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Utilizing adaptive optics to mitigate
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graded-index few-mode fiber in a 200-Gbit/s
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We experimentally demonstrate the utilization of adap-
tive optics (AO) to mitigate intra-group power coupling
among linearly polarized (LP) modes in a graded-index
few-mode fiber (GI FMF). Generally, in this fiber, the cou-
pling between degenerate modes inside a modal group
tends to be stronger than between modes belonging to dif-
ferent groups. In our approach, the coupling inside the
LPy; group can be represented by a combination of orbital-
angular-momentum (OAM) modes, such that reducing
power coupling in OAM set tends to indicate the capability
to reduce the coupling inside the LP;; group. We employ
two output OAM modes /=+1 and /= —1 as resultant
linear combinations of degenerate LP;;, and LPy;, modes
inside the LP;; group of a ~0.6-km GI FMFE. The power
coupling is mitigated by shaping the amplitude and phase
of the distorted OAM modes. Each OAM mode carries an
independent 20-, 40-, or 100-Gbit/s quadrature-phase-
shift-keying data stream. We measure the transmission
matrix (TM) in the OAM basis within LP;; group, which
is a subset of the full LP TM of the FMF-based system.
An inverse TM is subsequently implemented before the
receiver by a spatial light modulator to mitigate the intra-
modal-group power coupling. With AO mitigation, the
experimental results for /=+1 and /= —1 modes show,
respectively, that (i) intra-modal-group crosstalk is reduced
by >5.8 dB and >5.6 dB and (ii) near-error-free bit-error-
rate performance is achieved with a penalty of ~0.6 dB and
~3.8 dB, respectively. © 2020 Optical Society of America
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There has been much interest in utilizing space-division-
multiplexing (SDM) as a technique to further increase capacity
in optical communication systems [1]. A subset of SDM is
the transmission of multiple orthogonal spatial modes in a
few mode fiber (FMF) to achieve mode-division multiplexing
(MDM) [2]. Typically, an FMF can accommodate a limited set
of linearly polarized (LP) modes such that each mode carries an
independent data channel [3,4].

During propagation along the FME LP modes tend to expe-
rience modal power coupling and inter-channel crosstalk (XT)
[5]. Moreover, the supported modes of an FMF can be degen-
erate (e.g., two-fold degenerate LP;1, and LP;;, modes) and
divided into different groups. Different modes from different
modal groups (e.g., LPg;, LPy;, and LPy;) tend to be weakly
coupled because of the larger difference in their group veloc-
ities. Conversely, different modes in the same degenerate group
would tend to experience stronger power coupling and XT since
they share a similar group velocity [6].

In the case of weaker power coupling among modal groups,
an MDM system using FMF can still operate if each independ-
ent data stream is (i) transmitted on a different modal group,
(ii) transmitted on only one mode within that group, and (iii)
recovered by detecting only the modes within that group having
strong coupling [7,8]. Alternatively, approaches to mitigate this
weak inter-group power coupling include (i) recover multiple
signals simultaneously from multiple modes and apply elec-
tronic multiple-input-multiple-output (MIMO) equalization
algorithms [3,4], and (ii) measure the distortion of each mode
after FMF propagation and then correct the distortion by using
an optical spatial light modulator (SLM). Such an “optical
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equalization,” called digital optical phase conjugation (DOPC),
tends to enable the accommodation of high-bandwidth data
channels [9].

With respect to the stronger XT inside modal groups, one
approach to limit such XT is to use a specially designed fiber,
such as an elliptical-core FMF [10,11]. However, for a circular-
graded-index (GI)-FMF-based MDM transmission, electronic
MIMO processing is typically used for mitigating the XT and
recovering the multiplexed channels within a degenerate group
(3,4,12].

