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Abstract We present the first experimental demonstration of a linear least squares-based longitudinal
power monitoring algorithm over a C+L link with full backward Raman amplification, transmitting 64-GBaud
PDM-QPSK signals over 9x60-km spans of SMF. ©2024 The Author(s)

Introduction

Monitoring the optical performance is essential
for ensuring the dependable function and efficient
administration of contemporary optical networks.
Indeed, meeting the demands of modern com-
munications hinges on adaptability and substan-
tial capacity, necessitating monitoring solutions
that are both cost-effective and streamlined in
complexityl'l. Among those, longitudinal power
monitoring (LPM)®? is a powerful technique that
allows the estimation of the power profile of the
signal along the link, without requiring additional in-
formation at the receiver. LPM has been success-
fully demonstrated to estimate not only the power,
but also additional system parameters, such as
polarization-dependent lossi®H4l, fiber typesl® and
gain spectra of optical amplifierst®l. In particular,
linear least squares (LLS)-based LPMI"! allows for
the direct estimation of the absolute optical power.
This enables the use of LPM not only for monitor-
ing, but also for the design and optimization of a
live networkl®®l aided by simplified physical-layer-
aware models!'?.

In recent years, there have been several ex-
tensive experimental demonstrations of LPM. A
particularly challenging scenario is the ultra-wide
band (UWB) scenariol'l (i.e., beyond the C-band),
where the choice of the amplification scheme is
particularly important('?. In fact, doped fiber am-
plifiers (such as the EDFA) cannot provide gain
for the entire WDM comb, thus requiring multiple
parallel amplifiers, which increase the cost and
the complexity of the system. Therefore, there
are two main solutions to amplify a UWB system
with a single amplifier: Raman and semiconductor
optical amplifiers (SOAs)['2l. While some recently-
developed SOAs can achieve a significant gain
over 100+ nm of bandwidth, they still have issues,
such as a high Noise Figure and Polarization-
Dependent Gain. On the other hand, Raman am-
plification can achieve amplification over a wide
bandwidth with a small noise figurel'3l. However,

it is particularly difficult to design and optimize a
Raman-amplified UWB link, also due to the inter-
play with inter-channel stimulated Raman scatter-
ing (ISRS)['4l. Therefore, an accurate live moni-
toring of the per-channel power profile is critical
for the operation and optimization of a Raman-
amplified UWB transmission system.

Some simulative and experimental demonstra-
tions of LPM in UWB scenarios have already
been published, involving the monitoring of EDFA
spectral gain, potential anomalies (e.g., gain tilt
and narrowband gain compression)'31'6l and
ISRSI'"]. However, i[5} the authors resorted
to a correlation-based LPM method!'®l, which re-
quires both CD pre-distortion and a calibration
procedurel to retrieve the real optical power
and perform all the aforementioned operations.
Moreover, the link distance was limited, up to
280km, and none of them employed a full Raman-
based amplification scheme. In fact, LPM has
only been demonstrated in hybrid Raman-EDFA
transmission scenarios, in simulation, for very
short distances and few WDM channels!®, and
in an experiment, considering just a single C-band
transmission®. In this work, we present the ap-
plication of LLS-based LPM over a full backward
Raman-amplified C+L band system, composed of
9 x 60-km spans of G.652 single mode fiber (SMF).
We show that, at all power levels, we can obtain
power profiles that closely match the power levels
measured by optical spectrum analyzers (OSAs).

Methodology

In this work, all power profiles are estimated re-
sorting to LLS-based LPMUl. The key idea is
to reconstruct the transmitted signal A,¢[0, n] at
the receiver side and virtually propagate it ac-
cording to the first-order enhanced regular per-
turbation (eRP1) model??. This allows to ap-
proximate the propagated signal as A,c[L,n] ~
Arer oL, n] + Aver,1[L, n], where L is the length of
the link and n. is the discrete-time index. The same
approximation can be made for the actual received
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signal, i.e., A[L,n] ~ A¢[L,n] + A{[L,n]. Itis
then possible to demonstrate that the correspond-
ing power profile 4/ = 4P can be estimated in
closed-form as:

4 = (Re[G'G]) ' Re[GTA[L,n]] (1)

where G is a matrix including all the terms for
the eRP1 approximation, computed starting from
Aref[Oﬂl}.

Experimental setup and results

The experimental setup is shown in Fig. 1. At
the transmitter, two commercial transceivers (one
in the C-, and one in the L-band) generate 64-
GBaud PDM-QPSK signals for the channel under
test (CUT). The wavelength of these transceiver
was changed during the experiment to measure
different WDM channels. The rest of the WDM
channels were emulated with shaped ASE noise,
to achieve a total of 36 channels (18 per band),
spaced by 200 GHz. The spacing was set to this
large value to obtain accurate channel-resolved
in-line OSNR measurements with the OSA, and
to potentially allow a large per-channel transmit
power. Two booster EDFA amplifiers set the to-
tal launch power, which is adjusted to 0, 4 and 8
dBm per channel, with a flat power profile. The
WDM signal is then transmitted to a set of 9 spans,
each made by 60 km of G.652 SMF, and amplified
with 5 counter-propagating Raman pumps, whose
wavelength and power is shown in Tab. 1.

