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MDG and SNR Estimation in SDM Transmission
Based on Artificial Neural Networks

Ruby S. B. Ospina

Heide ", Student Member, IEEE, John van Weerdenburg
Nicolas K. Fontaine
Chigo Okonkwo

Abstract—The increase in capacity provided by coupled space
division multiplexing (SDM) systems is fundamentally limited by
mode-dependent gain (MDG) and amplified spontaneous emis-
sion (ASE) noise. Therefore, monitoring MDG and optical signal-
to-noise ratio (SNR) is essential for accurate performance evalua-
tion and troubleshooting. Recent works show that the conventional
MDG estimation method based on the transfer matrix of multiple-
input multiple-output (MIMO) equalizers optimizing the minimum
mean square error (MMSE) underestimates the actual value at
low SNRs. Besides, estimating the optical SNR itself is not a trivial
task in SDM systems, as MDG strongly influences the electrical
SNR after the equalizer. In a recent work we propose an MDG and
SNR estimation method using artificial neural networks (ANNSs).
The proposed ANN-based method processes features extracted at
the receiver after digital signal processing (DSP). In this paper,
we discuss the ANN-based method in detail, and validate it in
an experimental 73-km 3-mode transmission link with controlled
MDG and SNR. After validation, we apply the method in a case
study consisting of an experimental long-haul 6-mode link. The
results show that the ANN estimates both MDG and SNR with
high accuracy, outperforming conventional methods.

Index Terms—Mode-dependent gain, mode-dependent loss,
optical fiber communications, space division multiplexing.
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I. INTRODUCTION

PACE division multiplexing (SDM) with coupled channels
S is a promising solution to scale the fiber capacity in fu-
ture optical system generations. Coupled SDM has been effec-
tively demonstrated in laboratory experiments over coupled-core
multi-core fibers (MCFs) [1], multi-mode fibers (MMFs) [2],
[3], few-mode fibers (FMFs) [4], [5], and few-mode multi-core
fibers (FM-MCFs) [6]. Among the impairments that affect cou-
pled SDM transmission, the interaction of additive noise and
mode-dependent gain (MDG)' fundamentally limits the system
capacity. The random power variations of guided modes induced
by MDG turn the channel capacity into a random variable,
reducing the average capacity and generating outages [7]-[9].
Therefore, assessing the accumulated MDG and the optical
signal-to-noise ratio (SNR) at the receiver is essential for per-
formance evaluation and troubleshooting.

In the recent literature, MDG has been estimated by digital
signal processing (DSP) using the transfer function of multiple-
input multiple-output (MIMO) [4], [5], [10], [11] equalizers.
However, we show in [12] that, as adaptive MIMO equalizers
typically use the minimum mean square error (MMSE) crite-
rion [13], the DSP-based estimation accuracy is affected by
noise. We show that the accumulated MDG is underestimated for
high levels of MDG and low optical SNRs?. To circumvent this
limitation, we propose in [14] a correction factor to partially
compensate for MDG estimation errors. The validity of the
correction factor is verified experimentally in [14], [15]. One
drawback of the correction factor is that it requires a known
optical SNR that may not be readily available.

Estimating the optical SNR in coupled SDM receivers is also
not trivial. In single-mode transmission, polarization-dependent
gain (PDG) is not a limiting effect, and the optical SNR can be es-
timated from the electrical SNR by a simple direct equation [16].
In coupled SDM transmission, however, the electrical SNR may
be strongly affected by MDG. In this case, estimating the optical
SNR directly from the electrical SNR would underestimate the
actual value.

I'The results of this paper apply to the combined effects of MDG and mode-
dependent loss (MDL). However, for the sake of simplicity, we refer simply to
MDG.

2We avoid using the OSNR acronym because we evaluate the optical SNR at
the signal bandwidth, instead of the usual 12.5 GHz bandwidth.
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Currently, machine learning (ML) techniques are being exten-
sively investigated for optical performance monitoring in both
single-mode [17] and mode-multiplexed systems [18]. In [19],
we propose an artificial neural network (ANN)-based solution to
estimate both MDG and optical SNR in coupled SDM transmis-
sion. The results are validated in a back-to-back 32.5m 3-mode
FMF link. This paper extends the results in [19], discussing the
method in detail, and validating it in an experimental short-haul
73km 3-mode FMF link with controlled MDG and optical SNR.
In addition, we apply the ANN estimator in a case study of an ex-
perimental long-haul 6-mode transmission setup with unknown
MDG and SNR.

