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Abstract—Optical transmission links are generally composed of
optical fibers, optical amplifiers, and optical filters. In this paper,
we present a channel reconstruction method (CRM) that extracts
physical characteristics of multiple link components such as longi-
tudinal fiber losses, chromatic dispersion (CD), multiple amplifiers’
gain spectra, and multiple filters’ responses, only from receiver-side
(Rx) digital signal processing (DSP) of data-carrying signals. The
concept is to reconstruct a virtual copy of an actual transmission
channel in the digital domain, where optical fibers and amplifiers
are modeled as the split-step Fourier method for the Manakov
equation while optical filters are emulated as complex-valued finite
impulse response filters. We estimate the model parameters such
as losses, CD, gains, and filter responses from boundary condi-
tions, i.e., transmitted and received signals. Experimental results
show that, unlike traditional analog testing devices such as optical
time-domain reflectometers and optical spectrum analyzers, CRM
visualizes multi-span characteristics of fibers, amplifiers, and filters
in Rx DSP, and thus localizes anomaly components among multiple
ones without direct measurement.

Index Terms—Channel reconstruction, chromatic dispersion,
digital longitudinal monitoring, gain spectrum, optical fiber loss,
passband narrowing, split-step Fourier method.

I. INTRODUCTION

IGITAL system identification (SI) has been a core idea
D that has supported recent progress in optical communi-
cation. The task of SI is to find a simplified model or identify
internal system parameters from a set of input and output data
of a system. Here, in this paper, a system refers to an optical
communication link component (e.g., an optical fiber, optical
transceiver, optical amplifier, and optical filter), a combination
thereof, or the whole. In general, applications of SI are classified
into two types:

(i) Predicting system outputs for arbitrary inputs (and vice
versa), often with a lower computational cost.

Manuscript received July 14, 2021; revised October 31, 2021 and December
8, 2021; accepted December 15, 2021. Date of publication December 29, 2021;
date of current version April 18, 2022. (Corresponding author: Takeo Sasai.)

The authors are with NTT Network Innovation Laboratories, Nippon
Telegraph and Telephone Corporation, Kanagawa 239-0847, Japan (e-mail:
takeo.sasai.cp@hco.ntt.co.jp; masanori.nakamura.cu@hco.ntt.co.jp; etsushi.
yamazaki.wk @hco.ntt.co.jp; shuto.yamamoto.at@hco.ntt.co.jp; hideki.nishi
zawa.zw @hco.ntt.co.jp; yoshiaki.kisaka.dc @hco.ntt.co.jp).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/JLT.2021.3139167.

Digital Object Identifier 10.1109/JLT.2021.3139167

(i) Monitoring the system status by identifying system pa-

rameters.

In optical communication, numerous studies have been de-
voted to application (i), which is equivalent to compensating
for system impairments and restoring (predicting) transmitted
signals since such equalization techniques achieve high-capacity
and long-haul transmission. Adaptive equalizers for linear im-
pairments [1], [2] and the compensation of transceivers’ band-
width limitations [3]-[5] are good examples, and state-of-the-art
research accounts for component nonlinearity, such as nonlinear
digital pre-distortion of optical transmitters [6]—[8] and fiber
nonlinearity compensation (NLC) enhanced by optimizing pa-
rameters in existing models [9]-[13]. As an extreme example,
end-to-end deep learning of the entire optical communication
system [14] can also be classified here.

Meanwhile, application (ii), which is the target of this study,
corresponds to the health monitoring of optical transmission sys-
tems, enabled by identifying system parameters from received
signals (and sometimes transmitted signals or pilot signals); this
includes total chromatic dispersion (CD) [15], fiber nonlinear-
ity noise, and optical signal-to-noise ratio (SNR) [16]. These
are mostly cumulative quantities in a link but fiber longitudi-
nal parameters, such as optical fiber loss profiles, chromatic
dispersion (CD) maps, and individual responses of multiple
link components (amplifiers and filters), are also essential for
reliable and capacity-maximized systems, and thus, all compo-
nents are generally tested at the beginning of and even during
operation. However, these component characteristics have so
far been tested by direct measurement with analog instruments
such as optical time-domain reflectometers (OTDR) and optical
spectrum analyzers (OSA). Such analog approaches can be
time-consuming and costly since testing instruments should be
placed on-site in a span-by-span and fiber-by-fiber manner to
diagnose all link components. If longitudinal multi-span char-
acteristics of link components are obtained at once via a digital
SI approach, we can expect not only a reduction in CAPEX and
OPEX but also “smart optical transmission systems,” in which
all necessary measurement tests, connection establishment, and
fault detection are conducted autonomously, and even self-
maximization of system capacity by auto-adjusting unoptimized
devices (e.g., amplifiers’ gain tilt and filters’ center frequency
detuning) can be achieved [17]. Accordingly, Tanimura et al.
have demonstrated the signal power (loss) profile extraction of
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a 260-km multi-span link from only received signals using a
correlation method (CM) [18]. Our previous studies and other
groups [19]-[23] have shown that not only the power profile
but also CD maps, amplifiers’ gain spectra, and the passband
narrowing (PBN) at optical filters can be estimated. Since these
methods reveal optical components’ characteristics in the fiber
propagation direction with digital signal processing (DSP), we
call these techniques digital longitudinal monitoring (DLM)
here. We will review these and other related works in detail
in Section II-E.

In this paper, we present a channel reconstruction method
(CRM) that extracts component-wise characteristics of a whole
multi-span link (optical fibers, optical amplifiers, and optical
filters) only from the receiver-side (Rx) DSP of data-carrying
signals. The concept is to virtually reconstruct a transmission
link in the digital domain from boundary conditions, i.e., trans-
mitted and received signals. In our CRM, optical fibers and am-
plifiers are modeled as the asymmetric split-step Fourier method
(SSEM) for the Manakov-PMD equation, while optical filters
are emulated as complex-valued finite impulse response (FIR)
filters. As a result, longitudinal optical power (loss) and CD
profiles, multiple optical amplifiers’ gain spectra, and multiple
optical filters’ responses along multi-span links, are obtained
without any testing instruments such as OTDR and OSA. Ex-
perimental results show that CRM successfully detects anomaly
losses, anomaly fiber launch power, unexpected fibers with
different CD, amplifiers with anomaly gains, and PBN effects of
optical filters, which are manually inserted in multi-span links.
The essential property commonly lying behind these successful
localizations of anomalies is the “non-commutativity” of linear
and nonlinear operations.

This paper is an invited extension of our work presented
in [20], where an optical fiber power profile and individual
frequency responses of multiple optical filters were successfully
obtained. This study extends [20] and our previous works [19],
[21], [22] from the following perspectives:

e We provide a more detailed description of CRM in terms
of system modeling, problem formulation, algorithm, lo-
calization principle, and performance limiting factors.
We qualitatively discuss “the nonlinearity-to-noise ratio
(NLNR)” limits the performance of DLM. (Section II and
Appendix)

® A detailed experimental analysis of estimated power pro-
files is provided by applying CRM to a long-haul link
(~2080 km) under various types of link conditions: ex-
cess loss inserted, different fiber launch powers, and non-
uniform optical level diagrams. Not only inserted losses
but also different fiber launch powers are successfully
identified. (Section III)

e Absolute values of the estimated parameters (power and
CD) are shown, while relevant works [18]-[22] provided
only relative values. We experimentally demonstrate that
the estimated absolute signal power evolution in the prop-
agation direction shows an excellent agreement on the
theoretical power profiles. (Section III)

® The minimum detectable limit of the anomaly loss is dis-
cussed with various transmission distances and fiber launch
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Fig. 1. Channel reconstruction for optical link component monitoring. Optical
fibers, optical amplifiers, and optical filters are emulated in digital domain as
split-step Fourier method and complex-valued FIR filter. Forward system model
can also be adopted, though inverse system is used in this paper.

powers, which indicates the maximum measurement range
and the required launch powers. (Section III)

e Regarding optical amplifiers, we review our previous ex-
periments [21] and show that CRM can reveal Raman-
amplified power profiles and reconstruct multiple Raman
gain spectra (RGS) in multi-span distributed Raman am-
plification (DRA) systems. (Section I'V)

e As for optical filters, we experimentally show that the
CRM identifies a frequency-detuned optical filter among
multiple cascaded ones [20], and the shifted frequency esti-
mation scheme is also presented and evaluated. (Section V)

¢ The potential applications of CRM are discussed in detail,
which include system health monitoring at the beginning of
and during operation and fiber nonlinear noise estimation.
This part is not limited to CRM but also applicable to other
DLM techniques.

