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As a recently explored property of light, orbital angular momentum (OAM) has potential in enabling
multiplexing of multiple data-carrying beams, to increase the transmission capacity and spectral efficiency
of a communication system. For the use of OAMmultiplexing in free-space optical (FSO) communications,
atmospheric turbulence presents a critical challenge. In this paper, we experimentally demonstrate
simultaneous pre- and post-turbulence compensation of multiple OAM beams, in a bidirectional free-
space optical communications link, using a single adaptive optics (AO) system. Each beam carries a
100 Gbit/s signal, and propagates through an emulated atmospheric turbulence. A specifically designed
AO system, which utilizes a Gaussian beam for wavefront sensing and correction, is built at one end of
the bidirectional link. We show that this AO system can be used to not only post-compensate the received
OAM beams, but also pre-compensate the outgoing OAM beams emitted from the same link end.
Experimental results show that this compensation technique helps reduce the crosstalk onto adjacent modes
by more than 12 dB, achieving bit error rates below the forward error correction limit of 1 × 10−3, for
both directions of the link. The results of work might be helpful to future implementation of OAM multi-
plexing, in a high-capacity FSO bidirectional link affected by atmospheric turbulence. ©2014Optical Society

of America
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1. INTRODUCTION

It was discovered in 1992 that a light beam, with helical trans-
verse phase of the form exp�il∅�, carries an orbital angular
momentum (OAM) corresponding to lℏ per photon, where
∅ is the azimuthal angle, l is the OAM topological charge (l is
an unbounded integer), and ℏ is the reduced Planck’s constant
[1]. Since then, as a fundamental physical quantity in classical
and quantum electrodynamics, OAM of light has initiated in-
creased interest in many areas, including optical tweezers, atom
manipulation, microscopy, and photon entanglement [2–4].
Recently, OAM has drawn the attention of the optical com-
munications community, for its potential to efficiently multi-
plex many independent data streams [5–9], due to the fact that
beams carrying OAM can form an orthogonal modal basis
(i.e., OAM beams with different l are orthogonal to one
another) [5].

Previous reports have shown terabit/s free-space data trans-
missions, using OAM multiplexing, in the absence of atmos-
pheric turbulence effects [6]. However, for a practical OAM
multiplexed free-space optical (FSO) communications link,
atmospheric turbulence presents a critical challenge [10–15].
As the orthogonality of multiple co-propagating OAM beams
depends on their distinct helical phase-fronts, atmospheric
turbulence that distorts these phase-fronts will cause power
spreading of each transmitted OAM beam, into neighboring
modes. This may result in severe inter-modal crosstalk between
different OAM data channels [13–15]. Optical compensation
of turbulence-induced phase front distortions may well reduce
this inter-modal crosstalk. Recently, an adaptive optics (AO)
system, that might be suitable for turbulence compensation
of OAM beams, has been experimentally demonstrated in
an unidirectional link [16,17], overcoming technical chal-
lenges resulting from the phase singularity of OAM
beams [18,19].

Optical propagation through atmospheric turbulence is
generally point reciprocal [20–23], i.e., the two spatial impulse
responses (Green’s functions) that characterize the optical
propagation, in opposite directions between the transmitting
and the receiving aperture planes, are equivalent. A recent ex-
perimental work on a bidirectional FSO link, with tilt/tip
tracking, has led to the identification of scintillation reciprocity
[22], as well as the reciprocity proof for the fundamental
Gaussian mode [23]. However, there has been little reported
in a bidirectional link employing spatial-mode multiplexing,
with or without high-order AO compensation.

Importantly, the reciprocity of atmosphere turbulence
suggests that the beams, propagating in opposite directions
through the same atmosphere medium, may experience similar
turbulence distortions. For an OAM multiplexed bidirectional
FSO link, this might imply that the AO system, that helps
compensate the distorted data-carrying OAM beams at the
receiver in one direction, can potentially be used to help
correct the OAM beams being transmitted in the reverse
direction.