The remainder of this paper is structured as follows. Sec-
tion Il reviews the conventional methods used to estimate MDG
and SNR in coupled SDM transmission. Section III presents
the ANN-based solution. Section IV presents validation results
in an experimental short-reach transmission setup. Section V
applies the method in a long-haul case study. Lastly, Section VI
concludes the paper.

II. CONVENTIONAL METHODS FOR MDG AND SNR
ESTIMATION

A. MDG Estimation

The MDG of a link with transfer matrix H can be computed
from the eigenvalues A? of HH*, where (.)f is the Hermi-
tian transpose operator [7], [8]. The accumulated MDG can be
quantified by two metrics. The first one is the peak-to-peak MDG
given by the subtraction of the largest and the lowest eigenvalues
in dB (10log;,(AM™)? — 10log;,(AM")?) [8]. The second one
is the standard deviation of the eigenvalues in logarithmic scale
(0mdg = std(log(A?))). An interesting advantage of the standard
deviation metric is that, in long-haul links with strong mode
coupling, it allows to estimate the impact of MDG on capacity
using analytic formulas [7], [9]. Therefore, in this paper, we use
the standard deviation metric.

In DSP-based MDG estimation, H is unknown and needs
to be estimated from the data. Classic channel estimation in
narrowband and subcarrier transmission systems use the least-
squares (LS) or the linear MMSE algorithms® [20]. These tech-
niques transmit pilot sequences and estimate H based on block
operations on the transmit and receive signals. Both methods
have their limitations, as the LS algorithm is severely impaired
by noise, and the MMSE strategy required previous knowledge
of the channel covariance matrix and the noise variance [21].
These classic channel estimation algorithms cannot be directly
applied in SDM optical transmission systems owing to the severe
conditions of phase noise and frequency drift generated in semi-
conductor lasers typically used in fiber optic communications.

Alternatively, the inverse of the equalizer transfer function,
Wgé, is conventionally used as an estimate of H [4], [5], [11].
MIMO receivers are usually implemented by MMSE equalizers,
whose transfer function can be expressed as [22], [23]

I —1
Wyimse = (SNR + HHH> HY, (1

3Please note the distinction between MMSE channel estimation and MMSE
equalization.
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where SNR is calculated in optical domain using the signal
bandwidth as reference noise bandwidth. The standard deviation
Omdg 18 then computed from the eigenvalues )\%MMSE of
Winise(Wasg) 2+ As optical communications systems are
typically wideband, a narrowband per-frequency Wwmsg
is calculated through the Fourier transform of the equalizer
impulse response.

From the eigendecomposition of Wy,er(Wymse) s the
relationship between the actual eigenvalues, A2, and the eigen-
values obtained by DSP, A7 visg.» is given by [12]

272
2 ( i 2
AL MMSE = SNRZ + SNR +Ai- ()
The standard deviation metric is then estimated as
Omag = std (log (A7 yvise) ) - 3)

Equations (2) and (3) indicate that the accuracy of the conven-
tional method that estimates opq, based on the DSP-estimated
eigenvalues, )»iMMSE, is clearly affected by the optical SNR [12].
In coupled SDM transmission, the MMSE equalizer is usually
implemented by means of semi-supervised or supervised adap-
tive schemes, such as the well-known least mean square (LMS)
algorithm, intertwined with a phase recovery loop [24]. The
results of this paper are obtained by a fully-supervised LMS
algorithm. Although the LMS algorithm reaches the MMSE
for mild channel conditions, it can suffer from implementation
issues in extreme channel conditions, such as in pathological
levels of MDG.