II. CHANNEL RECONSTRUCTION FOR LINK
COMPONENT MONITORING

A. System Modeling

Our goal is to obtain optical fiber loss and CD profiles,
amplifier gains, and optical filter responses on the receiver side
in the manner of SI. For this purpose, as shown in Fig. 1, we
reconstruct a channel emulator—an inverse system of an actual
transmission link, including optical fibers, optical amplifiers,
and optical filters—from boundary conditions, i.e., transmitted
and received signals. Note two points: (i) although the method
requires transmitted signals, it can be implemented fully in
a blind manner; no special training sequence or channel for
monitoring is required. This is because the transmitted signals
can be fully restored in Rx DSP with a standard demodula-
tion process (see Section III-A). This potentially enables the
in-service monitoring of link components. (ii) One may find the
forward system instead of the inverse system by reversing the
transmitted and received signals. In this subsection, we describe
the forward and inverse systems of each component we assume.

1) Optical Fibers: First, let us revisit the fiber propagation
model and its inverse described in [24]-[26]. The propagation of
polarization-multiplexed signals in an optical fiber is governed
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by the Manakov-PMD equation:

B+ 5 () B E,

ey
where E’' = [E})/(z, t), E,/(2, t)]T denotes Jones vectors of
baseband optical signals at position z € [0, L] from a transmitter
and attime t, whilenorm | E’[|2 = |E}/ (2, t)|? + |E,/(z, t)|?
is the instantaneous power of signals. Here, [-]” is the transpose,
and L is the total transmission distance. a(z), 5(z), and v(2)
are loss (and amplification), group velocity dispersion, and non-
linear coefficients, respectively. By substituting the normalized
amplitude E (z, t) = E'(z, t)exp(3 [§ (2)dz"), which has
a constant power during propagation, we can merge «(z) and
~(z) as:

; 2
= (180 5) B+ @IEIE
= (D(2)+ N (2)E, (2)
where
Y (2) = Sy (2)exp (— E a () de) 3)

9

Now, in turn, signal power variation is governed only by v/ (z).
In this study, 7/(z) and 3(z) are the targets of estimation. If
~(2) is constant, then 7/ (2) represents the accumulated loss and
amplification and thus indirectly gives the signal power profile
along a transmission link; meanwhile, 8(z) directly gives the
dispersion distribution.

Eq. (2) is usually solved by the SSFM, which numerically
emulates signal propagation by computing the linear part D(z)
and nonlinear part IN(z) independently and iteratively [26].
Standard digital backpropagation (DBP) performs the asymmet-
ric SSFM backwards and restores the transmitted signals from
received signals [25] as:

E (z3_1,nT) = exp (=N (z) Az)

exp (=D (z1,) Az) E (2, nT), €))
where z; (k€ {0, 1,...,K}) denotes the sampled posi-
tion (thus zo= 0 and zxg = L), Az =2z, — 2.1, n€E
{0, 1,..., N5y — 1} is the sample number, T is the sampling
period, and N is the total number of samples. DBP consists of
the cascaded iteration of CD compensation (CDC) and nonlinear
phase rotation (NLPR) blocks. In this study, we use DBP as the
inverse system of an optical fiber and attempt to identify 7/(zy,)
in NLPR blocks of DBP.

Though the selection rule of the spatial step size Az is beyond
the scope of this paper, it has been shown that the adequate step
size selection enhances the estimation performance [27]. There,
the selectionrule Az(zg) o 1/P(z = z) provided an excellent
agreement between the estimated 4'(z,) and the theoretical one
in CRM, where P(z = zj,) is the signal power at z = zj, . Also,
the modified versions of SSFM such as symmetric SSFM are not
considered in this work since our asymmetric SSFM employs a
sufficient number of spatial steps and at such a finer step size, the
symmetric SSFM can be approximated as the asymmetric SSFM
[26]. The estimation of ' (z;) and 3(z;,) will be experimentally
analyzed in Section III.
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Fig. 2. «a(z) and its integral over multi-span link. Channel reconstruction
method (CRM) indirectly estimates integral version of a(z) from +/(z;) and
thus reveals optical amplification gains.

2) Optical Amplifiers: Optical amplifier gain can be included
in a(z) (and thus in 7/(2)) as:

a(z)=ao+g(z), (5)

where «g > 0 is a constant fiber loss, and g(z) < 0 is the
pointwise amplification gain. Fig. 2 illustrates the «(z) and its
integral for a lumped amplification system. In this case, g(z) =
Zle 9s0(z — z5) , where g and z, are the s-th amplifier’s gain
and position (s € {1,2,...,S}), respectively. Thus, its integral
inside the exponential in (3) becomes ag z + Zle gsu(z — z5),
where u(z) denotes a step function. Consequently, identifying
~'(z) unveils both fiber loss and amplifier gain. DRA can also
be included by modifying ¢(z) in a distributed manner.

As we have mentioned, we extract 7/(z) from data-carrying
signals, which implies that the estimated gain is channel-
specific. Thus, by obtaining 7/(z) from all wavelength divi-
sion multiplexed (WDM) channels and observing them in the
frequency direction, we can reconstruct the gain spectrum of
an amplifier. Notably, multiple amplifiers’ gain spectra in a
multi-span link can be separately obtained at once since v'(z)
reflects distance-wise signal power. This separation of multiple
gain spectra reveals anomaly amplifiers and is experimentally
shown in Section IV for DRA systems.

3) Optical Filters: In reconfigurable optical add-drop mul-
tiplexing (ROADM) systems, signals often suffer from PBN
[28], which occurs at optical filters in ROADM nodes (e.g.,
wavelength selective switch, WSS) and shaves off the higher-
frequency component of signals as shown in Fig. 3. This impair-
ment comes from misalignment or center frequency detuning of
optical filters. We attempt to identify such anomaly filters by esti-
mating their inverse response with an FIR filter that compensates
for the PBN. Here, let H (f) = F[I/(t)] be a fully-tuned filter
response at baseband with no frequency deviation Af = 0,
where F denotes the Fourier operator and /() the time-domain
impulse response. Then, the detuned response with deviation A f
is represented as follows.

H(f—Af)=F[N(t)- e8] (6)

Due to center frequency deviation, the symmetry of the
frequency response is broken, so the time-domain expression
must be complex-valued. Thus, complex-valued FIR filters
h = [h(0),h(1),...,h(M — 1)]T are adopted for optical filter
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Fig. 3. Passband narrowing (PBN) emulation by complex-valued FIR filters.
Corresponding FIR filter optimized in minimum mean square error criterion
compensates for PBN at optical bandpass filters (OBPF).

emulation in our inverse system, where M denotes the tap
length. As shown in Fig. 3, if PBN occurs at an optical filter,
the estimated frequency response of the corresponding FIR
filter will show a peak at attenuated frequency components. We
insert these FIR filters between DBP blocks at corresponding
node positions and estimate their responses simultaneously. We
present experiments on filter response separation in Section V.

