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Abstract We analyze filtering penalty in ASE-impaired optical links, including transceiver noise effects.
A mathematical model for FSE equalization is validated via time-domain simulation and exploited to
perform Monte Carlo analyses, incorporating stochastic variations in optical filters’ bandwidth and central

frequency. ©2025 The Author(s)
Introduction

Reconfigurable Optical Add-Drop Multiplexers
(ROADMSs), leveraging Wavelength Selective
Switches (WSSs), are the cornerstone of mod-
ern optical networks, due to their flexible switching
capability. Nevertheless, they are also responsible
for the introduction of many impairments, among
which filtering penalty is becoming more and more
significant, due to state-of-the-art transceivers
throughput increment('l. Metro networks are char-
acterized by cascades of several switching nodes,
short links and low optical power, leading to neg-
ligible fiber nonlinear interferencel' (NLI). On the
other hand, the spectral narrowing due to cas-
caded ROADMs filtering effect can significantly
impact the quality of transmission (QoT)!. Evalu-
ation of such impairment is pivotal in the develop-
ment of an optical network digital twin (DT). Cur-
rently, Gaussian-Model-based DTs!®! still need for
a reliable filtering penalty model. In addition, sta-
tistical system margin assessment must be consid-
ered, given the impossibility to characterize each
network device. The DT must account for optical
filters’ bandwidth and central frequency variation
(for instance due to changes of lightpath route),
which can lead to performance fluctuations.
Filtering penalty has been experimentally char-
acterized in several contributions*bl and miti-
gation techniques have been proposed!®l. From
the modeling point of view, many efforts have
been done leveraging classical equalization the-
ory for both in continuous domain!”}l and in dis-
crete domain®""1 which is closer to commercial
transceivers’ real implementation. In particular,®!
proposes an equalizer model based on Minimum
Mean Square Error (MMSE), whilel'% focuses on
Zero Forcing Equalization, considering a worst-
case conservative scenario. Regarding the statisti-
cal evaluation of filtering impairment, in®l the filters
central frequency variation, uniformly distributed,
has been analyzed in terms of sensitivity penalty.
In[2] fitting has been performed on optical WSS
filters experimental shapes, exploiting the model
provided inl"3l. Measurements demonstrated that
both filters’ central frequency and bandwidth pa-

rameters distributions are Gaussian.

However, a study of the impact of filtering
penalty on QoT, when optical filters’ parameters
are stochastic, is missing. In addition, rigorous
analysis of the interplay between ASE injection
position and where filtering effect is applied is yet
to be developed.

In this paper we fill this gap by evaluating the
QoT of a reference optical link in terms of re-
ceived SNR, adopting an highly realistic Fraction-
ally Spaced Equalizer (FSE) modell'!l. We con-
sider all the impairments as due to ASE noise,
filtering effect and transceiver penalty and we vali-
date the FSE model in case of asymmetric filtering,
exploiting time domain simulation. Finally, we per-
form an extensive Monte Carlo analysis, in order
to inspect the effect of statistical variation of opti-
cal filters’ parameters and to determine how the
reciprocal position of ASE sources and filtering
elements impacts on the QoT.

Methodology

The reference optical system is provided in Fig. 1.
It is composed by two amplified links at transmit-
ter and receiver side, connected to a cascade of
ROADMs, each equipped with booster and pre-
amplifier, representing a metro-network portion,
responsible for any filtering impairment. The num-
ber of spans of amplified links can be selected,
whereas the ROADM number is fixed to 8.

The QoT metric is the SNR at received side in
electrical domain, which in absence of filtering and
NLI is expressed byl'4l:

SNR = (SNR & + SNR1gyx) " (1)

Where SNRAsg = PRX/PASE|Bw:RS is due to
ASE noise in optical domain and SNRtrx ac-
counts for the transceiver impairment in electrical
domain. SNRrgrx value is obtained through the
characterization performed in past works!'o-1],
In addition, optical front-end converts the opti-
cal signal into electrical domain without apply-
ing additional filtering. Square-root raised cosine
pulse shaping with « = 0.15 rolloff, baud rate of
R, = 63.1 GBaud and DP-16 QAM modulation
is assumed. The central frequency is fo = 193.9
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Fig. 1: Reference optical link

THz, the launch power is set to 0 dBm, and ampli-
fiers are assumed to restore completely the power
losses, therefore, operating in transparency, the
received optical power is 0 dBm. Consequently,
SNRrrx = 17.26 dB. DSP performs matched fil-
tering and equalization in discrete domain at £ = 2
samples per symbol (sps), according to MMSE
strategy, therefore FSE model derived inl'" is con-
sidered:

SNRrse = SNR @)
kFSE
krse = df (3)
R _onf 2
T )H + SR

Where SNRgsE is the QoT metric that we consider
accounting for the the equalization strategy, krsg
is the filtering penalty with respect to SNR in ab-
sence of filters, and the minus one term in Eq. 2
accounts for unbiased equalization!''l. ASE noise
power injected by optical amplifiers is computed
according to a real metro-network scenario, con-
sidering NFin, = 6 dB and Gy = 15 dB as
inline amplifiers’ noise figure and gain, while for
boosters and preamplifiers such values are set to
NFgsT = NFprg = 9 dB and GBST = GPRE =38
dB. Finally, in this work is assumed that the total
number of spans out of the metro portion is equal
to Nin + Nouws = 6. Such amplifiers’ specifics lead
to a value of SNRasg = 19.43 dB at receiver.
Optical filtering is applied by ROADMs accord-
ing tol"3, and each filtering element can be tuned
by setting its central frequency fwss, so that asym-
metric filtering can occur, and its bandwidth param-
eters Bg, and Borr, leading to the coexistence of
smoother or sharper filters’ shapes along the line.

Model Validation

The FSE model experimentally validated in['"l
was tested also with respect to time-domain
simulation!®!, exploring complex filtering config-
urations which could not be easily deployed in
laboratory. For validation, the number of ampli-
fied spans at the transmitter and receiver side
has been set to N;, = Nou« = 3. Moreover,
each filter parameter has been extracted (indepen-
dently from other filters and from the other filter pa-

16

rameters) according to a Gaussian distributionl'?
as fwss ~ G(193.9 THz,0.78 GHz) (where the
second term in brackets is the standard devia-
tion), Beh ~ g(BCh‘ref GHZ7 1.43 GHZ) and Botg ~
G(11 GHz,1.1 GHz). The reference bandwidth
Bch ret Was the same for the entire optical filter cas-
cade and varied from 54 GHz to 75 GHz, repeating
the time domain simulation for twelve values. All
the process was repeated 5 times extracting inde-
pendently all the random variables, whose values
have been stored to be exploited by FSE model to
compute SNRrsg, which has been compared with
the time-domain simulator one. Finally, a simula-
tion with fixed filters’ parameters (corresponding to
the average values listed before) was performed
and taken as reference.

The result of validation is reported in Fig. 2. By
comparing the time-domain simulator outcomes
for nominal and stochastic filter parameters, the ex-
traction of fywss, Benref and Borr leads to stochas-
tic SNRrgg values that are spread around the nom-
inal ones. The FSE model accurately fits both
the nominal SNRrsg values and the ones corre-
sponding to each realization. A very small shift is
present when nominal By, et is between 65 GHz
and 72 GHz, because FSE model assumes infinite
equalizer taps, while time-domain simulator equal-
izer has been set to work with 128 taps. Overall,
the FSE model’s robustness to filter variation is
excellent, as it is clearly exemplified by extreme
realizations (for instance looking at Fig. 2b, 2d and
2e), justifying the following Monte Carlo analysis.
Monte Carlo Analyses
The final step of our work is the statistical analysis,
through Monte Carlo simulation, of QoT given ran-
dom variation of optical filters’ central frequency
(fwss) and bandwidth parameters (Bch, BoTr)-
We focused on 3 different strategies for noise in-
jection, which we call ASE pre (Ni, = 5, Nout = 1),
ASE distributed (N, = 3, Nout = 3) and ASE post
(Nin = 1, Nows = 5), so that the ASE noise contri-
bution is concentrated in different parts of the link.
For each strategy, statistical variation is applied
on optical filters’ parameters. First, the optical fil-
ters’ central frequencies are randomly distributed
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Fig. 2: Model validation through time-domain (T.D.) simulation



Of,.s = 0 GHz, 0g,, = 1.5 GHz, 03, = 1.1 GHz

Of,.c = 2 GHz, 0g,, = 1.5 GHz, 0g,,, = 1.1 GHz

Of,.. = 2 GHz, 0g,, = 0 GHz, 03,,, = 0 GHz
T
= 0.1% Th. = 12.75 dB

»
[=]
(=]

N
[=]
(=]

Realizations

(=]