Fig. 1 shows the maximum and minimum eigenvalues for
coupled SDM transmission, for three different SNR values. For
each transmission distance, matrices H are generated using the
semi-analytical multisection model presented in [7]. Details of
the multisection model employed to simulate the SDM channel
are found in Appendix A. The model simulates the coupled
transmission of 2M = 12 spatial and polarization modes over
50-km fiber spans. The per-amplifier MDG standard deviation,
o4, is set to 1 dB. Eigenvalues A? are calculated directly from
H. Eigenvalues A7 y;sp are computed by inverting Wivise
calculated in (1). Eigenvalues )»iLMS are obtained by Monte-
Carlo simulation of a complete coupled SDM transmission
system. The transmitter generates 12 independent sequences of
460,000 16-QAM symbols at 30 GBd. The complex signals are
shaped by root-raised-cosine (RRC) filters and converted to the
optical domain by a Mach-Zehnder modulator (MZM) model.
The simulated channel consists of 1,000 frequency bins spread
over 240 GHz (note that the simulation bandwidth is 30 GHz
times 8 samples per symbol, yielding 240 GHz). The resolution
of the channel in frequency domain is adjusted by replicating
channel matrices between simulated frequency bins. The modal
dispersion per span is 21.9 ps, corresponding to 50-km of a
fiber with group delay standard deviation of 3.1 ps/v/km [25].
Additive white Gaussian noise is added with equal power to
all received channel streams to set the desired receiver SNR. At
the receiver, the signals are converted to the electric domain by a
coherent receiver front-end model. The electrical signals are then
filtered, digitized, and processed by the DSP chain, including a
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Fig. 1.
low SNR = 10 dB. (b) At medium SNR = 17 dB. (c) At high SNR = 25 dB.

fully-supervised LMS algorithm. The detailed description of the
simulation setup is presented in [14].

In Figs. 1(a)—(c), three regimes of kiMMSE can be identified.
In the first regime, the absolute values of both maximum and
minimum )‘zz,MMSE simultaneously increase, tracking the actual
eigenvalues A? . In the second regime, both maximum and
minimum Af»MMSE remain approximately constant, leading the
minimum A7 ;e to deviate considerably from A7 . In the third
regime, the absolute value of the minimum k?,MMSE increases
again. The LMS MIMO equalizer results in a maximum )%LMS
that tracks the maximum A7 and A7 i With high accuracy over
the entire link. On the other hand, the minimum )»?LMS diverges
from the minimum A7 \qe for high values of accumulated
MDG.

The results in Fig. 1 indicate that eigenvalues derived directly
from the equalizer coefficients, such as k%LMS, track the actual
eigenvalues A2 only over low-MDG links. For long distances and
high MDG, conventional estimation methods largely underesti-
mate the link MDG. The correction factor proposed in [12] can
partially compensate for this mismatch in scenarios of moderate
MDG and low SNR, where A7 s tracks A7y, however,
its correction capability is limited in pathological scenarios of
extremely high MDG. Although these pathological scenarios
may seem unlike in a first glance, it is possible to reach these
levels in weakly coupled transmission, for which the MDG
increases linearly with the link length.

B. Optical SNR Estimation

Estimating the optical SNR is also not trivial in coupled SDM
systems affected by MDG. In systems with coherent detection,
the optical SNR can be estimated from the so-called electrical
SNR. In systems with MMSE equalization, the electrical SNR
in stream ¢ is actually a signal-to-noise-plus interference ratio
(SINR;) [23]

1
(I + SNR HHH)’I}

SINR; = -1, 4)

-6
20 40 60 80 100 120 140 160 180 200 1
Sections

20 40 60 80 100 120 140 160 180 200
Sections

Evolution of the maximum and minimum actual eigenvalues, A?, and DSP-estimated eigenvalues, )‘I%/IMSE’ and )‘EMS’ with the number of sections. (a) At

where [ ];,; indicates the i-th element in the main diagonal. The
optical SNR is then estimated as

2M

—_— 1
SNR = Z SINR,;. 5)
=1

2M “

In single-mode transmission with low PDG, H is approxi-
mately unitary, such that, in (4) and (5), SNR ~ SNR. Therefore,
SNR is usually obtained from SINR;, which is calculated using
the least-squares (LS) method [26], [27]. In MDG-impaired
SDM systems, however, H is non-unitary, turning SNR depen-
dent on H. In this case, estimating the SNR from the SINR;
would underestimate the actual value.

C. Implementation Penalty

Another issue that may be taken into accountin (1) to (5) is the
fact that implementation imperfections also affect the interplay
of noise and MDG. These imperfections can be modeled as a
contribution added to the optical noise. In this case, the SNR can
be redefined as SNR/, expressed as

1 . 1 -1 ©
SNR ' SNRipn,,/

where SNRjnp, is an implementation penalty computed as the
average SINR; estimated from the equalized data streams in
back-to-back, i.e., without any MDG and optical noise.