B. Problem Formulation and Algorithm

Again, our estimation target is 7' (z), 8(zx ), and h. We find
these parameters as optimal values that best emulate the propa-
gated link, in which the received signals E(L, nT') return to the
transmitted signals E(0,nT"). This problem can be formulated
as a classical least square problem in SI as:

3 (z), B (21) ,h = argmin I
No—1 X )
= argmin HE (0,nT) — E (0, nT)H )
n=0

(7

where [ is a square-error cost function. Eq. (7) can be solved
by a gradient descent using error backpropagation [29] as the
system we assume is composed of cascaded differentiable blocks
(e.g., CDC, NLPR, and FIR-filter blocks). As shown in Fig. 4,
the parameters +'(z) , 5(zx), and h are optimized so that
the mean square error between output signals of the channel
emulator E(0,nT) and transmitted signals E(0,nT) is mini-
mized. To minimize it, the error backpropagation calculates the
partial derivatives 9I/9v (z1,), 91 /98 (z1), and I /Oh, which
are used for coefficient updates, where (-) denotes the complex
conjugate. Here, Wirtinger calculus is adopted to deduce the
partial derivatives since each block is complex-value-based. To
calculate the cost function 7, the transmitted signals E(0,nT)
are required but can be generated by the normal demodulation
process in the Rx DSP; no training sequence or dedicated
channel for monitoring is needed. One can add a regularization
term in (7) to enhance the performance. In [30], the CRM with
a regularization term, which constraints the power fluctuation,
is discussed. This regularization may suppress the fluctuation of
the obtained /(z;) by sacrificing the sensitivity to the anomaly
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Fig.4. Learning architecture for channel reconstruction. 7' (g ), B(zx ), and h

are optimized from channel emulator output E (0,nT) and transmitted signals
reconstructed in Rx DSP E (0, nT') as least square problems.

loss. No such regularization term was added in the following
experiments to clearly observe the inserted anomaly loss.

Fig. 5 shows the detailed algorithm we use. As shown in
Fig. 5(a), the entire algorithm is composed of data preprocessing,
channel emulators, and cost function /. Here, an example of
the data size used for 280-km transmission is shown. For data
preprocessing, the input vectors are polarization demultiplexed
signals, and 1024 samples ( = one waveform) are taken out of
each polarization every two samples. Then, these synchronized
h- and v-polarization signals are stored in a batch ( = 60000
waveforms = 30000 waveforms x 2 pol.). During the optimiza-
tion iterations, a mini-batch (= 100 waveforms) is randomly
chosen from a stored batch for every iteration to perform the
stochastic gradient descent. Since the CD response in the first
and the last 1/4 parts in a waveform is not sufficiently com-
pensated for during the DBP due to the absence of adjacent
samples, these uncompensated samples are eliminated before
the cost function /.

After data preprocessing, a mini-batch is fed into the channel
emulator (Fig. 5(b)), which consists of the iteration of linear
CDC and NLPR blocks, complex-valued FIR filters, and residual
phase rotation. Here, we assume that the channel emulator has
the same S spans as an actual transmission link and, in the s-th
span (s € {1,2,...,5}), the K, steps of DBP are implemented,
and S-1 FIR filters for ROADM node filter emulation are placed
at corresponding node positions.

Fig. 5(c)—(f) shows the gradient descent calculation of the
fast Fourier transform (FFT) and the inverse FFT (IFFT), CDC,
NLPR, and complex-valued FIR-filter blocks, respectively. The
details of gradient calculations are described in Appendix and
one can find all these calculations very simple. After the entire
inverse system is passed through, the residual phase is compen-
sated for and the signals are fed into the cost function. By using
obtained partial derivatives, the coefficients v'(zx), 5(zx), and
h are updated. For h, an optimizer, Adam, is used [29].

C. Why is Localization Successful?: Non-Commutativity

From estimated 7' (z;,) and 3(zy,) profiles, we can localize the
position of anomaly loss, dispersion, and amplifiers. Similarly,
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), and h are optimized, virtual link is reconstructed. Backpropagation algorithm of

(c) FFT, IFFT, (d) CDC, (e) NLPR, (f) complex-valued FIR filters. Wirtinger calculus is used for these complex-valued gradient calculations.

from h, the responses of two different optical filters can be
separately obtained, and anomaly filters can be identified. A
notable commonality among these localization principles is that
they leverage the non-commutativity of linear and nonlinear
operations to identify the position of physical characteristics.
For example, in this study, we can estimate pointwise dispersion
B(zr) and nonlinear coefficients v'(z;, ) because (linear) CD and
NLPR operators (exp(D(zj)Az) and exp(IN (z5)Az)) are not
commutative. Likewise, the responses of two optical filters are
basically not separable at the receiver side when the system
is completely linear. Their responses can be distinguished by
leveraging fiber nonlinearity between optical filters since linear
and nonlinear phenomena are non-commutative. For signals
that have passed through multiple non-commutative systems
with no noise, a reverse-order operation is a good (but may
not be a unique) candidate for the inverse that minimizes the
cost function in the sense of the zero-forcing (ZF) criterion.
Therefore, we can determine the order and positions of the
systems.

In general, the same notion is also applicable to other non-
commutative systems. In [8], it was demonstrated that the mod-
ulator driver nonlinearity in an optical transmitter can be effec-
tively compensated for by treating the transmitter structure—i.e.,

the digital-to-analog converter, drivers, and modulators—as a
Wiener-Hammerstein model, (cascaded FIR filter, nonlinear
function, and another FIR filter), which is an L-N-L system and
thus non-commutative.

D. Performance Limiting Factor

However, as we will see later in the results section, we rarely
find a unique inverse of a system for following reasons. (i) Find-
ing system parameters of differential equations from boundary
conditions is mathematically the inverse problem, in which there
is no guarantee that the solution is unique. (ii) The discussion
in Section II-C assumes the system has no noise and thus the
inverse can be found on the basis of the ZF criterion. However,
CRM inherently works on the basis of the minimum mean square
error (MMSE) criterion, and, in a realistic scenario, the received
signal accompanies a certain amount of noises such as amplified
spontaneous emission (ASE) noise, transceiver noise, and fiber
nonlinear noise. These noises disturb tracking the true NLPR in
Rx DSP, and the optimized parameters (e.g., 7' (zx)) are likely
to fall into local minima. Especially in a lower signal power
area (more linear area), the reduced NLPR is more vulnerable
to noises and the non-commutativity will be broken; the false
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estimation of NLPR in the Rx DSP is likely to occur. Thus,
qualitatively speaking, the estimation precision at zy, is (at least
partly) determined by the following nonlinearity-to-noise ratio
(NLNR)

NLNR () = w 7

®)
where Py, (z) is the power of nonlinearity within a processed
bandwidth at measurement location z while N is that of noises
at the receiver, including ASE noise, transceiver noise, incom-
pletely compensated Kerr nonlinear term [12], DBP-enhanced
noise (as will be discussed in Section III), and even control
error of gradient optimization of CRM. We will see this NLNR
universally explains the results of power profiles in the follow-
ing experiments. From (8), higher signal power is desirable
to achieve better estimation precision. If repetitive signals are
available, NV of NLNR can be reduced by averaging multiple
synchronized signals, though this approach is prohibitive after
the communication operation begins. Even if they are not, the
estimation precision can be enhanced by averaging multiple
profiles or filter responses by extracting and processing received
signals multiple times.