In this paper, the bidirectional turbulence compensation
of multiple data-carrying OAM modes, in an FSO link
through atmospheric turbulence, is investigated based on

the reciprocity of turbulent atmosphere. We experimentally
demonstrate that a single AO system, placed at one end of
the bidirectional link, can be employed to simultaneously
pre- and post-compensate multiple counter-propagating
OAM beams, through emulated atmospheric turbulence
[24]. Specifically, one direction of the link experiences pre-
compensation [25,26], and the other direction benefits from
post-compensation. Our experimental results show that for the
two compensated link directions, the crosstalk onto adjacent
modes can be reduced by more than 12 dB, achieving bit-
error-rates (BERs) below the forward error correction (FEC)
limit of 1 × 10−3. Furthermore, we show through theoretical
analysis that the turbulence-distorted OAM beams, at both
ends of the bidirectional link, have identical crosstalk behavior.

2. THEORETICAL BACKGROUND AND CONCEPT

The reciprocity of atmospheric turbulence has been demon-
strated in the previous theoretical analysis, and verified with
experimental data, suggesting that the intensity and phase fluc-
tuations of the received signals for Gaussian beams, at the op-
posite ends of a bidirectional FSO link, can be identical
[22,23]. Using an approach similar to that in the previous
proof of scintillation reciprocity, we analyze the crosstalk
between turbulence-distorted OAM beams, in a bidirectional
FSO link.

Figure 1 shows the propagation geometry. At the transmit-
ter 1 (TX-1) side, data-carrying multiplexed OAM beams pass
through a circular transmitter apertureA1 in the Z � 0 plane,
and propagate over an L-m-long turbulent path. The beams
arriving at Z � L are first collected through a circular receiver
aperture A2 at receiver 1 (RX-1), then pass through the AO
compensation system and the OAM detection module. A sim-
ilar progression applies to the opposite propagation path,
namely TX-2/RX-2 link. The AO wavefront corrector, at
Z � L, applies the same phase compensation to TX-2’s out-
going OAM beams as it does to the received beams from TX-1.
We assume that the OAM transmitter and receiver at each end
share common-aperture optics, which means that the exit
pupil for each end’s transmitter is also the entrance pupil
for its receiver. For simplicity, it is also assumed that both aper-
tures A1 and A2 have the same diameter, so that a common
transmitted OAMmode set can be used for each link direction.
However, the analysis below can be easily extended to arbitrary
distinct choices for aperture pupils [23].

Let fεl�r1�:l � m1; m2;…mn;mi ∈ zg be the transmitted
OAM modes group at TX-1, where n is the number of
multiplexed OAM modes. Here, εl�r1� carries OAM charge

Fig. 1. Propagation geometry of a bidirectional OAM multiplexed
optical communication link through atmospheric turbulence; Comp.,
compensation; Gen., generation; RX, receiver; TX, transmitter.
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l, and contains the azimuthal phase structure exp�il∠r1�,
with ∠ as the angle operator. εl�r1� satisfies the normalization
condition

Z
A1

dr1jεl�r1�j2 � 1: (1)

Also, OAM modes with different l are orthogonal

Z
A1

dr1ε�l 0 �r1�εl�r1� � 0; for l ≠ l 0: (2)

Suppose that we transmit
ffiffiffiffiffiffi
PT

p
εl�r1� through A1 at TX-1,

with PT being the power carried by OAM mode εl�r1�. After
passing through the atmospheric turbulence, the field of the
distorted OAM beam at the receiver aperture A2 can be
expressed as

Z
A1

dr1εl�r1�h�r1; r2; t�; (3)

according to the extended Huygens–Fresnel principle [27].
Here, h�r1; r2; t� is the atmosphere’s spatial impulse response
(Green’s function) at time t. For a line-of-sight propagation
delay 2L∕c that is much shorter than an atmospheric
coherence time (c is the speed of light), we can neglect and
suppress the Green function’s time dependence, since bidirec-
tional transmission at time t will encounter the same
atmospheric Green’s function, h�r1; r2� [28,29]. If AO com-
pensation is employed, the field after compensation can be
written as