To improve the accuracy of the conventional SNR estimation
technique that employs the LS method, the implementation
penalty contribution can be removed. In this case, the estimated
SNR is redefined as

SNR' = (

-1

1 1

ﬁ Ezi/ll SINRZ - SNRimp

SNR =

(N

III. ANN-BASED METHOD FOR MDG AND SNR ESTIMATION

To circumvent the limitations of conventional methods, we
propose in [19] an ANN-based method to estimate 0,,q, and
SNR from features extracted after DSP. The block diagram of
the proposed solution is depicted in Fig. 2.

The training dataset is generated according to Fig. 2(a). Using
the multisection model, 2M x 2M matrices H are generated to
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Fig. 2. ANN-based MDG and SNR estimator. (a) The training set is generated by numerical multisection simulation and analytic formulas. (b) The validation

set is generated by a short-reach 3-mode transmission setup and the case study data is generated by a long-haul 6-mode transmission setup. (c) Proposed ANN.

The algorithm applies two separate networks for o,4g and SNR estimation.

0.04 ‘
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—Training set
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2
=
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<
=
©
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0 1 1 1 1
0 100 200 300 400 500
Epoch
Fig. 3.

a good generalization ability.

simulate an M-mode transmission with polarization multiplex-
ing over a link with K = 50 spans of 50 km each, yielding a total
length of 2,500 km. The overall MDG of H is controlled by the
per-amplifier MDG standard deviation, o, that is employed to
define the uncoupled gains vector per span of (11). The standard
deviation of the overall MDG is given by [7]

52
12 (1— (2M)-2)’

omag = &4/ 1+ 3)
where the accumulated MDG standard deviation, &, increases
with the number of spans, K, as { = o VK [7]. The MDG of the
simulated 2,500 km-FMF link is adjusted to result in 0.2 dB <

Omdg < 7.9 dB*. As the actual Omdg parameter is known, the

4Note that, according to [9], omag > 7 dB is sufficient to reduce the channel
capacity below 80% with respect to a system without MDG. Therefore, we
expect this range to cover most practical applications.

0.6 :
(b) —Test set

—Training setH

0.5

0.3 2}

SNR loss

0.2 i

FYPRY Jl.ll IV RPY Y W
L L !

0
0 100 200 300
Epoch

YO PP T A
1

400 500

ANN loss, calculated as the MSE, as a function of the number of epochs. (a) omag estimation. (b) SNR estimation. The curves indicate no overfitting and

Omdg Tange is defined based on the minimum and maximum
expected op,4g to be estimated. The modal dispersion per span
obeys to a group delay standard deviation of 3.1 ps/v/km [25].

For each H, the SNR is swept from 10 dB to 25 dB to
generate 2M )‘zz,MMSE values and 2M SINR; values using (1)
and (4). Input SINRji;,p, is a parameter measured experimentally
in the transmission setup where the technique is being applied.
The labelled set of AiMMSE and SINR; is fed into the ANN
shown in Fig. 2(c) as input training features. The ANN receives
2M A2 \usp values and 2M SINR; values, and provides an
estimate of Omdg OF SNR. A hidden layer with 2M neurons, and
an output layer with 1 neuron, learn the relation between the
input features and the output. The ANN is trained using the
Adam optimizer [28] using batches of 5 samples.

Figs. 3(a) and 3(b) show the ANN convergence curves for
MDG and SNR estimation, respectively, considering 2M = 6.
The ANN loss, calculated as the MSE, is depicted as a function
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Experimental setup for short-reach 3-mode transmission with polarization multiplexing [15]. The transmitter generates 16-QAM symbols at 25 GBd,

which are subsequently split and delayed to create the input tributaries for the PL. The multi-mode signal is transmitted over 73 km of MMF [29]. VOAs are used
to control the op,qg of the link. At the receiver, a TDM-SDM scheme is employed, and a noise loading stage is used to vary the OSNR. After DSP, the LMS

eigenvalues are computed from WIjI\%IS (WIEIS)H . The SINR; is computed from each of the 6 equalized data streams.

of the number of epochs. Both training and test sample sets are
evaluated. The results indicate a substantial reduction in the MSE
after 100 epochs, and still a small improvement up to 500 epochs
for ongg estimation. Therefore, we use 500 epochs for training.
The loss of the test set tracks the loss of the training set for the
entire figure. We expect, therefore, no overfitting and a good
ANN ability to generalize over unseen samples. After training,
the ANN-based method is validated using data captured from a
short-reach experimental setup with controlled parameters, and
tested in a case study of a long-haul experimental link.