E. Related Works

1) Fiber Nonlinearity Compensation: Other works [9]-[13]
use the same fiber-only model in the context of fiber NLC,
explained as Learned-DBP or a neural-network (NN) based
DBP, where the coefficients in time-domain CD filters and NLPR
are optimized and thus the (communication theoretical) SNR
gain is achieved. Although these studies showed a significant
NLC gain and indicated a new direction for NLC, they fall
under the scope of application (i), impairment compensation,
introduced in Section I, and they focused on NLC. Consequently,
it has not been confirmed whether the optimized parameters
actually reflect the transmission line status in detail, such as the
fiber loss, fiber launch power, and fiber types. In [12] and [13],
the learned coefficients (CDC filter taps and 7'(zy)) are shown
for 1-step-per-span DBP (we will see that our results match
those of these works in Section III-B), but the power variation
in a span and fibers with different CDs are not evaluated. This
study demonstrates such link parameter optimization to be more
capable at revealing even the transmission-link status (anomaly
loss, CD, even gains, PBN, etc.) in detail, paving the way for
application (ii), system status monitoring. This is achieved by
looking into the optimized parameters, not the output of NN and
its accuracy.

2) Digital Longitudinal Monitoring: For DLM, several
methods have been proposed so far. In [18], a correlation method
(CM) has been proposed and the power profile estimation and
the anomaly loss detection for a 260-km multi-span link have
been demonstrated. The calibration of the estimated anomaly
loss based on CM is also discussed in [32]. In CM, a partial CDC,
a fixed amount of NLPR at location zj, and the residual CDC
are applied to the received signals, and by taking the correlation
between this partially NL-compensated signal and transmitted
signal, the (relative) signal power at zj is estimated. Since
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CM avoids an iterative optimization, it seemingly requires less
computational complexity than CRM. However, the estimated
profile is vulnerable to channel noise and a sufficient number
of averaging is required. In [18], 33000 averaging was applied
for 260-km transmission, which accumulates a large number of
FFTs. Regarding the functionality, CM assumes a constant CD
map over the entire link, and thus (§(zj) profile estimation is
currently challenging. Very recently, as another DLM method,
a Volterra-based method has been proposed in [23] and the filter
frequency detuning estimation as well as the longitudinal power
profile estimation are numerically verified. A fair evaluation
should be performed in future work to compare these algorithms.

Implementation aspect of DLM has been discussed in [33].
There are two implementation scenarios for DLM: the edge-side
implementation near transceivers and the cloud-side implemen-
tation near a network control plane. The former has the advan-
tages of low latency and data security. Sending a waveform data
to the central network controller may raise security concerns
since the DLM reconstructs the transmitted signal during its
process. The latter can utilize rich computational resources and
accumulated data for performance enhancement and long-term
monitoring.

III. OpTICAL FIBER LOSS AND CD PROFILE EXTRACTION

A. Proof of Concept: Metro-Reach Links

We first conducted experiments to examine the effectiveness
of CRM for a straight-line 4-span link. To focus on 7/(z) and
B(z) profile extraction only, we did not insert any optical filters
at nodes and eliminated FIR filters from our CRM.

Fig. 6 shows the experimental setup and a block diagram
of the offline DSP. A probabilistically shaped (PS) 64-QAM
64-GBd signal (400 G) with a period of 65536 symbols is
generated with an information rate of 3.305 bits and an entropy
of 4.347 bits, assuming a 21% forward error correction (FEC)
overhead [34]. The signal is Nyquist-pulse-shaped by using a
root-raised-cosine filter with a roll-off factor of 0.2; then, the
transmitter’s frequency response (FR) is compensated for [5],
followed by a resampling block for emission from a 120-GSa/s
arbitrary waveform generator (AWG). The generated electrical
signal is converted into an optical signal by 65-GHz drivers and a
dual-polarization IQ modulator (DP-IQM). A micro-integrable
tunable laser assembly (¢ITLA) with a linewidth of 40 kHz and
acarrier wavelength of 1555.752 nm was used for the transmitter
laser and the Rx local oscillator. The fiber launch power was set
to +5 dBm. The tested fibers are standard single-mode fibers
(SSMF, o« = 0.186 dB/km, By = —21.7 psz/km), dispersion
shifted fibers (DSF, o = 0.230 dB/km, By = —0.486 pszlkm),
and non-zero DSF (NZ-DSF, o = 0.225 dB/km, o= —3.33
ps?/km).

On the receiver side, the signal is post-amplified by an
erbium-doped fiber amplifier (EDFA), filtered by a 5-nm optical
bandpass filter (OBPF), and converted into electrical signals
by a coherent receiver composed of a 90° hybrid and 100-
GHz-bandwidth balanced photodetectors (BPDs). The received
signals are digitized by a 256-GSa/s digital sampling oscillo-
scope (DSO) and demodulated offline in the Rx DSP. There,
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and anomalous (2- and 5-dB losses) state profiles. Twenty profiles are averaged for each line.

the Rx FR estimated in advance is compensated for [5]; this
is followed by frequency offset (FO) compensation [35]. After
CDC, polarization demultiplexing is applied by an adaptive
equalizer with a butterfly configuration.

Then, the signal is divided into two paths. One is for signal pre-
processing to restore the dispersion and reshape the demodulated
vectors, and the other is for transmitted signal reconstruction
for gradient descent. The latter path consists of carrier phase
recovery (CPR) [36], symbol decision, transmitted signal recon-
struction, the same Nyquist filtering as on the transmitter side,
and reloading of the phase noise estimated in CPR. Regarding the
channel emulator, the length per DBP step (distance granularity)
Az is a constant 2 km and the mini-batch size is 100. No
regularization term is added to the cost function. The initial
values of /(2 ) and 3(zx ) were set to 0 and the average CD (i.e.,
total CD/total DBP steps), respectively. All the algorithms were
coded in MATLAB. For a +/(zy,) profile, the learning process
was finished within 1 minute on a single GPU with 11 GB of
memory. 20 profiles are averaged to enhance the profiles’ SNR.

First, we obtained +/(z) (loss or signal power) profiles for
the four spans of 70 km, as shown in Fig. 7(a). The vertical axis
is the absolute power calculated from the estimated ~'(zy,) as:

_ 99 (=)

=5
where v is the nonlinear coefficients of used SSMFs (1.07
1/W/km, measured by combining the method in [37] and SSFM
simulation). Here, we assume that, the signal power | E|? is
normalized to 1 in the Rx DSP. Note that, in a practical use of
CRM, 7 is usually unknown and thus only the relative power
(but absolute «/(z)) is estimated. To see whether CRM can
extract the true link parameters, we show the absolute power,
assuming « is known. The theoretical power calculated from the
OTDR loss profile is also shown for reference. The iteration of
the gradient descent was performed 15 times for these profiles.
In all cases, the estimated power profiles clearly reflect the fiber
loss and the amplification by the EDFA. More importantly, their
absolute power shows an excellent agreement on the theoretical

P (z)

©)
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Fig. 8.
function of gradient descent iterations.

absolute power. When 2-dB (green) and 5-dB (blue) attenuators
were inserted at 50, 90, 190, and 230 km, reduction of v/(z)
was observed due to excess loss at the insertion points. Fig. 7(b)
shows the difference between the normal (0-dB attenuation) and
abnormal conditions. The inflection points of the rising part of
the difference correspond to the anomaly loss positions, and the
relative attenuation level is successfully obtained. However, the
peaks of the first and third spans are lower than expected. This
is presumably because the nonlinearity is too weak and NLNR
in (8) is low there, which led to reduced sensitivity for estimated
v (z1) to respond to the discontinuous loss event.

Next, we discuss 3(zy, ) profiles. Fig. 8(a) shows the estimated
B(zy) profiles for a 4-span link with a DSF in the second span
and SSMFs in the other spans. We stopped gradient descent
iterations for 4/ (2 ) optimization at 20. A peak was observed in
the DSF span, indicating the presence of a lower-dispersion fiber
in the link. As the gradient descent iteration increases, /3(z) in
the DSF span gradually approaches the theoretical values, but the
convergence of ((zy,) is very slow. The reason is that, since the
dispersion is dominant in the system with some SSMF spans, the
cost function in (7) is mainly determined by the total dispersion
and thus each [(z)) cannot change rapidly to keep the total
dispersion constant. Once the total dispersion ( :Zszl B(zk))
is deviated from its optimum value during the optimization of
each 3(zy ), the waveform collapses and the cost function rapidly
diverges. For the 7/(z)) optimization, this slow convergence
does not occur since the nonlinearity is not the dominant factor
for the cost function. In Fig. 8(b), we plot the maximum value of
B(zk) in the DSF span. The case with the second span replaced
with NZ-DSF is also shown. Since the convergence was slow,
we stopped the iterations at 118000 but the maximum values are
still increasing, so 3(zx) may find the theoretical values with
more iterations.