Z
A1

dr1εl�r1�h�r1; r2�eiφ�r2�; (4)

where φ�r2� is the phase correction term, that has been applied
in the AO system, at the TX-1 side. The resulting field after
AO compensation is then sent for OAM detection. Ideally, the
power leaked to OAM mode l 0 is determined by the εl 0 �r2�
component of the field in A2 [23]

1Pl→l 0 � PT

����
Z
A2

dr2ε�l 0 �r2�
Z
A1

dr1εl�r1�h�r1; r2�eiφ�r2�
����
2

:

(5)

The power-transfer behavior of the OAM beams, for
the TX-2/RX-2 link, can be derived with the use of a
similar approach. Here, we need to use fε�l 0 �r2�:l 0 �
m1; m2;…mn;mi ∈ zg for the transmitted OAM mode group
at TX-2, where ε�l 0 �r2� carries OAM charge l 0. If the same
phase correction is used for the transmission of

ffiffiffiffiffiffi
PT

p
ε�l 0 �r2�

from TX-2, we obtain

2Pl 0→l � PT

����
Z
A1

dr1εl�r1�
Z
A2

dr2ε
�
l 0 �r2�h�r2; r1�eiφ�r2�

����
2

;

(6)

for the power extracted in the ε�l�r1�mode withinA1. We can
see that given h�r1; r2� � h�r2; r1� [20], 1Pl→l 0 for the post-
compensated TX-1/RX-1 link is identical to 2Pl 0→l for the
pre-compensated TX-2/RX-2 link

1Pl→l 0 � 2Pl 0→l: (7)

This equivalence prevails for all φ�r2�, including φ�r2� � 0,
that corresponds to the case without AO compensation. The
validity of Eq. (7) requires that the OAM generation and de-
tection modules, for the TX-1/RX-1 link, are symmetrically
built with those of the TX-2/RX-2 link. Any asymmetry, in
the OAM generation or detection modules of the two link
directions, is expected to result in performance differences be-
tween them. Similarly to the previous analysis for a non-OAM
bidirectional FSO link, the power transfer reciprocity of OAM
beams implied from Eq. (7) applies for any atmospheric state,
regardless of the strength of the turbulence, its distribution
along the transmission path, and the size of transmitter
(and receiver) apertures. However, one critical condition for
this reciprocity property is the frozen-turbulence assumption,
which requires that the turbulence state remains the same, over
the entire propagation delay period. In general, this condition
is not problematic if the propagation delay of this link is
sufficiently short, compared with the typical turbulence
coherence time.

Equation (7) guarantees that the received OAM beams,
emitted from both directions in a bidirectional link, have iden-
tical crosstalk behavior after propagating through the same
atmospheric turbulence. It is valid for cases with and without
AO phase compensation. It also implies that a single AO sys-
tem, that post-compensates beams emitted from one direction,
can simultaneously pre-compensate multiple OAM beams
propagating in the opposite direction.

The concept of simultaneous pre- and post-compensation
of multiplexed OAM beams, using a single AO system, is illus-
trated in Fig. 2. Multiple data-carrying OAM beams are gen-
erated (and multiplexed) at TX-1 and TX-2, respectively.
These two groups of OAM beams coaxially propagate through
atmospheric turbulence, in opposite directions. An AO com-
pensation system, placed at one end of the link (TX-2 side),
is used to compensate the received turbulence-distorted OAM
beams from TX-1 (post-compensation). The outgoing OAM
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Fig. 2. Concept diagram. One group of multiplexed data-carrying
OAM beams from TX-1 is first distorted by atmospheric turbulence,
and then compensated by the AO system (post-compensation). Another
group of OAM beams from TX-2 first experiences pre-compensation by
the AO system, and then propagates through the same turbulence
(pre-compensation). RX, receiver; TX, transmitter.
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beams from TX-2 are first spatially phase modulated, by the
wavefront corrector element inside the AO system (i.e., pre-
compensation [25,26]), and then propagate through the same
turbulent atmosphere. The two receivedOAMbeam groups, at
RX-1 and RX-2, are subsequently demultiplexed and detected.