IV. EXPERIMENTAL SHORT-REACH TRANSMISSION WITH
KNOWN SNR AND MDG

A. Experimental Short-Reach 3-Mode Validation Setup

The ANN-based estimator is validated using the short-reach
3-mode transmission setup presented in [15] and depicted in
Fig. 4. The transmitter generates 2'¢ polarization-multiplexed
16-QAM symbols at a transmission rate of 25 GBd, based
on a PCG-64 pseudo-random number generator. A RRC fil-
ter with 0.01 roll-off factor is used for pulse shaping. The
pulse-shaped signal is converted to the analog domain by a 100
GSa/s digital-to-analog converter (DAC) followed by the optical
modulator. After optical modulation, the signal is amplified by
an erbium-doped fibre amplifier (EDFA), split and delayed to
generate three decorrelated data streams to be launched through
the LPy;, LPy1, and LPyq}, spatial modes. Considering polar-
ization modes, the setup supports the transmission of 6 orthog-
onal modes. The three polarization-multiplexed data streams
are then multiplexed in space by a mode-selective photonic
lantern (PL) [30].

The output of the PL is connected to a 50 pm core diameter
graded-index MMF of 73 km [29]. The deployed multi-mode
fiber supports up to 36 spatial modes, so that transmission can
be eventually scaled to more spatial modes. To control the overall
MDG, two photonic lanterns and three VOAs are placed after
the first 33 km fiber segment. The three VOAs allow to sweep
the MDG of the link by modifying the power in the three spatial
modes. At the receive side, a fourth PL is used as mode de-
multiplexer.

The receiver employs a time-domain-multiplexed (TDM)-
SDM receiver [31] to reduce the required amount of the coherent

receivers. The ASE noise is varied at the coherent receiver input
by a noise loading stage composed of two EDFAs, a wavelength
selective switch (WSS) and a VOA. The SNR is computed
as SNR = OSNR (T x 12.5 GHz), where Ts = 40 ps is the
symbol time, and the OSNR is the traditional optical signal-
to-noise ratio measured by an optical spectrum analyser (OSA)
at the 12.5 GHz bandwidth [16]. The noisy signal is amplified
and converted from the optical to the electrical domain by the
receiver front-end. The TDM electric signals are fed into 80
GSa/s analog-to-digital converters (ADC) to be digitized.

In the DSP block, the TDM streams are parallelized and
down-sampled to two samples per symbol. To compensate for
modal dispersion and linear coupling, 6 x6 MIMO equalization
is carried out using a widely linear complex-valued adaptive
equalizer, updated by a fully supervised LMS algorithm [32].
After DSP, the eigenvalues A7\ are computed at each fre-
quency of Wyys and averaged across the signal band. The
SINR; is computed from each of the 6 equalized data streams
using a single-coefficient LS estimator [26]. The implementation
penalty is computed in back-to-back as SNRim, = 18.8 dB.

The ANN in Fig. 2(c) is fed with 9,610 analytical labelled
samples generated using (1) and (4) as indicated in Fig. 2(a). In
a first stage, 8,649 samples are used for model training and the
remainder 970 samples for model testing. After training, model
validation is performed by 520 experimental samples generated
by the short-reach 3-mode transmission setup. Using the VOAs
located in middle of the span, oy,qg is varied from 4.5 dB to
6.5 dB. At the receiver, the noise loading stage sweeps the SNR
from 11 dB to 22 dB.

B. Experimental Short-Reach 3-Mode Validation Results

The validation results of the conventional and ANN-based
estimators in a short-reach transmission setup are depicted in
Fig. 5. Figs. 5(a) and 5(d) compare the actual and estimated o ndg
and SNR parameters generated by the conventional and ANN-
based methods. The estimated values track the actual values
within a small deviation over the entire range of parameters
evaluated, resulting in a MSE of 0.11 for oyg, and 0.53 for
SNR, both computed in dB.