In this Letter, we experimentally demonstrate the utilization
of adaptive optics (AO) to optically mitigate intra-modal-group
strong power coupling in a GI FME In our approach, the
stronger coupling inside the LPy; group can be inferred from
the resultant linear combinations of output OAM /= +1 and
/= —1 modes [13,14]. Each OAM mode carries a quadrature-
phase-shift-keying (QPSK) signal at data rates 20, 40, or
100 Gbit/s, propagating through a ~0.6-km GI FME We first
measure the transmission matrix (TM), which represents power
coupling within the LP;; group. Subsequently, we apply the AO
approach to implement the inverse TM to the coupled modes
in order to mitigate XT. With AO mitigation, the experimental
results for OAM / = +1 and / = —1 modes show, respectively,
that: (1) modal XT are reduced from —8.4 dB and —4.6dB
to —14.3 dB and —10.2 dB, if both modes carry a 50-Gbaud
QPSK signal, and (2) bit-error rate (BER) values for both data
channels are achieved below the 7% forward error correction
(FEC) limit with optical signal-noise ratio (OSNR) penalties
of approximately 0.9 dB and 3 dB, 1 dB and 1.8 dB, and 0.6 dB
and 3.8 dB for 10-Gbaud, 20-Gbaud, and 50-Gbaud QPSK
signals, respectively.

Generally, in addition to LP mode, OAM mode can also
be used as a modal-basis tool to characterize and control the
modal power coupling in a GI FMF [15]. This is due to the
fact that LP modes can be represented by linear combinations
of OAM modes [13]. As shown in Fig. 1(a), for the LPy; and
LP;; modal groups of a GI FME, the power coupling between
degenerate LPy1, and LPy;, modes tends to be stronger than
the coupling between LPg; and LP;, (or LPy;,) modes. In this
demonstration, such strong coupling within the LPy; group
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Fig. 1. (a) Relationship examples between LP and OAM modes.
(b) Concept diagram for AO to mitigate modal XT inside the LPy;
group of a GI FMF: AO implements an inverse TM to the coupled
output modes.
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would correspond to modal XT between output OAM / = +1
and /= —1 modes. Moreover, if an approach can mitigate
modal power coupling in the OAM basis, it tends to indicate the
capability to mitigate coupling between the corresponding LP
modes [13,15,16].

The concept of using AO to mitigate intra-group modal XT
is shown in Fig. 1(b). Two independent data channels are trans-
mitted inside the LPy; group, and the power of the transmitted
channels would couple to each other during their propagation
inside the FME As a result of the intra-group modal coupling,
the output data channels would contain both the LP;;, and
LPy;, component. We can also describe such modal coupling
as a complex 2 X 2 matrix M at the basis of OAM /=41 and
/=—1. The amplitude and phase of complex elements in
matrix M are related to the power coupling and phase delay
between the two OAM modes, respectively. AO then applies an
inverse matrix S to the mixed signals [17]:

T
—1 S11 512 §
S=M"'= =51,
521 $22 $)

where slT =[s11 512 ] and sZT =[$21 522 ] are the row vectors of
matrix S and all elements of § are complex numbers. The phase
mask for the AO mitigation is constructed by using a complex
combination of OAM /=+1 and /= —1 demultiplexing
phase patterns, the weights of which are given by s7 (s]) for
mitigating the /=+1 (/= —1) data channel. Such a phase
mask converts the two OAM modes to Gaussian beams simul-
taneously with the deslgned complex conversion efficiencies
(i.e., either s1 or s2) and the XT component in the received
signal would have little power coupled into the coherent signal
detection.