3. EXPERIMENTAL SETUP

The experimental setup is presented in Fig. 3. A narrow line-
width laser at 1550 nm is sent to a Mach–Zehnder modulator,
to produce a 100-Gbit/s quadrature phase-shift keying
(QPSK) signal at the TX-1 side. This signal is split into three
copies, each of which is decorrelated using single-mode fibers
(SMFs) with different lengths. The three polarized signal cop-
ies are sent to three collimators, each converting the SMF out-
put to a collimated Gaussian beam, with a beam diameter of
3 mm. Two of the three beams (branch ① and ②) are launched
onto two equally divided regions of a reflective spatial light
modulator (SLM-1), respectively. Specifically, one beam
(branch ①) is incident onto one half of SLM-1, loaded with
a specific blazed-fork hologram, to create one OAM beam
(l � 3 or l � 5). Another beam (branch ②) is converted into
a superposition of two equally-weighted OAM beams (with
l � 3, 7, or l � 1, 9), by loading the other half of SLM-1
with an appropriately designed phase hologram [30]. Branch ②
is only turned on when investigating the impact of OAM
crosstalk, on the BER performance of the multiplexed
OAM channels. The Gaussian beam in branch ③ is polariza-
tion rotated using a half-wave plate (HWP-1), and then ex-
panded using a 4-f lens system, to become as wide as the
widest OAM beam (i.e., l � 9 in this experiment) along
the propagation path. This branch is then polarization multi-
plexed with branches ① and ②, via a polarization beam splitter
(PBS), and propagates coaxially with the OAM beams.

At the TX-2 side, a similar OAM-multiplexing module is
built, where three 100-Gbit/s data-carrying OAM beams at
1550 nm are generated by SLM-2, and are multiplexed using
beam splitters. The resulting multiplexed beams, transmitted
from TX-1 and TX-2, coaxially counter-propagate through
the turbulence emulator and the AO system. The effects of

turbulence are emulated by a rotatable thin phase screen plate,
with a pseudo-random phase distribution obeying Kolmogorov
spectrum statistics, and characterized by its effective Fried
coherence length r0 [27–29]. In our experiment, r0 is set to
be 1 mm, which could represent weak-to-moderate turbulence
over a 1 km link distance [14] (see Supplement 1).

The closed-loop AO system is specifically designed and
placed at TX-2 side, to compensate the beams emitted from
TX-1. In the AO system, the distorted received Gaussian beam
is separated from the incoming OAM beams, using a PBS to
serve as the probe for wavefront-distortion estimation, from
which the required correction patterns are retrieved (Supple-
ment 1 has more details) [16]. A feedback controller is used for
communication between wavefront sensor and SLM-3, to pro-
vide the correction pattern. For each turbulence realization, the
correction pattern (obtained from the Gaussian beam) is used
to compensate the distorted OAM beams emitted from TX-1.
The corrected OAM beams are then sent to SLM-4, which is
loaded with an inverse spiral phase hologram of that particular
OAM channel, chosen to be detected for BER measurement.
This OAM beam is thus converted by SLM-4 to a Gaussian-
like beam [4], which is coupled into a SMF, and sent for
coherent detection (and off-line digital signal processing) at
RX-1. On the way from the AO compensation system to
SLM-4, an infrared camera, fed by a flip mirror, is used to
capture far-field intensity profiles of the compensated beams.