Figs. 5(b) and 5(e) show the estimation error provided by the
conventional method in dB, computed as the difference between
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Fig. 5. Experimental short-reach 3-mode validation results. (a) Estimated omgg as a function of the actual omgg. (b) omag estimation error in dB generated by the
conventional method as a function of the actual omqg and SNR. (¢) omgg estimation error in dB generated by the ANN as a function of the actual ogg and SNR.
(d) Estimated SNR as a function of the actual SNR. (e¢) SNR estimation error in dB generated by the conventional method as a function of the actual oyqg and
SNR. (f) SNR estimation error in dB generated by the ANN as a function of the actual omgg and SNR.
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Fig. 6. Experimental long-haul 6-mode transmission setup with recirculating loop of 59 km. 12 spatial and polarization modes are supported, each one
carry 15 WDM channels centered around 1550 nm. Triangles represent EDFAs. See [4] for more details. After DSP, the LMS eigenvalues are computed from
Wf»}[s (W&&[S)H . The SINR; is computed from each one of the 12 equalized data.

the actual value and the estimated value. The conventional V. EXPERIMENTAL LONG-HAUL TRANSMISSION WITH
method provides a ongg €stimation error up to 2 dB athigh MDG UNKNOWN SNR AND MDG

and low SNR. In the case of SNR, the estimation error achieves
up to 8 dB at high levels of MDG and high SNR. Figs. 5(c) and
5(f) show the estimation error in decibels for oy, and SNR, We also apply the ANN-based estimator to the long-haul
respectively, for the ANN solution. The ANN estimator provides ~ 6-mode transmission with polarization multiplexing setup pre-
a highest residual ong, estimation error of 0.6 dB in the region ~ sented in [4] and depicted in Fig. 6. The transmission setup
of high MDG, exhibiting a low dependence on the evaluated includes 15 WDM channels transmitted over 4 linearly po-
SNR. On most of the grid, the g, estimation error is lower larised (LP) spatial modes (LPg1, LP11, LP21, and LPg2). Includ-
than 0.3 dB. For the SNR, an estimation error higher than 1.4 ing polarization and degenerate modes (LP114, LP111,, LP214,
dB is observed at high values of g, and SNR. Over mostof the ~and LP;y,) the setup supports 12 propagation modes. The
evaluated range, the SNR estimation error is lower than 0.8 dB.  15-channel comb is generated using five distributed feedback

A. Experimental Long-Haul 6-Mode Case Study Setup
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Fig. 7.
transmission distance.

lasers (DFB) and one phase-modulated Mach-Zehnder modula-
tor (MZM). Odd and even channels are separately modulated
with 120 Gb/s 16-QAM using 1Q-modulators. Polarization-
multiplexing is generated by splitting, delaying and combin-
ing the transmitted signals. The channel under test (CUT) is
generated separately using a similar scheme. Six conventional
single-mode recirculating loops are combined with PLs and a 59
km long 6-mode FMF. The output of the loop setup is amplified
and forwarded to a coherent receiver array. The produced electri-
cal signals are digitized by a 24 channel oscilloscope, followed
by offline DSP. 12 x 12 equalization is carried out using a
MIMO equalizer updated by a fully supervised LMS algorithm.
After equalization, the eigenvalues )\ZZ,LMS are computed at each
frequency of W s, and averaged across the signal band. The
SINR; is computed for each of the 12 equalized data streams.
The implementation penalty is computed in back-to-back as
SNRimp = 18.6 dB.

As the parameters 0,4; and SNR are unknown, the simulated
link used to generate the training set is adjusted to present
0.5dB < omgg < 23.9dB and 10 dB < SNR < 25 dB, expect-
ing that the minimum and maximum values to be estimated
are close to or within these intervals. After ANN training by
46,035 labelled samples, the ANN-based method is applied
to experimental traces corresponding to transmission distances
between 59 km and 5,900 km.

