefront distortions and derive the correction pattern for compensating the OAM
beams on the orthogonal polarization. By using this scheme, we experimentally demonstrate simultaneous com-
pensation of multiple OAM beams, each carrying a 100 Gbit/s data channel through emulated atmospheric turbu-
lence. The experimental results indicate that the correction pattern obtained from the Gaussian probe beam could be
used to simultaneously compensate multiple turbulence-distorted OAM beams with different orders. It is found that
the turbulence-induced crosstalk effects on neighboring modes are efficiently reduced by 12.5 dB, and the system
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power penalty is improved by 11 dB after compensation.
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Multiplexing techniques for multiple data channels, such
as wavelength-division multiplexing, have been widely
used to enhance data capacity in optical communication
systems. Recently, another potential technique that has
gained much attention is space division multiplexing
(SDM), in which separable spatial modes carry indepen-
dent data streams to increase system capacity and spec-
tral efficiency [1,2]. One of the promising approaches in
SDM is to multiplex orbital-angular-momentum (OAM)
carrying beams [1-4].

Light beams carrying OAM are characterized by their
exp(tlyp) (1 =0,=£1,42,...) azimuthal phase structures,
in which ¢ refers to the azimuth angle and ! determines
the OAM charge [5]. One key characteristic of OAM
beams is that modes with different I (I can take any
integer value) are orthogonal to one another [5,6]. There-
fore, multiple OAM beams each carrying an independent
data stream can be multiplexed at a transmitter and
demultiplexed at a receiver [1-3].

Several reports have shown that OAM multiplexing can
be used in free-space optical (FSO) links to significantly
enhance data capacity and spectral efficiency [1,7]. For
example, multiplexing 32 OAM beams has been demon-
strated in an FSO link, providing a total 2.56 Tbit/s
capacity and 95.7 bits/s/Hz efficiency [1]. However, a
critical limitation of OAM-based FSO systems is the
significant performance degradations induced by atmos-
pheric turbulence [8,9]. As the orthogonality of multiple
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co-propagating OAM beams depends on their distinct
helical phase-fronts, the refractive index inhomogeneities
of the atmosphere will distort these phase-fronts, causing
power spreading of each transmitted OAM mode onto
neighboring modes, which will essentially result in inter-
modal crosstalk between different OAM data channels
[8-12].

" An important goal for future use of OAM in high-
capacity SDM-based FSO links might be the ability to
compensate the effects of atmospheric turbulence [8,9].
Figure 1 illustrates this concept. Two technical chal-
lenges must be overcome for turbulence compensation
of OAM beams: (a) the conventional Shack-Hartmann
wavefront sensing technique cannot be readily used
for reconstructing the helical phase-front of the OAM
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Fig. 1. Conceptual diagram for turbulence compensation of a
distorted OAM beam. The adaptive-optics compensation system
reduces power leakage to neighboring modes caused by atmos-
pheric turbulence.
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Fig. 2. Scheme for turbulence compensation of multiple OAM
beams using a Gaussian probe beam for wavefront sensing.
PBS, polarizing beam splitter.

beam, due to its phase singularities or branch points
caused by turbulence [13-15]; and (b) the receiver’s
turbulence compensation system must correct multiple
independent OAM beams simultaneously.

In this Letter, we describe an adaptive optics (AO)
compensation scheme that corrects multiple turbulence-
distorted OAM beams by using a Gaussian beam (i.e.,
1 =0) as a probe beam for wavefront sensing. Using
this scheme, we demonstrate simultaneous turbulence
compensation of multiple OAM beams, each carrying
a 100 Gbit/s data channel [16]. A rotating phase screen
plate with a pseudo-random phase distribution obeying
Kolmogorov spectrum statistics [13] is used to emulate
atmospheric turbulence in the Ilaboratory environ-
ment [9].

Our scheme for simultaneous compensation of multi-
ple OAM beams is shown in Fig. 2. Multiplexed OAM
beams (I # 0) on one polarization are combined with
an orthogonally polarized Gaussian beam (I = 0) using
a polarizing beam splitter (PBS). The resulting beams
propagate collinearly through emulated atmospheric
turbulence. At the receiver side, an AO compensation
system is built, in which the distorted Gaussian beam
is separated from the distorted OAM beams using an-
other PBS to serve as the probe for wavefront distortion
estimations and required correction-pattern retrieval. A
feedback controller is used to update the two wavefront
correctors with the same correction pattern obtained
to compensate the phase-front of the Gaussian probe,
as well as those of the distorted OAM beams. As the

100-Gbit/s

polarization of a laser beam propagating through the tur-
bulence is highly preserved [13, 17], the depolarization
effect on the beams is negligible.