Fig. 9(a) shows the estimated 3(zj) profiles with a DSF or
NZ-DSF inserted in each span. The iterations were stopped at
10000. For all cases, peaks are again observed in spans with
a DSF or NZ-DSF. Even flat areas of each line (i.e., SSMF
spans) indicate different dispersion values for different span
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configurations. This is because the total dispersion varies among
tested scenarios with different non-SSMF-span locations. Thus,
to see the difference between DSF and NZ-DSF more clearly,
we plot in Fig. 9(b), (c), (d), and (e) the relative 3(z) in each
span with respect to the minimum value over the whole link.
Note that two 3(zy) profiles for two different captured data are
shown. The peaks with NZ-DSF are smaller than those with
DSEF, indicating that the NZ-DSF spans have higher dispersion.
However, the NZ-DSF in the second span and DSF in the
third span show similar peaks, which implies that distinguishing
NZ-DSF will be difficult without the reference in the same span.
Furthermore, the fourth span exhibits a far higher peak than other
spans. Though these span dependencies should be clarified in
future work, at least the presence of DSF or NZ-DSF spans
can be distinguished from SSMF spans, which is sufficiently
convenient for a practical system with SSMF-dominant spans
since it enables us to take such measures as fiber launch power
adjustment or a DSF-span detour to maximize the transmission
capacity.

B. Performance Evaluation: Long-Haul Links

Because CRM relies on fiber nonlinearity for power profile
extraction, a higher fiber launch power is desirable to increase
NLNR (Eq. (8)) and thus the accuracy; this is prohibitive in
practical systems because increased fiber nonlinearity degrades
the SNR. Therefore, the launch power dependency of the accu-
racy and transmission distance should be evaluated. To address
this point, we further conducted long-haul transmission using
a circulating loop in which the tested distance ranged from
260 (one circulation) to 2080 km (eight circulations). Fig. 10
shows the setup. In this experiment, no DSF was inserted, and
a dispersion profile was not obtained, which we leave for future
work. The basic configuration of the transmitter and receiver is
the same as in the previous subsection. Uniform 16-QAM signals
are generated and then chopped with an acousto-optic modulator
(AOM1) with a passing period of one circulation (260 km). The
transmission line consists of five spans of SSMF (o = 0.186
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Fig. 10.  Experimental setup for circulating-loop transmission. One circulation
corresponds to five spans (260 km) of SSMF. VOA is inserted 20 km from
beginning of third span to emulate anomaly loss (0, 2, and 5 dB). AOM: acousto-
optic modulator.

dB/km, 85 = —21.7 ps2/1(m), and a variable optical attenuator
(VOA) is inserted 20 km from the beginning of the third span to
emulate an anomaly loss. The fiber launch power was varied by
VOAs from —4 to 6 dBm. OBPFs cut the ASE noise and flatten
the gain tilt. After a loop-synchronized polarization scrambler,
AOM?2 opens the gate for the duration of an arbitrary number
of circulations and closes it while the signals are newly input
to the circulating loop. AOM3 selects the desired circulated
signals and cuts instantaneous surges from the EDFA, and a
256-GSa/s DSO captures the signals, synchronized to AOM3.
For the channel emulator, we assumed that the transmitted signal
was known as the reference signal for gradient descent because,
in the long-haul case, an input power of 6 dBm is too high to
reach the FEC limit due to the strong fiber nonlinearity. The
mini-batch size was set to 20.

‘We first find the optimum launch power of the system in terms
of SNR to see the true operation point (Fig. 11). Here, the SNR
is calculated after CPR in the standard demodulation process in

=260 km
520 km
780 km
+-1040 km
1300 km
-1560 km
<1820 km
<2080 km

-4

-2 0 2 4
Fiber launch power (dBm)

Fig. 11. Launch power dependency of SNR for various transmission distances.

terms of the mean square error between the demodulated and
reference signals. The optimum launch power of the system is
about —2 to 0 dB regardless of all transmission distances. Note
that this experiment is a single-channel transmission and that
the expected optimum power for practical WDM systems will
be lower.

With this result in mind, we obtained the power profiles for
1040-km transmission (four circulations) for launch powers of 6,
0, and —2 dBm, as shown in Fig. 12(a), (b), and (c), respectively.
The attenuation by the VOA at 20 km from the beginning of the
third span was varied among 0, 2, and 5 dB. One circulation
corresponds to five spans (260 km), and the third span of each
circulation exhibits loss due to the VOA for all three cases. As
the launch power decreases, the profiles’ agreement with OTDR
clearly degrades since NLNR in (8) degraded. Nevertheless, for
all three cases, the insertion of the attenuator was successfully
observed, which supports the applicability of CRM for practical
systems. However, the second span (at 50 km from the trans-
mitter) can be recognized as an anomaly span if the “normal”
0-dB attenuated profile is not available. This leads to a false
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Obtained power profiles for 1040-km transmission with fiber launch powers of (a) 6, (b) 0, and (c) —2 dBm. Attenuators with 0-, 2-, and 5-dB losses

were intentionally inserted at 120 km (at 20 km in third spans) of one circulation (5 spans, 260 km).

detection of an anomaly span, and thus either the performance
improvement of the obtained profiles or a premeasurement of
a normal profile is needed. In the case of the latter, we need to
check that a targeted transmission system contains no anomaly
before the operation starts by using other measures such as
OTDR.

Farther transmission distances bring another problem. Fig. 13
shows the power profiles for 2080-km transmission (eight cir-
culations) for a launch power of 2 dBm. Though the inserted
attenuation of 0, 2, and 5 dB is observed, as the DBP steps
approaches the transmitter end (from 0 to 700 km), the estimated
power becomes lower than expected. We can explain this drop as
the suppression of noise enhancement. As signals backpropagate
to the transmitter end with cascaded DBP operations, the noises
accompanying the signals, such as ASE noise, the incompletely
compensated Kerr nonlinear term, and even Rx electrical noise,
are enhanced (N of NLNR in (8) is increased). As a result, the
optimized ~/(zj,) near the transmitter (z;, ~ 0) tends to be small
to avoid further noise enhancement by NLPR, and thus, a weak
7' (z1) is observed. A similar explanation can be seen in [12]
and the tendency of the estimated /(z;) in [13] matches this
result though they focused on NLC with 1-step-per-span DBP.
Another reason for the reduced accuracy in the long-haul case
is that the number of optimized parameters v'(zy) is increased

for a longer transmission distance (here, Az is a constant 2 km),
making parameters more likely to fall into local minima.