T
=== 0.1% Th. = 13.47 dB

T
= 0.1% Th. = 12.06 dB
- Maxwellian fit

aid 35y

T
~— 0.1% Th. = 12.62 dB

b
[=]
(=]

N

(=]

o
L

Realizations

T
=~ 0.1% Th. = 13.35 dB

T
=~ 0.1% Th. = 11.95 dB
Maxwellian fit

As1p 3SV

o

T
== 0.1% Th. = 12.5 dB

T
== 0.1% Th. = 13.25 dB

" —— 0.1% Th. = 11.8 dB

g 400 - Maxwellian fit A 2 *. a
E m
£ 200 8
3 Qa
o

0- e
12 13 14 15 12 14 15 12 13 14 15
SNRgse [dB] SNRgse [dB] SNRgse [dB]

Fig. 3: Monte Carlo simulations results

and the bandwidths are fixed; then central fre-
quencies are fixed and bandwidths are randomly
distributed; finally, all the parameters are randomly
distributed. In total, 9 scenarios have been sim-
ulated, with 10000 runs each. For each filter in
the ROADMs cascade, each parameter has been
extracted independently at each run, according
to the following Gaussian distributions: fywss ~
G(193.9 THz,2 GHz), B, ~ G(74 GHz,1.5 GHz)
and Borr ~ G(11 GHz, 1.1 GHz), so we fixed the
filters reference bandwidth Bgp ref = 74 GHz.

Results are provided in Fig. 3, where along each
line we fix the ASE noise injection (pre, distributed,
post), while along each column the number of
random parameters is the same. We point out
that bandwidth parameters variation can lead to
higher SNRrsg, while central frequency misalign-
ment could only worsen the performance, causing
asymmetric filtering.

Moreover, when all the filters’ parameters are
subject to random variations the resulting distribu-
tion can be accurately fit by a Maxwellian curve:

N —1)? _ (SNRpay—n)?
fSNRFSE (l’) =k- (S](i{:;e;xg/Q)e 202 (4)
Where k is a scaling parameter, ¢ the standard
deviation and SNRmax is the maximum SNRpsg
obtained in the simulation. The probability density
function is obtained by normalizing fsngps (2)-

Once the distributions are available, it is possible
to perform statistical margin assessment based on
a desired out of service (OOS) probability!®l. In
this work we set poos = 0.001 and we integrated
the distributions’ left tails, finding a threshold on
the SNR: then, SNRrgg realizations will be lower
than the threshold with probability equal to poos-
The lower is the threshold value, the higher is the
expected penalty, since the distribution is spread
towards lower SNR values.

Comparing the thresholds in Fig. 3, an interest-
ing observation can be made on the ASE injec-
tion strategy: when ASE noise is "closer" to the
receiver (post) the threshold is lower, so the per-
formance is worse, while in the "ASE pre" case

thresholds are higher. Such behavior is because
the equalizer applies its function based on the
transmitted signal. The closer the noise is to the
receiver, the greater the difference in number of
crossed filter elements, compared to the signal.

The final very important consideration is on the
interplay of frequency offset and bandwidth varia-
tion. Looking at Fig. 3, the threshold for random
central frequency (first column) is way lower than
when bandwidth parameters are random (second
column). Nevertheless, setting the system thresh-
old as the lower one would be non-conservative,
because in the third column it is evident that the
interplay between frequency and bandwidth varia-
tion leads to an even lower SNR threshold. There-
fore, it is highly recommended to consider all the
variations operating simultaneously to give a reli-
able operating margin.

Conclusions

In this paper we evaluated statistical filtering
penalty on SNR-based QoT for realistic optical link
scenarios and equalization strategy based on the
accurate validated FSE model. First, we showed
that critical case is when most of the ASE noise
is introduced closer to the receiver. Finally, we
proved that in assessing a reliable SNR threshold,
based on a target OOS probability, the variations
of all the optical filters’ parameters must be con-
sidered simultaneously.

Pursuing the objective of implementing filtering
penalty QoT estimation in a DT transmission sys-
tem, the possibility of computing the OOS thresh-
old exploiting the Maxwellian shape of the filtering-
penalty-induced-SNR probability distribution is cru-
cial. In addition the time saving brought by the
developed model is huge: time-domain simulation
of "Model Validation" section required a couple of
days (only 5 realization), while all the 90000 Monte
Carlo runs required less than 10 minutes.

Further works will extend the simulation cam-
paign, analyzing the statistical behavior of filtering-
penalty-induced-SNR distributions, developing
closed formulas to compute system margin.
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