B. Experimental Long-Haul 6-Mode Case Study Results

Fig. 7 shows oy, and SNR estimated in the long-haul case
study. Fig. 7(a) shows the estimated o,qe as a function of the
transmission distance. The orange circles correspond to omgg
estimated by the conventional method. The dashed orange
line fits the experimental data to (8) with a per-span MDG of
0z = 0.8 dB. The ANN-based estimates are shown by the blue
crosses, indicating a large deviation with respect to the conven-
tional method. The approximately linear increase of the omgg
estimated by the ANN suggests a possible weakly-coupled SDM
transmission [33]. Fig. 7(b) shows the estimated SNR as a func-
tion of the transmission distance. As expected, the conventional
technique results are substantially lower than those obtained by
the ANN-based method. As the conventional method neglects
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Experimental long-haul 6-mode case study. (a) Estimated omgg as a function of the transmission distance. (b) Estimated SNR as a function of the

the detrimental effects of MDG, it tends to underestimate the
actual SNR. The dashed curves are polynomial fitting functions
indicating the trend of the SNR with the transmission distance.

To further investigate the weak coupling hypothesis, we also
evaluate the channel delay spread. In general, weakly-coupled
transmission leads to a linear increase of the channel delay
spread [34], [35]. Fig. 8(a) shows the averaged impulse response
computed as the average of the 144 intensity matrices obtained
from the MIMO equalizer after 1,770 km and 4,130 km. The
dashed red curve is a Gaussian fit whose standard deviation
provides a metric for evaluating the total delay spread. Fig. 8(b)
shows the standard deviation of the averaged impulse response
as a function of the transmission distance. The approximately
linear increase in the equalizer impulse response corroborates
the hypothesis of weak coupling [34].

VI. DISCUSSION

In Section V, we observed considerable differences between
ANN-based and conventional estimation methods for op,q, and
SNR in long-haul transmission. We conjectured that the very
high values of MDG estimated by the ANN appeared because of
apotential linear accumulation of MDG in the recirculation loop.
To further understand the problem we attempt in this section to
reproduce by simulation the results observed in Section V.

The simulated transmitter generates 12 16-QAM symbol
sequences at 30 GBd. The sequences are processed by RRC
shaping filters and converted to the optical domain by an MZM
model. The channel model generates 12x12 channel transfer
matrices H using the analytical multisection model presented
in [7]. The per-span MDG o is set to 1.5 dB. The transmission
distance is varied from 1 to 100 59-km spans, yielding o,q¢ from
0.5 dB to 22 dB. Such high MDG would severely impair the
transmission capacity (according to [9], effective SNR losses
higher than 1 dB are expected for opyge > 3-4 dB). The SNR
after the first span is set to 26.83 dB, and then decreased
considering noise accumulation generated by amplifiers with
9-dB noise figure. The received sequence is fed into a coherent
receiver model. The digital signals are processed by a DSP chain
composed of an static equalizer and a 12x 12 MIMO equalizer
updated by the fully-supervised LMS algorithm.
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Three oygg estimation methods are evaluated. The LMS-
based conventional method transmits symbols over the channel
matrix H. At the receiver, the transfer matrix of the dynamic
LMS MIMO equalizer is used to estimate the eigenvalues )uf,LMS
and o,4e. The LMS-based correction factor methods applies the
correction factor proposed and validated in [12], [14], [15] to the
DSP-estimated eigenvalues before estimating ongg. The ANN
estimator uses the same structure and training data as in the
long-haul case study in Section V.

The results are shown in Fig. 9(a). The solid black line
corresponds to the actual o, estimated from H. The LMS-
based conventional method provides accurate estimates with an
estimation error less than 0.5 dB up to oyngg = 4.5 dB. After
this point, the method starts to significantly underestimate the
MDG, reaching two plateaus. The LMS-based technique with
correction factor slightly improves the estimation quality. The
correction factor provides a low correction capability at the
beginning of the link because the SNR is relatively high. At
the end of the link, the accumulated MDG is so high that the
equalizer coefficients diverge from the MMSE coefficients. The
estimates provided by the ANN-based estimator accurately track
the actual MDG up to oqg = 10 dB. For opg¢ > 10dB, the ANN
estimator slightly overestimates o,qe. Although the two plateaus
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are not observed in the experimental data, we believe the trends
are fairly reproduced.

We also estimate the SNR using the conventional (after LMS
equalization) and ANN-based methods. The results are shown
in Fig. 9(b). As expected, the SNR is underestimated by the
conventional method because of the strong MDG added to the
link. The ANN-based method offers more accurate estimates,
also in reasonable agreement with the experimental results in
Section V.