Next, we evaluate the launch power dependency of the
anomaly loss detection. Fig. 14(a) and (b) show the difference
between intentionally attenuated profiles and the 0-dB attenu-
ated profile for launch powers of 2 and 0 dBm, respectively.
For reference, theoretical lines calculated from OTDR profiles
are also shown. Again, note that the inflection points of the
rising part of the deviation correspond to the inserted anomaly
position. Here, we assume the inserted attenuations are estimated
as deviation peaks. The inserted loss was clearly observed for a
launch power of 2 dBm. However, in the case with 0-dBm launch
power, the deviation profiles look noisy and several 2-dB peaks
in non-attenuated area (i.e., false detections) are observed. To
quantify these false detections, we show histograms of deviated
values from 0-dB profiles except for attenuated locations in
Fig. 14(c)—(f). The peak values in attenuated locations are
shown as solid lines. Green and blue lines correspond to the case
with 2-dB and 5-dB attenuations, respectively. In both Fig. 14(c)
and (d) (a launch power of 2 dBm), the 99% point of the
deviations is around 1 dB, which implies false detections of 1-dB
attenuation are likely to occur. Since the peak values are higher
than 1 dB, we can at least distinguish the inserted attenuations.
However, when the launch power decreases to 0 dBm, we cannot
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trust 2-dB deviation peaks in the following points. First, when
2-dB attenuators are inserted (Fig. 14(e)), their minimum peak
values are 1 dB, which overlaps the histogram. Second, with
5-dB attenuators (Fig. 14(f)), the histogram becomes wide and
the 99% point is around 2 dB. This comes from the fact that
the nonlinearity is too weak due to the launch power reduction
and the large attenuations. Thus, true 2-dB attenuations cannot
be distinguished from false detections, while 5-dB attenuations
can.

To quantify the fiber launch power required to detect a cer-
tain amount of inserted loss, we plot the 99% point of the
histograms as a function of fiber launch power for various
transmission distances (Fig. 15). The inserted attenuations are
fixed to 2 dB. As we have already observed, the 99% point
(false-detected attenuation) increases as the fiber input power
decreases, which means the deviation profiles become unstable
like Fig. 14(b). Also, as the transmission distance increases, the
instability grows because of the accumulated link noise, noise
enhancement suppression in CRM, and the increased number
of optimization parameters. From this figure, we can determine
the minimum detectable anomaly loss for a given transmission
distance and a fiber launch power. For example, suppose that
our targeted system is a 1040-km link with an operated launch
power of —2 dBm. In that case, the 99% point of the deviation
is around 1.5 dB. Assuming the minimum deviation peaks lie
approximately 1/2 of the actual anomaly loss (see peak values in
histograms), the detectable loss is 3 dB or higher. From another
point of view, if we should detect at least 2-dB loss, then the 99%
point should be around 1 dB, and thus a —2-dBm launch power is
prohibitive for any transmission distances. For a 0-dBm launch
power, we can achieve a measurement range of 1560 km. If more
input power is allowed (e.g., 2 dBm or higher), then a 2080-km
measurement range is achievable. However, the performance
improvement from powers of 0 to 6 dBm is small for longer
distances, though the difference between launch powers of —2
and 0 dBm is significant. This indicates that the 0-dBm fiber
launch power is already close to the maximum performance for
long-haul applications.

We note that in this evaluation the attenuated position is
fixed but as we observed in Fig. 7(b), the sensitivity to inserted
attenuation can vary with inserted positions, which requires a
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more comprehensive study of performance prediction. We also
note that these experiments were conducted in a single-channel
scenario. In actual WDM systems, inter-channel nonlinearity
(i.e., cross-phase modulation, XPM) exists and will work as a
stochastic noise source, which degrades the estimation precision
if no information on adjacent channels is available. We note
that in [16], the power profiles were successfully obtained in
a WDM scenario even though a correlation method was used.
We also note that, if our backpropagation includes not only the
targeted channel but also adjacent channels (i.e., multi-channel
DBP [38]), XPM, which has so far been a noise source, will
turn into a source to estimate the total power of the entire signal
field in the fiber, and thus the estimation performance will be
improved.

C. Optical Level Diagram Extraction

For the results discussed so far, we have assumed that the fiber
launch power is constant for all spans. However, in a realistic
system, the launch power of each span is usually set to different
values in accordance with span lengths to maximize the total
SNR. If profiles obtained by CRM can automatically detect an
anomalous input power for a span (i.e., non-uniform optical
level diagram), then we can remotely adjust the input power of
such a span without direct measurement. Fig. 16(a) shows power
profiles with different fiber launch powers (—4 to 6 dBm) at the
third span of the circulating loop for a 2080-km transmission.
The input powers of the other spans are uniformly set to 2 dBm.
The profiles clearly exhibit a non-uniform fiber input power at
the third span of every five (one circulating loop), and the power
at that span can be distinguished, while the power at the other
spans is at the same level in all profiles. Fig. 16(b) shows the
difference from the profile with uniform 2-dBm launch powers
(light green). Dashed lines are theoretical values, and we can
observe that the profile differences match these theoretical lines
for larger launch powers. This indicates that CRM can reveal
the optical level diagram and the input power of each span from
the Rx DSP. However, near the transmitter side, the estimated
power is lower (Fig. 16(a)) and the large gaps from theoretical
lines are observed for smaller launch powers (Fig. 16(b)). These
reduced sensitivities can be explained as the consequence of a
lower NLNR (nonlinearity to noise ratio) in (8) with smaller
NL and larger N. As we mentioned in the previous subsection,
DBP-enhanced noise increases N near the transmitter side and
estimated /(2. ) tends to be small to avoid further noise enhance-
ment. This comes from the fact that CRM is based on the MMSE
criterion. On the other hand, as the launch power increased, such
adrop diminished (e.g., red line). This is because NLPR in those
spans is strong enough to overcome the above noises, and thus
the receiver-side estimation by CRM can correctly detect the
NLPR. These results imply that “NLNR” in (8) determines the
estimation performance.

We note that this experiment is a particular test case with
a single span in a circulation having different power and a
different span length. In a more realistic scenario, each span
usually has a different length and thus a different launch power.
Though these scenarios are beyond the scope of this paper, we
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(a) Non-uniform optical level diagram for 2080-km transmission. Launch power of third span of circulating loop was intentionally varied from —4 to

6 dBm, and that of other spans was uniformly set 2 dBm. (b) Difference between the non-uniform profiles and uniform profile (third span 2-dBm launch power).

can discuss that the transmission scenario that degrades the
estimation precision of non-uniform ~'(z) profiles would be
when the power difference between the spans with the highest
and lowest launch power is large (such as when long and short
spans coexist in a transmission line). In such a case, the global
error (i.e., the cost function | E(0, nT") — E(0, nT)||2) is mainly
determined by the highest power span’s NLPR. In other words,
the change in 7/(z;) in the lowest span has less impact on the
global error. Thus, it would be difficult to correctly estimate
the 7/(zy,) profiles in the lowest power span though a detailed
evaluation is required.

D. Applications

1) At Beginning of System Operation: When we build a
transmission system, all link components must be tested in
advance. For this purpose, the operator needs to prepare testing
devices such as OTDR and a dispersion analyzer and optimize
launch powers for every span, increasing CAPEX and OPEX.
The proposed CRM will facilitate this procedure since it extracts
multi-span fiber characteristics at once. CD profiles are helpful
when establishing a network with unknown fibers (e.g., dark
fibers) and identifying the fiber type (SMF or DSF, etc.) and
its span. For example, we can lower the fiber input power of
identified DSF spans to avoid fatal nonlinearity or can even

detour such a fiber to maximize the transmission capacity (if C-
band transmission is assumed). Power profiles reveal multi-span
optical level diagrams. We can perceive anomalous fiber launch
power spans and can adjust them without direct measurement,
enabling automated launch power optimization. However, CRM
requires a high fiber launch power for the enhanced performance.
Furthermore, without a normal state reference, the anomaly loss
detection can be challenging. These issues should be overcome
in future work.

2) Under Operation: During system operation, the fiber condi-
tions and signal power should be monitored to check for physical
damage to fibers. Usually, power monitors can be placed at
the end of spans for this purpose, but this does not localize
the anomaly position. Furthermore, it requires the signals to be
branched off, which leads to additional loss. CRM can identify
lossy points with a normal state reference and thus accelerate the
cause analysis and link restoration without suffering from the
additional loss since power profiles are extracted directly from
received digitized signals. However, the required fiber launch
power must be improved for CRM to work around the optimum
launch power of a system.