The experimental implementation of the proposed
scheme is presented in Fig. 3. The 100 Gbit/s quadrature
phase-shift keying (QPSK) signal generated by the QPSK
transmitter is split into three copies, each of which is de-
correlated using single-mode fibers (SMF's) with different
lengths. The three signal copies are sent to three collima-
tors, each of which converts the output of the SMF to a
collimated Gaussian beam with a beam diameter of
3 mm. One beam (branch @©) is launched onto a reflective
spatial light modulator (SLM-1) loaded with a specific
blazed-fork hologram to create one OAM beam. Another
beam (branch @) is converted into a superposition of
two equally weighted OAM beams (with OAM charges
of I = 3, 7) by loading SLM-2 with a specially designed
phase hologram [18]. The SLMs used here are polariza-
tion dependent liquid-crystal-based reflective phase
modulators with a spatial resolution of 20 pm. Branch
@ is only turned on when investigating the impact of
OAM crosstalk on the average bit-error-rate (BER) of
the multiplexed OAM channels. The other Gaussian beam
(branch ®) is polarization rotated using a half-wave plate
(HWP-1) and then expanded using a 4-f lens system to
become as wide as the widest OAM beam (i.e., [ =9
in this experiment) along the propagation path. This
branch is then polarization multiplexed with branches
® and @ via a PBS. The resulting multiplexed beams are
sent through the atmospheric turbulence emulator [9].

The effects of turbulence are emulated by a thin phase
screen plate that is mounted on a rotatable stage and
placed in the middle of the optical path. A pseudo-ran-
dom phase distribution obeying Kolmogorov spectrum
statistics and characterized by its effective Fried coher-
ence length 7y was machined into the plate [19,20]. The
of the phase screen plate is 1 mm, which in our case
could represent weak-to-moderate turbulence over a
1 km link distance [9,21].

The beam exiting from the turbulence emulator is im-
aged onto the wavefront corrector (SLM-3) using a 4-f
lens system. For simplification, only one wavefront
corrector (i.e., SLM-3) is used in the AO compensation
system, which is shared when compensating the
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Fig. 3. Experimental setup. BS: beam splitter, Col.: Collimator, EDFA: erbium-doped fiber amplifier, FM: flip mirror, HWP:
half-wave plate, OC: optical coupler, PBS: polarization beam splitter, PC: polarization controller, QPSK: quadrature phase shift

keying, SLM: spatial light modulator, WFS: wavefront sensor.



Gaussian beam and the OAM beams for one turbulence
realization. As the adopted SLM is polarization sensitive,
HWP-2 is used to align the polarization of the Gaussian
probe beam with the polarization orientation of SLM-3.
The beams after SLM-3 are also polarization adjusted
by HWP-3 to ensure that the Gaussian beam is directed
to the wavefront sensor. Similarly, the plane of SLM-3 is
imaged onto the plane of the Shack—Hartmann wavefront
sensor (WFS, HASO from Imagine Optic Inc.), which en-
ables the WF'S to detect the residual wavefront distortion
of the Gaussian probe beam. A feedback controller is
used to communicate between SLM-3 and WF'S and pro-
vide the correction pattern as a control signal. Once the
loop converges and the ultimate correction pattern is
obtained for this turbulence realization, HWP-2 is then
rotated by 90° to align the polarization of OAM beams
with the polarization orientation of SLM-3. By doing
so, the OAM beams rather than the Gaussian beam will
be phase corrected by SLM-3.

After the AO system, a CCD camera captures the far-
field intensity profile of the corrected beam, followed by
an SLM-based demultiplexer for BER measurement. In
order to reduce the effect of turbulence-induced tilt/tip
on OAM demultiplexing, the beam exiting from SLM-3
is imaged onto SLM-4. By loading an inverse spiral phase
hologram of the OAM channel to be detected onto SLM-4,
the OAM beam is subsequently converted into a Gaussian
beam. This Gaussian beam is then coupled into an SMF
and sent for coherent detection and off-line signal
processing.