Unlike the light path of the multiplexed beams from TX-1,
the outgoing beams from TX-2 are sent to the AO system, and
then propagate through the turbulence emulator. Conse-
quently, the outgoing beams are first pre-distorted by the cor-
rection patterns on SLM-3, inside the AO system, before
experiencing the turbulence distortions (i.e., pre-compensa-
tion). After passing through the turbulence emulator, the beams
are sent to SLM-5 for demultiplexing and data recovery at RX-2.

4. EXPERIMENTAL RESULTS

Figure 4 shows far-field intensity profiles and interferograms of
the OAM beams (l � 3 and 5), for a random turbulence
realization, with and without pre- and post-compensation.

Closed-Loop AO System

WFS

Rotatable Phase Plate

Turbulence Emulator
TX-1/RX-1 link (Blue): post-comp.
TX-2/RX-2 link (Red): pre-comp.

Feedback 
Controller
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Fiber
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MirrorQPSK 
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Coherent 
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Fig. 3. Experimental setup; AO, adaptive optics; BS, beam-splitter; Col, Collimator; DeMUX, Demultiplexer; FM, flip mirror; HWP. half wave plate;
MUX, multiplexer; OC, optical coupler; PBS, polarizing beam splitter; PC, polarization controller; QPSK, quadrature phase-shift keying; RX, receiver;
SLM, spatial light modulator; TX, Transmitter; WFS, Shack–Hartmann wavefront sensor.
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The interferograms of the OAM beams l � 3 and 5, without
experiencing turbulence distortions, are also shown. In Fig. 4,
branches ① and ③ generate OAM beams with the same l (ei-
ther l � 3 or l � 5), and branches ② and ④ are turned off.
The interferograms are obtained from interfering OAM beams
with an expanded Gaussian beam. From the far-field images,
we see that the distorted OAM beams [Figs. 4(a1), (a2), (b1),
and (b2)] are efficiently compensated [Figs. 4 (a5), (a6), (b5),
and (b6)], for both the TX-1/RX-1 and TX-2/RX-2 links. The
interference patterns shown in Figs. 4 (a7), (a8), (b7), and
(b8), compared with those shown in Figs. 4 (a3), (a4),
(b3), (b4), (c1), and (c2), verify that the OAM wavefront
errors, especially the dominant terms, i.e., turbulence-induced
tip/tilt, have been corrected. We note that the post-
compensation for the TX-1/RX-1 link exhibits slightly better
performance than the pre-compensation for the TX-2/RX-2
link. This observation is also corroborated by the crosstalk
and BER measurements reported below.

Figure 5(a) presents the received power fluctuations of
OAM channel l � 5 for each link, when only OAM beam
l � 5 is transmitted, under 10 different turbulence realiza-
tions, with and without compensation. In Fig. 5(a), SLM-4
is loaded with a spiral phase hologram of l � −5, to convert
the OAM beam l � 5 into a Gaussian-like beam, that is then
coupled into an SMF for power measurement. We observe
that the received powers for both links fluctuate without
compensation, and remain fairly stable after pre- or post-
compensation. Figure 5(b) depicts the crosstalk from the
OAM l � 5 channel to neighboring channels, for each link
direction, under a random turbulence realization, with and
without compensation. We see that without compensation,
the incident power of the OAM channel l � 5, for both link
directions, is coupled to other neighboring OAM channels,

resulting in severe crosstalk. Whereas with compensation, this
crosstalk significantly decreases, and most of the incident
power is better confined to the channel l � 5, as expected.
Crosstalk values of the OAM channel l � 5, onto adjacent
modes l � 4 and 6, decreases by about 14 and 14.5 dB
for TX-1/RX-1, and 15.5 and 12 dB for the TX-2/RX-2 link,
respectively. The crosstalk is calculated via dividing the re-
ceived power of OAM channel l � 4 or 6 by that of channel
l � 5.