Finally, it should be noted that the entire simulation and
experimental study was carried out under the assumption of
balanced and spatially white noise. This assumption should hold
in real-life long-haul links, which are in fact the systems that
suffer most from MDG [7]. The effectiveness of the ANN in
scenarios with noise correlation or SNR imbalances is left for a
further study.

VII. CONCLUSION

In space division multiplexing (SDM) systems with coupled
channels, the interaction of mode-dependent gain (MDG) and
amplified spontaneous emission (ASE) fundamentally constrain
the channel capacity and transmission distance. In these systems,
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accurate MDG and signal-to-noise ratio (SNR) estimation is
mandatory for an adequate link assessment and troubleshooting.
Conventional estimation methods present performance limita-
tions in certain conditions of MDG and SNR. In this paper, we
investigate an artificial neural network (ANN)-based method to
estimate MDG and SNR in SDM systems with coupled channels
based on features extracted after digital signal processing (DSP).
The proposed method is validated in an experimental short-reach
3-mode transmission setup with polarization multiplexing. After
validation, the ANN-based method is applied to a case study
consisting of an experimental long-haul 6-mode transmission
link with polarization multiplexing. The results suggest that the
ANN-based method can largely exceed the performance pro-
vided by conventional methods in scenarios of high accumulated
MDG, as in long-haul links with weak mode coupling.

APPENDIX A
MULTISECTION MODEL FOR STRONGLY-COUPLED SDM
TRANSMISSION

The multisection model for strongly-coupled SDM transmis-
sion [7] splits the fiber link into K sections. At an angular
frequency w, the transfer matrix of the k™ section, H& (w), can
be modeled as the product of 3 2M x 2 M matrices, with 2 M
being the number of orthogonal modes (spatial and polarization
modes)

HY (w) = VWAL () UBH - withk=1,...,K (9)

where (.)# denotes the Hermitian transpose operator. The ran-
dom unitary matrices V and U are frequency-independent and
describe mode coupling at the input and output of the section,
respectively. The diagonal matrix A®) (w), accounting for MDG
and mode dispersion, is given by

AW (w) =diag {e%gﬁk) jer? oyt —jers el 7j“)72(11\(/1):| 7
(10)
where
g™ = (2,88, 8l%), (1)
and
709 = (9,70, AR, (12)

are the uncoupled log-power gains and the uncoupled modal
groups delays, respectively. The overall transfer matrix H(w) of
a fiber of K sections is given by

K

H(w) = [[HY (w). (13)
k=1

The transfer matrix H(w) can be also expressed, after singular-

value decomposition, as the product of three matrices

H(w) = V(w)A(w) U (w), (14)

where V and U are unitary matrices, and A is a diagonal matrix
that characterizes the system MDG.

In this paper, the multisection model is implemented in Matlab
assuming one section per fiber span, following the steps below:

10)

[1]
[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]
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1) Define the number of modes 2 M, the number of fiber
spans K, the span length L (in km), the group delay stan-
dard deviation y (in ps/v/km), and the target accumulated
MDG standard deviation £ (in dB).

From &, compute the per-amplifier MDG standard devi-
ation, o4, in log power units, o, 1ogpw-

Compute the uncoupled log-power gains vector of (11)
as [ones(1,M) — ones(1,M)] X 04 10gpw [7].

Compute the group delay standard deviation per span
through fiper—span = 1t X VL.

Compute the uncoupled modal groups delays vector of
(12) as GD X piper—span, Where GD is a Gaussian
distributed vector that sums to zero.

For each span, generate two frequency-independent ran-
dom unitary matrices V*) and U®) to describe mode
coupling at the input and output.

At each frequency, w, and for each k™ span, generate the
diagonal matrix A" (w) using the uncoupled log-power
gains and the uncoupled modal groups delays, obtained
in steps 3 and 5, respectively.

At each frequency, w, and each k™ span, multiply the
three matrices, V(*®), A®) (w), and U® to generate
H® (w).

For each frequency, w, multiply the K matrices H®) (w)
to generate the overall transfer matrix H(w).
Normalize H(w) by the square root of the mean of the
overall coupled modal power gains at all frequencies, to
ensure equal input and output powers.

2)
3)
4)

5)

0)

7

8)

9
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