The experimental setup is shown in Fig. 2(a). At the transmit-
ter (Tx), an up-to-100-Gbit/s QPSK data stream is generated
at ~1.55 pm by an in-phase-quadrature (IQ) modulator. It is
then amplified and sent into a 50/50 fiber coupler. One of the
two copies is delayed by a ~1-m single-mode fiber (SMF) to
decorrelate the data sequences, and both copies are sent to an
OAM mode multiplexer (CAlLabs, [18]) to generate coaxial
/=41 and /= —1 modes in free space. An OAM mode is
described by its azimuthal index /, referring to the number of
27 phase shifts along the azimuthal direction on its phase front
[19]. The polarizations of these two data-carrying OAM modes
are adjusted by two fiber-based polarization controllers and then
a free-space polarizer ensures that they have the same polariza-
tion. An objective lens (20x) is used to couple the modes into
a ~0.6-km GI FMF, which supports the LPy;, LPq3, LP;;, and
LPy, degenerate modal groups. After propagation in the FMEF,
the output modes are coupled back to the free space by a colli-
mator. The OAM multiplexer induces a ~2.2 dB and ~3.5 dB
power loss for OAM /= +1 and / = —1 modes, respectively.
Moreover, the free-space-to-FMF coupling at the Tx together
with the FMF propagation induces a ~7.6 dB and ~7.3 dB
power loss to the OAM / = +1 and / = —1 modes, respectively.
The intensity profiles of the FMF input and the corresponding
output modes are also shown in Fig. 2(a). The input modes
are donut-shaped / = +1 and / = —1 modes with little power
in the beam center; the output modes are observed to contain
two intensity lobes, which are combinations of LP;; modes.
This is consistent with the fact that OAM and LP modes can
be represented by linear superpositions of each other [13]. At
the receiver (Rx), the polarizations of output modes are tuned
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Fig. 2.  (a) Experimental setup for AO to mitigate modal XT in

FMF-based MDM system. EDFA: erbium-doped fiber amplifier;
PC: polarization controller; MUX: multiplexer; Pol.: polarizer; Col.:
collimator; FM: flip mirror; MR: mirror; IR: infrared; PM: power
monitor. (b) An example of AO phase mask to mitigate data channel 1
carried by OAM / = +1. (c) Measured time-varying XT for the OAM
/= +1 mode.

by a half-wave plate (HWP) to be aligned with the polariza-
tion of the polarization-sensitive SLM. After being spatially
transformed by the SLM, the reflected light beams are coupled
into an SMF and then equally split to two copies. One copy
is sent for coherent signal detection and the other copy is sent
for TM measurement. Our AO approach induces a power loss
of up to ~5.5 dB to the mitigated mode, i.e., either / =41 or
/= —1. Additionally, the free-space-to-SMF coupling at the
Rx is ~4 dB in this demonstration. We note that when more
modes (>2) are multiplexed in the system, only one coupler is
required to split power and enable the TM measurement. We
also note that the 1/N insertion loss for mode demultiplexing
may be reduced by using a low-loss mode demultiplexer, such as
by using multi-plane light conversion [18].

The process of AO mitigation includes the following three
steps. Step 1: Measure the complex 2 x 2 TM (i.e., matrix M)
of the FMF using the method in Refs. [17,20]. To measure
both the amplitude and phase of each element of the TM, we
transmit one data-carrying mode at a time from the Tx and
correspondingly load different phase masks on the SLM at the
Rx. The amplitude of each element is obtained by direct power
measurement when the SLM is loaded with either the OAM
/=41 or/ = —1 individual demultiplexing pattern. The phase

of each element is calculated from the four power measurements
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obtained when the SLM is sequentially loaded with four differ-
ent phase masks. These masks are the combinations of / = +1
and /= —1 individual demultiplexing patterns with 0, 7 /2,
7, and 377 /2 phase delays. Step 2: Calculate the inverse matrix
of M using § = M~!, where Sis also a 2 x 2 complex matrix.
The two rows of coefficients [s11 512 ] and [s21 $22] are used
to mitigate the XT for the data channels carried by the OAM

/=41 and /= —1 modes, respectively. Step 3: Construct a
mitigation phase mask by combining the OAM /= +1 and
/ = —1 demultiplexing phase patterns, the weights of which are

given by s1; and 51, for data channel 1 and s;; and s, for data
channel 2, respectively. Figure 2(b) shows an example of the AO
mitigation phase mask for the data channel 1.