Tab. 1: Raman pumps configuration

Wavelength (nm) | Power (mW)
1423.81 306
1435.29 280
1450.25 178
1465.91 121
1494.82 173

The C-band and L-band WDM signals are com-
bined at the beginning of each span and separated
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Experlmental setup. WS: WaveShaper; DFB: dlstnbuted feedback laser; MON: monitor;

at the exit. A set of monitors and an OSA are used
to accurately measure the power of each chan-
nel and determine the channel-resolved OSNR at
both the input and output of each span. No gain
equalization is inserted in the system: this creates
strong differences in the per-channel power, which
allows to test the LPM algorithm in different scenar-
ios. Note that the light generated by a distributed
feedback (DFB) laser source is multiplexed to the
transmitted signal. It acts as a monitor for the
Raman modules in order to switch on and off the
Raman pumps.

At the end of the 9" span, the WDM comb
is demultiplexed and received by a commercial
transceiver. Instead of relying on the transceiver
real time DSP implementation, we extracted the
raw ADC samples, and implemented an offline
DSP chain. The DSP chain is composed by
a resampling at 2 sample-per-symbol, blind fre-
quency offset compensation, CD estimationf?']
and compensation, LMS-based 2 x 2 MIMO
fractionally-spaced equalization and Viterbi-Viterbi
(4-th power) phase recovery. Afterwards, the re-
ceived constellation is compared to the transmitted
sequence to compute the SNR.

We measured a total of 6 channels: 3 in the L
band (i.e., channel 3, 9 and 15) centered at 187.06,
188.26 and 189.46 THz and 3 in the C band (i.e.,
channel 3, 9 and 15) centered at 191.90, 193.10 and
194.30 THz. For each measurement, we captured
25 sequences of 217 samples from the ADCs of
the card, sampled at 96 Gs/s. LLS-based LPM
was then applied to the captured sequences with
a spatial resolution Az = 2km and the resulting
25 profiles were averaged to reduce the estimation
noise.

The following results refer to the P, = 0 dBm
transmission condition. However, they are equiva-
lent for all the other tested scenarios.

Fig. 2(a) displays the optical power evolution
in space and frequency of each measured WDM
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Fig. 2: a) Estimated power profiles after 25-profile averaging for the measured channels in L (green) and C (blue) bands with
P.,, = 0dBm. b) Spectral and spatial optical power evolution over the link. OSA power spectrum vs. LPM power estimates at the
input of the c) 3 and d) 9" span.

channel. Note that LLS-based algorithm estimates
v’ = $~P. This implies that the knowledge of the
nonlinear fiber parameter - is required to compute
the absolute optical power. Moreover, in the UWB
scenario, v has a (weak) wavelength dependence,
which must be taken into account to obtain accu-
rate results. Consequently, it was estimated using
the method described 22231 considering only
the self-channel interference (SCI) contribution,
since it is the only contribution that is used by LPM
to estimate the power profile.

From the power profiles shown in Fig. 2(a) it is
possible to clearly observe the effect of Raman
scattering originating from both the Raman pumps
and the other WDM channels. This justifies the
evolution of the different profiles that exhibit a gen-
eral increase in power while moving towards the
L-band and create a ripple effect over the spec-
trum. Fig. 2(b) highlights the power intensity over
the frequency-space grid and gives a better repre-
sentation of this behavior. To validate the obtained
results, the estimated power values are compared
to the power spectra measured by the OSA at the
input of each span. Since the power values from
the OSA are integrated over a reference bandwidth
(RBW) of 10 GHz, the power values estimated by
the LPM algorithm are also normalized with re-
spect to this value. We report in Fig. 2(c-d) the
results relative to the input power at the beginning
of the 3 and 9™ spans, respectively. The esti-
mated values are consistent with those measured
by the OSA and follow the correct power evolution

of the channels of interest throughout the link. In
particular, at the input of the 3" span the power
spectrum is still relatively flat. However, a large rip-
ple appears after propagation, generating a power
imbalance between the measured channels. This
imbalance is approximately 2 dB for both channels
3-9 and 9-15 in the L band, while it increases up
to 8dB and 3 dB for the same channels in the C
band. In all cases, the LPM algorithm manages to
capture them.

The absolute estimation error between the
rescaled power values from LPM and those from
OSA is also computed. At the beginning of the 3™
span the errors are always below 0.77 dB, with a
mean value equal to 0.43 dB. The maximum error
is slightly higher for the 9" span, i.e., 0.83 dB, but
the mean value remains 0.43dB. Moreover, this
strongly suggests that the entire LPM profile would
match with the profile computed with an analytical
solution of the Raman equations.

Conclusions

In this work, we apply LLS-based longitudinal
power monitoring to a C+L band transmission sys-
tem composed of a 9 x 60 km SMF link with full
Raman amplification. We show that LPM is able
to accurately monitor (with a maximum absolute
error < 0.83dB) the power evolution of different
channels, both in the C- and in the L-band, by com-
paring its predictions with measurements obtained
with OSAs. This information can then be used for
the design and the optimization of such systems.
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