3) Fiber Nonlinear Noise Estimation: The amount of fiber
nonlinear noise can be estimated by feeding power profiles
to an analytical model, such as a Gaussian noise (GN) model
[39], [40] or the corresponding Python application, GNPy [41].
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Fig. 17. Obtained Raman-amplified power profiles for 50 km x 4 spans with

different Raman gains.

This application is more suitable for DRA systems as will be
mentioned in Section I'V-C.

IV. OPTICAL AMPLIFIER GAIN SPECTRA RECONSTRUCTION

In the previous section, we observed that obtained profiles
reflected the optical level diagram and thus the different amplifier
gains. In this section, it is shown that CRM can separately recon-
struct the gain spectra of multiple cascaded optical amplifiers
in multi-span transmission links. This study aims to identify
anomaly amplifiers, which have a narrower, non-flat, weaker or
stronger gain spectrum.

Gain spectra are acquired in two steps: obtaining a signal
power profile for all WDM channels and observing the obtained
powers in the frequency direction at the amplifier position.
The method is applicable to any types of amplifiers since the
estimation mechanism does not rely on the amplification process
but only on the signal power itself. Applicability to EDFA has
partially been shown in the previous section. Thus, we here
focus on DRA systems because the method can effectively offer
several benefits for DRA systems. These points are discussed in
Section IV-C.

A. Raman-Amplified Power Profiles

The experimental setup is basically the same as in Section III-
A, except that the span amplifiers are replaced with hybrid
Raman and EDFA. Details on the transmission lines are directly
shown in the result figures.

First, we show the Raman-amplified power profile for multi-
span links and investigate the Raman gain dependency. Fig. 17
shows the estimated power profiles for 50 km x 4 spans. The
Raman on-off gain was varied among 0, 6, and 10 dB. The signal
frequency was setto 192.7 THz (1555.752 nm), the Raman pump
wavelength is 1455 nm. The maximum pump power was 520
mW at a 10-dB gain and the span loss was 9.39 dB, and thus, the
10-dB gain DRA fully compensates for the span loss. The fiber
launch power was set to 4 dBm. The solid line is the estimated
power, while the dashed line is the simulated power [42], which
is calculated from the fiber launch power, fiber loss, span length,
and gain. As the Raman gain increases, the power in the latter
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Fig. 18.  (a) Frequency dependency of Raman-amplified power profiles for 50

km x 2 spans. Raman gain spectra of two backward Raman amplifiers at nodes
are intentionally set differently by varying pump wavelength. (b) Estimated
Raman gain spectra (square plots) reconstructed from frequency dependency of
estimated power at 40 and 90 km. For reference, Raman gain spectra captured
by an optical spectrum analyzer are shown (solid lines).

half of the span grows, which indicates that Raman-amplified
profiles are successfully observed. The estimated profile fits the
simulated line well. In the 10-dB gain case, in-span symmetry
is observed, so nonlinear mitigation techniques such as optical
phase conjugate (OPC) are expected to perform well if employed
[43].

B. Raman Gain Spectra Reconstruction

Next, to confirm whether CRM can separately obtain two
different gain spectra of cascaded amplifiers, we obtained the
frequency dependency of the signal power profiles in a 50 km
x 2 span link (Fig. 18(a)). The tested frequency is the entire
C-band from 191.5 to 196.0 THz with a 0.5-THz granularity.
To test the capability of distinguishing two different RGSs,
the pump wavelengths of two DRAs were intentionally varied
(1455 and 1440 nm for the first and second spans, respectively).
Their RGS is shown by a solid line in Fig. 18(b), which was
acquired with an OSA with a 1-nm resolution. Note that, for a
fair comparison, these reference spectra are recalculated from
the raw data obtained from the OSA using the simulated profiles
(in Fig. 17) so that their gains correspond to 10 km before
the span ends. The pump powers of both spans were fixed to
520 and 482 mW, respectively. In Fig. 18(a), a high signal
power area is shown in red, and as the color turns blue, the
power decreases. As expected, the latter half of each span shows
different powers since two spans have different RGSs. To look
closely into the frequency dependence, we extracted the signal
powers at 40 and 90 km and plot them with squares in Fig. 18(b).
We avoided choosing 50 and 100 km since the powers at these
positions reflect the next fiber input power, which does not
vary with frequency. The estimated signal power shows good
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consistency with the actual RGS, which means that the RGS
can be reconstructed via the obtained signal power profile. Fur-
thermore, two different gain spectra are successfully separated.
Thus, without testing instruments like OTDR and OSA, we can
obtain multi-span power evolution and even individual RGSs
from only the signal of interest with DSP.

C. Applications

1) Health Monitoring of Gain: Since the method can sep-
arately reconstruct different RGSs of cascaded amplifiers, we
can identify anomaly amplifiers with undesirable gain spectra,
which would come from the degradation of pump lasers due
to aging and temperature variation. Furthermore, since the gain
spectra and fiber launch power for all WDM channels can be
monitored, automatic adjustment of gain tilt or flatness using
WSS can be expected for maximizing WDM system capacity.
Usually, in ROADM systems, optical channel monitors (OCM)
are implemented at ROADM nodes, which serve as OSA and
monitor the output spectra of nodes. However, OCM requires
signals to be tapped from the main transmission line and thus
leads to component loss and optical SNR degradation. CRM
potentially eliminates OCM and thus can avoid such loss and
save on CAPEX.

2) Fiber Nonlinear Noise Estimation: In DRA, the fiber non-
linear noise is a more critical quantity since the amplified in-line
signal power accompanies more nonlinear noise. By combining
the GN model [39] and the estimated power profile from CRM,
nonlinear noise can be estimated. OTDR generally does not work
for power profile extraction in DRA because backward Raman
scattering acts as forward Raman scattering for backscattered
Rayleigh light. Although modified OTDR can measure profiles
[44] and RGS [45], these measurements require pulses to be set
near the signal wavelength to measure the gain for the signal
of interest, and to be wavelength-swept for RGS measurement,
which is not practical in WDM systems.

3) Power Profile Symmetry Monitoring: The power profile
symmetry in a span enables the nonlinear mitigation perfor-
mance of OPC to be maximized [43]. Ideally, such symmetry
must be maintained for all WDM channels. Thus, monitoring
power profiles and RGS with CRM will ease the performance
maximization of such nonlinear mitigation techniques.

V. OPTICAL FILTER RESPONSE SEPARATION

In this section, we show that CRM can separately estimate
optical filter responses and thus identify the center frequency
detuning of individual filters. In dense WDM (DWDM) systems,
where less guard band is left, the signals are vulnerable to PBN
due to the misalignment or bandwidth deviation of optical filters
(e.g., WSSs) in ROADM systems [28]. Recent WSSs can tune
their bandwidth and central frequency to as fine as a few GHz
[46], and the PBN penalty can be minimized if these parameters
are tailored to the incoming signals. However, it is challenging
to identify a frequency-detuned filter among multiple cascaded
filters and estimate its frequency shift and shape because con-
catenated linear systems (the overall responses of two optical
filters) are not separable. CRM utilizes the fiber nonlinearity
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channel emulator.

in between optical filters so that the overall system becomes
a concatenation of linear and nonlinear systems and thus non-
commutative. Thus, we can distinguish two filter responses.

A. Multiple Filter Response Identification

First, we show the estimated whole inverse system charac-
teristics of a 50 km x 3 span SSMF transmission link. Fig. 19
shows the experimental setup. Again, the transceiver setup and
signal processing flow are basically the same as in Section III-A.
As depicted, each node had an optical filter, and their center
frequencies were varied from —20 to +20 GHz. Their 3-dB
bandwidth was set to approximately 100 GHz, which covers
the signal bandwidth (64 GBd with a roll-off factor of 0.2).
No intentional attenuation was inserted, and all fiber launch
powers were set to 10 dBm in this experiment. The channel
emulator consists of three spans of 25-step DBP (thus Az = 2
km) with two FIR-filter blocks h; and h, inserted at positions
that correspond to the first and second nodes, respectively. Each
filter had 201 taps. In this experiment, /3(zx) was fixed to the
total CD/total DBP steps. Initial values for 4/(z;) and h were
set to 0 and the impulse function, respectively.