Figure 4 shows the intensity profiles of the Gaussian
probe and OAM beams for a particular turbulence
realization with and without compensation. With the AO
system, the root mean square wavefront error and Strehl
ratio of the Gaussian beam are improved from 0.613,
0.234 to 0.092, 0.924, respectively. The correction pattern
obtained from the Gaussian probe beam is used to
compensate the OAM beams (from branch @). From
the far-field images, one can see that the distorted
OAM beams (upper), up to OAM charge | = 9, are cor-
rected. As OAM beams have different beam sizes, they
experience different turbulence strengths, which are
characterized by D/r,, with D being the beam diameter
at the turbulence emulator plane. It is expected that using
the same correction pattern, lower-order OAM beams
will experience better compensation, as shown in Fig. 4.

To further examine compensation performance,
Fig. 5(a) shows the crosstalk (the received power of
OAM channel I = 6 or 7 divided by the received power
of channel [ = 5) with and without compensation for
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Fig. 4. Far-field intensity images of the Gaussian probe beam
and OAM beams (I = 1, 3, 5, 7, 9) before [upper, (al)-(a6)] and
after [lower, (b1)-(b6)] compensation.
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Fig. 5. (a) Crosstalk of OAM channel ! = 5 onto adjacent chan-
nels /=6 and 7 for 10 different turbulence realizations.
(b) Power distribution (coupled into an SMF) of different
OAM channels when transmitting OAM [ = 5 with and without
compensation for turbulence realization #10.

10 different turbulence realizations. We observe that
using the correction pattern obtained from the Gaussian
probe beam, the crosstalk of OAM [ = 5 onto adjacent
channels [ =6, 7 are decreased by about 12.5 and
13.2 dB, respectively. Here the positive crosstalk value
is caused primarily by the turbulence-induced tilt/tip,
which are the dominant terms in the wavefront error be-
fore being corrected by the AO system. Figure 5(b)
presents the distribution of power coupled into the fiber
when transmitting OAM channel | = 5 with and without
compensation. We see that without compensation, the
power is spread among neighboring modes, whereas
with compensation, the received power is better con-
fined to the OAM channel [ = 5.

Figure 6 shows the BER performance when only one
OAM channel (I = 1, 3, 5, or 7) is transmitted with and
without compensation for various turbulence realiza-
tions. For fair comparison, the received power of each
channel after compensation over 10 different turbulence
realizations is maintained to be around -34 dBm. We see
that the BERs for these OAM channels are improved by
compensation, with all being below the forward error
correction (FEC) limit. The lower-order OAM channels
have better BER performance, due to the fact that
lower-order OAM beams experience smaller turbulence
distortions as their beam sizes increase slower than those
of the higher-order OAM beams.

To illustrate the system power penalty improvement
provided by the proposed compensation approach, we
measure the average BER of OAM channel [ = 5 (from
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Fig. 6. BER for different OAM channels (I = 1, 3, 5, or 7) with
and without compensation.
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Fig. 7. BERs for OAM channel | = 5 when transmitting three

OAM channels [ = 3, 5, 7 with and without compensation for
turbulence realization #10.

branch @) for a fixed turbulence realization. To intro-
duce crosstalk effects from the neighboring channels,
branch @ is turned on, and three OAM multiplexed chan-
nels [ = 3, 5, 7 are transmitted (note that channels [ = 3,
7 transmit the same data). Figure 7 presents the BER
curves as a functions of optical signal-to-noise ratio
(OSNR) for OAM channel I = 5 with and without com-
pensation. We see that the BER curve without compen-
sation when all OAM channels are on, exhibits an error
floor, which is due to the severe crosstalk. The measured
crosstalk from OAM channels ! = 3 and Il = 7 to channel
l = b5 is reduced from -9.51 to —19.95 dB by compensa-
tion. Meanwhile, the power penalty is improved by 11 dB
after compensation at FEC limit of BER = 1 x 1072.

In conclusion, an adaptive optics compensation
approach for an OAM multiplexed FSO communication
system is described, in which a Gaussian beam is used
to probe the turbulence-induced wavefront distortions
and derive the correction pattern for compensating the
OAM beams. Using this approach, we experimentally
demonstrate simultaneous compensation of multiple
OAM beams, each carrying a 100 Gbit/s data channel
through emulated atmospheric turbulence. The experi-
mental results show that the proposed scheme can
efficiently compensate OAM beams with OAM order
up to I = 9. After compensation, the turbulence-induced
crosstalk to neighboring modes of OAM [ = 5 is reduced
by 12.5 dB, and the power penalty of OAM channel I = 5
is improved by 11 dB.

We acknowledge Jerome Ballesta from Imagine Optic
Inc. for helpful discussions. Our work is supported by
DARPA under the InPho program.
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