As shown in Fig. 2(c), we take ~120 XT measurements from
0 to 1200 s. At each measurement, we determine the modal
XT by alternatingly transmitting the OAM /=41 and then
the /=—1 mode from the Tx, and subsequently detecting
the ratio of power coupling to the non-transmitted mode at
the Rx. The XT fluctuates from —7 dB to —5 dB for the first
~300 s since no AO is applied; the XT drops by >5.8dB to
< —11dB when we apply the AO to mitigate modal power
coupling. From ~300 to ~880 s, the mitigation phase pattern
is kept fixed; subsequently, the XT varies and the mitigation
degrades over time. To re-suppress the XT, we manually set
a threshold of ~ —9 dB and would repeat the AO as the XT
reaches the threshold. For example, the XT drops again after we
refresh the AO at ~880 s. In our demonstration, we manually
adjust the transmission of different modes (i.e., AO switching
time) based on Rx measurements, which produces a slow AO
mitigation of ~50s. However, this could be automated with
an electronic feedback loop and produce significantly shorter
AO mitigation response times as limited by the SLM refresh
rate [10].

We then utilize the AO mitigation to a two-channel
200-Gbit/s MDM link, with each OAM mode carrying an
independent 100-Gbit/s QPSK data stream. As shown in
Fig. 3(a), the measured XT for /=41 and /= —1 mode
is decreased from —8.4dB and —4.6dB to —14.3dB and
—10.2 dB, and the error vector magnitude (EVM) is dropped
from 62.2% and 60.6% to 22.1% and 25.6%, respectively.
Without AO mitigation, the coherent detection algorithm in
this demonstration does not readily recover the I-Q informa-
tion of both the data channels because of the high XT, which
produces an EVM value of >60%. With the AO approach, the
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and 2 with and without AO mitigation: (a) Constellations for QPSK
signal. (b) BER versus OSNR. Data channels are 100-Gbit/s QPSK
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Fig. 4. BER performance with AO mitigation for different data
rates (10-, 20-, and 50-Gbaud QPSK): (a) data channel 1 carried by
OAM /= +1 mode; (b) data channel 2 carried by / = — 1 mode.

XT is reduced by ~5.6 dB for data channel 2 (carried by the
/= —1 mode), thus helping to enable the algorithm to recover
the [-Q information with a lower EVM of ~25.6%. As shown
in Fig. 3(b), for comparison, we first measure the BER perform-
ance of transmitting a single 100-Gbit/s QPSK data channel
carried by / = +1 or / = —1 mode without AO mitigation: a
~3.1dB and ~2.1 dB OSNR penalty are observed at the 7%
FEC limit, respectively. We then measure the BER performance
for these two data channels when they are transmitted simul-
taneously. After AO mitigation, these two channels carried by
/=+1 and / = —1 mode can achieve BER under the 3.8¢-3
FEC limit, and the OSNR penalties are ~0.6 dB and ~3.8 dB
larger than that of the BER performance for transmitting the
corresponding single channels, respectively. The AO achieves a
XT of —10.2 dB for / = —1 mode as compared with —14.3 dB
for / =41 mode. This may be attributed to the fact that the
specific OAM multiplexer used in our demonstration couples
the /= —1 mode into the LP;; group with lower efficiency, thus
limiting the corresponding data channel’s signal power collected
by the AO. We note that the AO-mitigated XT for the / = —1
mode could be reduced by optimizing the coupling efficiency
and OAM modal purity at the FMF input [4].

We also apply the AO mitigation to multiplexed data chan-
nels with different data rates. As shown in Fig. 4, the AO can
reduce XT and achieve a BER below the 7% FEC limit for trans-
mitting both modes carrying 10-, 20-, and 50-Gbuad QPSK
signals. With the AO mitigation, the OSNR penalty at the FEC
limit for / = +1 and / = —1 mode is measured as ~0.9 dB and
~3 dB for the 10-Gbaud signal and ~1 dB and ~1.8 dB for the
20-Gbaud signal, respectively.

To mitigate modal power coupling, the complex TM of the
FMF is measured by adaptively switching the transmitted OAM
modes. By designing training sequences for both data channels,
the requirement for the feedback between the Tx and Rx may
be reduced [9]. In order to multiplex more modes (>2) in an
EME we note that several limiting factors should be considered:
(i) lower loss mode (de)multiplexing [18] and (ii) effective com-
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pensation of chromatic dispersion and modal differential group
delays [21].
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