Fig. 20 shows the identified power profile and identified
inverse frequency responses of optical filters. The estimated
power profile and the OTDR reference are shown in Fig. 20(a).
Fig. 20(b) and (c) show the responses of h; and h for the case
when the center frequency of the optical filters in the first and sec-
ond nodes were shifted by 415 GHz, respectively. All responses
are shown for two-sample/symbol operation. In Fig. 20(b), the
first FIR filter hy (blue) has a peak that compensates for the
PBN, while the second one h, (red) exhibits a flat response,
which clearly means that the PBN occurred in the first node,
not in the second node. The same tendency can be observed
in Fig. 20(c), where only hs (red) has a peak, while h; (blue)
does not, and thus, we can tell that the PBN occurred only in the
second node. Thus, the two different optical filter responses were
successfully separated, and we could detect the anomaly filter
among multiple ones. By monitoring these responses, we can
modify or optimize the center frequency of the analog optical
filter settings, and thus avoid excess filtering penalties.
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of FIR filters h; and ha when only (a) first and (b) second OBPF have center
frequency shifted by +15 GHz.

B. Shifted Frequency Estimation

From the estimated FIR filters, the shifted frequency A f
of the optical filters can also be estimated since the attenua-
tion at the edge of signal spectrum due to PBN appgn(Af)
corresponds to the peak in frequency responses max(|F'[h]|?).
We measured the optical attenuation level of OBPF at a half
baudrate (B/2) as a function of Af and compared it with the
peaks of the estimated frequency responses of h. Fig. 21 shows
the peak values (max(|F'[h;]]?) and max(|F'[h2]|?)) (blue, red)
and appn(Af) (green) as a function of A f. Note that, since
the estimated responses were fluctuating as seen in Fig. 20, a
low-pass filter was applied to F'[h] before plotting the maximum
values to reduce the fluctuation. Fig. 21(a) and (b) correspond to
when only the first and second OBPFs were shifted, respectively.
In both cases, no attenuation was observed for a shift from —6 to
8 GHz since the filter bandwidth is approximately 100 GHz and
no PBN occurred in that region. As A f increases, the measured
attenuation level at B/2 grows due to PBN. When only the first
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OBPF was shifted (Fig. 21(a)), the peak values for h;had a
good agreement with the measured loss. On the other hand, h,
and the measured loss are less correlated, which implies the
successful discrimination of the anomaly and normal OBPFs.
In Fig. 21(b), where only the second OBPF has a frequency
shift, the peak values for hy also have the same tendency as
the measured loss, while the peak values for h; show a flatter
characteristic over A f. When A f was -6 GHz < Af < 8 GHz,
where no PBN occurred, the two lines (red and blue) showed
reversed characteristics. For example, when the peak values for
h; were smaller, those for h, in turn exhibited a higher peak.
This is because the total amount of compensation of two FIR
taps must be 1 (0 dB) when there is no PBN. Thus, h; and h,
try to balance each other so that their sum becomes constant.

VI. CONCLUSION

As a digital longitudinal monitoring (DLM) technique, we
demonstrated a channel reconstruction method (CRM) that ex-
tracts multi-span fiber loss and CD profiles, multiple ampli-
fiers’ gain spectra, and multiple optical filters’ responses only
from data-carrying signals. From boundary conditions, CRM
reconstructs the whole optical fiber link in the digital domain,
where optical fibers and amplifiers are modeled as SSFM while
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optical filters are emulated by complex-valued FIR filters. Con-
sequently, anomaly loss, unexpected CD, insufficient gain, and
PBN were detected and localized. For a proof of concept, we
observed the absolute power profiles (x 7/(zx)) estimated by
CRM matched theoretical values well for a 4-span metro-reach
link. In our performance evaluation for a long-haul scenario
(~2080 km), we observed that a reduced signal power and
more channel noise degraded the estimation precision of v/ (zx,),
which implies “the nonlinearity to noise ratio (NLNR)” plays
a large role in determining the performance of CRM. Also, the
minimum detectable anomaly loss was discussed. Regarding the
estimation of 3(zy), CRM clearly detected anomaly fiber types
(DSF or NZ-DSF) inserted in a SSMF link, though its conver-
gence was slow and DSF and NZ-DSF are currently challenging
to distinguish without reference profiles in the targeted span. As
for optical amplifiers, we applied CRM to multi-span DRA sys-
tems and found that the algorithm successfully reconstructed two
different DRA gain spectra at cascaded nodes at the same time.
Finally, CRM separately estimated two different optical filter
responses, which enabled the localization of anomaly filters with
PBN. Unlike conventional analog approaches such as OTDR
and OSA, DLM digitally characterizes multiple components
in multi-span links at once, which reduces the CAPEX and
OPEX of network operation. By further enhancing its accuracy
and sensitivity, CRM will facilitate smart and cognitive optical
transmission systems, in which system design, establishment,
and management will be autonomously conducted for reliable
and capacity-maximized networks.

APPENDIX
GRADIENT CALCULATION OF CRM

Gradient calculation of FFT, IFFT, CDC, NLPR, and
complex-valued FIR-filter blocks are described here in accor-
dance with Fig. 5.

In the k-th linear CDC block, linear operations
are implemented with FFT and IFFT, ie., y=
ifft[fft[x] ~exp(—% (z1)w?Az)], where x = [xj,x,] and
Y = [¥n,¥»] denote the input and output vectors of a block
with h- and v- polarizations. As shown in Fig. 5(c), the
backpropagation of the FFT is equivalent to the IFFT and
vice versa. Also, the backpropagation of the frequency-domain
CDC and the partial derivative for 3(z;) update is calculated as
(Fig. 5(d)):

o1 _o1dy ol oy
ox  Oyox 0y ox
oI ]
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where Rel[-] takes the real part. Thus, the backpropagation of an
entire CDC block is simply implemented as:

oI o1 '
% ifft [fft {3)7} - exp <;,B (zk)aﬁAz)} .
Fig. 5(e) shows the k-th NLPR block, where the signal phase

is nonlinearly derotated as y = x - exp(—j~/(zx)||x|*Az)],
Ix]|? = |xn|?> + |xu|?. Its backpropagation is implemented as:
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In the s-th complex-valued FIR-filter blocks (Fig. 5(f)), which
emulates optical filters, h is applied to signals as:

y(n)zih(m)x(n—m), (15)

where z(n) and y(n) (n € {0,1,..., N — 1}) denote the input
and output of FIR blocks. Thus, its conjugate is

M-1

y(n) = Zh(m) x(n—m).

m=0

(16)

By using (15) and (16), the backpropagation of FIR blocks is
calculated as:

oI [ o1 oy
Oz (n) 5=\ 9y () 9z (n)

oI a(n')>
dy (n') Oz (n)

= oI
= h(n'—n) |, 17
n%<+@w>( 0 "
o\~ [ o1 ay(w) oI dy(n)
oh(m) 4= \0y(W)oh(m)  dy (') Oh (m)
N-1
= 0 z(n' —m 18
n’-O( +8y(n/) ( >> ( )

Note that the terms i (n’ — n) and z(n’ — m) are set to O for
out of domain. Egs. (17) and (18) mean that the backpropagation
of convolution is the convolution of the backpropagated deriva-
tives I /0y and flipped conjugate of the filters flip(h) or the
inputs flip(X), respectively (see Fig. 5(f)).
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