To further quantify the performance improvement by using
pre- or post-compensation, BER curves of OAM channel l �
5 (from branch ① or ③) for a fixed turbulence realization are
measured for both links. Branches ② and ④ are turned on to
introduce crosstalk effects from the neighboring channels.
Since the amount of crosstalk is expected to depend on
mode-spacing of the transmitted OAM modes Δ, the BER
performance is investigated for Δ � 2, 4. Branches ② and ④

are set to transmit a superposition of two equally weighted
OAM beams, with either l � 3, 7 or l � 1, 9. Note that
these two OAM beams in each branch carry the same data
stream. Therefore, three OAM multiplexed channels, with ei-
ther l � 3, 5, and 7 (Δ � 2) or l � 1, 5, and 9 (Δ � 4), are
transmitted in each link direction. The recovered constella-
tions of the 100 Gbit/s QPSK signal of channel l � 5, at
optical signal-to-noise ratio (OSNR) of 23.5 dB for both links,
with and without compensation, are shown in Figs. 6(a1)–
(a8). Since smaller values of Δ result in higher crosstalk, it
is expected that the constellations under Δ � 4 [Figs. 6 (a3),
(a4), (a7), (a8)] exhibit better quality than those of Δ � 2
[Figs. 6 (a1), (a2), (a5), (a6)], for both the TX-1/RX-1 and
TX-2/RX-2 links. We see that the constellations of each link
become better after compensation, for both Δ � 2 and 4.
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Fig. 4. OAM beams l � 3, 5, before and after compensation of the
TX-1/RX-1 link (post-compensation) and TX-2/RX-2 link (pre-
compensation), respectively; (a1), (a2), (a5), (a6), (b1), (b2), (b5),
and (b6) far-field intensity profiles; (a3), (a4), (a7), (a8), (b3), (b4),
(b7), and (b8) interferograms; (c1) and (c2) interferograms of the
OAM beams l � 3, 5 without turbulence.
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Figure 6(b) presents BER curves as a function of OSNR, for
OAM channels l � 5, of TX-1/RX-1 and TX-2/RX-2 links,
with and without compensation. With post-compensation, the
measured crosstalk values for OAM channel l � 5, of the TX-
1/RX-1 link under Δ � 2 and 4, are improved from > − 5 dB
to −11.7 and −17.6 dB, respectively. For the pre-compensated
TX-2/RX-2 link, the corresponding values are improved to
−8.9 and −13.5 dB. The BERs without compensation are
extremely high, due to severe crosstalk, and are not shown in
Fig. 6(b). Here, an multiple-input–multiple-output equaliza-
tion algorithm, that could help mitigate the channel crosstalk
[31,32], is not used in the off-line DSP. However, we see that
the BER curves for both links, after compensation, are all be-
low the FEC limit of 1 × 10−3, at OSNR values of 21 and
27.5 dB (for Δ � 2), and 15.5 and 16.5 dB (for Δ � 4), re-
spectively. The TX-1/RX-1 link, with post-compensation,
achieves better performance than the pre-compensated TX-
2/RX-2 link by >1 dB, depending on the mode-spacing Δ.

5. DISCUSSION AND CONCLUSIONS

In this paper, we have demonstrated simultaneous pre- and
post-compensation of multiple 100-Gbit/s data-carrying
OAM beams, through emulated turbulence in a bidirectional
link, by using a single adaptive optics compensation system.
The experimental results show that the crosstalk between ad-
jacent modes is reduced by >12 dB, at a random turbulence
realization, and measured BERs reach below the FEC limit of
1 × 10−3, after compensation for both directions of the link.

The post-compensated link achieves better BER perfor-
mance than the pre-compensated link by >1 dB, as found
from the experiment. However, according to our theoretical
analysis, the two links (in principle) should have identical per-
formance after compensation, if one is built symmetrically
with the other one. The performance difference between
the two links, observed from experimental results, may arise
from the asymmetry or imperfection of the optics for OAM
generation, or detection of the two links. Due to this asymme-
try, the phase conjugation inside the AO system optimized for
the post-compensated link may not be optimal for the pre-
compensated link.
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