POLITECNICO DI TORINO
Repository ISTITUZIONALE

Filtering Effects Characterization in Metro-Access Networks and Future High-Speed Coherent Optical
Communication Schemes

Original

Filtering Effects Characterization in Metro-Access Networks and Future High-Speed Coherent Optical Communication
Schemes / Rizzelli, G., Torres-Ferrera, P., Napoli, A., Gaudino, R.. - In: JOURNAL OF LIGHTWAVE TECHNOLOGY. -
ISSN 0733-8724. - STAMPA. - 43:3(2025), pp. 1114-1122. [10.1109/jIt.2024.3477552]

Availability:
This version is available at: 11583/2996905 since: 2025-01-24T09:32:11Z

Publisher:
IEEE

Published
DOI:10.1109/j1t.2024.3477552

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright
IEEE postprint/Author's Accepted Manuscript

©2025 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collecting works, for resale or lists, or reuse of any copyrighted component of this work in other works.

(Article begins on next page)

16 September 2026



Filtering Effects Characterization in Metro-Access
Networks and Future High-Speed Coherent Optical
Communication Schemes

Giuseppe Rizzelli, Pablo Torres-Ferrera, Antonio Napoli, and Roberto Gaudino, Senior Member, IEEE

Abstract—We present a detailed experimental analysis of the
penalty introduced by optical filtering during propagation of a
high-speed coherently detected signal. We investigate the perfor-
mance penalty in terms of sensitivity reduction of a commercial
coherent transceiver at a given bit error rate (BER) threshold,
and resulting maximum achievable optical power budget, when
transmitting a 400G PM-16QAM signal through an optical
filter with variable parameters such as bandwidth, order and
central frequency de-tuning. Moreover, we discuss an analytical
method able to predict the experimental results with remarkable
accuracy, even at variable optical signal to noise ratio (OSNR)
levels and considerably low received optical power. Our analysis
aims at improving our understanding of the impact of optical
filtering on modern coherent communication schemes and, in
particular, in the scenario of adoption of coherent detection
in the short-reach transmission segment, for instance in future
all-optical metro-access networks. Moreover, our analytical tool
can be of great help in the design process of novel network
configurations, thanks to its simplicity, reliability and speed.

Index Terms—Coherent Detection, Filtering Effects, Optical
Communications, Performance Modeling.

I. INTRODUCTION

OHERENT detection has radically changed optical com-

munications ever since it was applied to long-haul high-
speed data transmission systems for the first time. Today, the
increasing need for higher data rates in shorter reach solutions
such as the access segment and even data center intercon-
nects [1]], [2] is encouraging both industrial and academic
players to envision the introduction of the coherent technol-
ogy in networks so far dominated by intensity modulation
and direct detection (IMDD). For instance, standardization
authorities such as the International Telecommunication Union
Telecommunication Standardization Sector (ITU-T), have al-
ready initiated the discussion on the next generation of passive
optical network (PON) beyond the recently defined S0G-PON
[3]. It is still unclear whether the new standard will aim at
100 Gbps or 200 Gbps bit rate on a single wavelength. The
former solution would most likely still rely on the currently
employed IMDD approach, possibly with a more advanced
PAM-4 modulation format and a more aggressive use of
digital signal processing (DSP) for signal equalization at the
receiver. However, PON transmission speed beyond 100G/A is
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proving very challenging with IMDD. Thus, the 200G solution
would probably require a technology switch in favor of a
more suitable coherent detection [4f]. Furthermore, CableLabs
and the OpenXR forum are considering the digital subcarrier
multiplexing (DSCM) approach as a possible alternative to the
typical single carrier coherent solution. If coherent detection
will ever be the adopted, the role of reconfigurable optical
add-drop multiplexers (ROADMs) will become increasingly
crucial, for instance in enabling the convergence between a
metro and an access network [5] towards an all-optical high-
speed coherent metro-access network. ROADMs placed at the
edge between the two segments would allow for transpar-
ent routing of certain wavelengths towards the final user in
a coherent-PON scenario, potentially without the need for
a central office. Conversely, a cascade of ROADMs, each
comprising at least two wavelength selective switches (WSS)
on the signal path, can generate a considerable reduction of
the overall optical channel bandwidth, ultimately affecting the
transmission performance. The impact of the filtering effect
would be even severer in the downstream direction in a metro-
access network, where the received signal is also impaired by
a combination of the amplified spontaneous emission (ASE)
noise introduced in the metro segment, and the noise inside the
coherent receiver, that typically receives a low power signal
attenuated during propagation along a completely passive
optical link.

Regardless of the network topology, the presence of
ROADMs is nowadays a key enabler of modern dynamic
optical networks. However, due to the increasing data trans-
mission rates and the narrowing of the spectral separation
between channels in flexible wavelength division multiplexing
(WDM) schemes, their filtering effect can represent a major
cause of performance degradation both in fixed-grid or flexi-
grid WDM solutions [6]]. Several works have addressed the
possibility to estimate the impact of optical channel contrac-
tion through several methods. Some are based on complex
machine learning and artificial neural networks approaches
[7]-[10]. In [11] they propose a semi-analytical model based
on parameters extraction through fitting with a large number of
experimental results, whereas in [[12] a fully analytical model
based on the minimum mean squared error (MMSE) theory
is proposed, that requires knowledge of a whitening filter
derived by the noise power spectral density (PSD). All of these
methods can provide sufficient accuracy, but are proposed and
demonstrated for a fixed and usually high received optical
power and variable OSNR levels, as typically required in long-
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a) Block diagram of the experimental setup. b) Analytical resulting transfer function of the cascade of 2 (blue), 4 (red) and 6 (orange) WSS. c)

Comparison of the measured PSD of the transmitted signal (blue) with the PSD of the signal after a super Gaussian filter of order 3 (red), 6 (orange) and 9
(purple) with B/Rg = 75%, and the receiver electrical transfer function (grey, dashed).

haul and metro networks performance estimation. Thus, they
have never been tested in a coherent PON scenario where the
most limiting factor is the noise level at the receiver input due
to the fact that the useful signal power is generally very low,
close to the receiver sensitivity, and shot and thermal noise
becomes relevant [[13|]. Here, we extend the work presented
in [14], by experimentally evaluating the sensitivity penalty
of a single-carrier commercial coherent transceiver, induced
by optical filtering of a high speed 400G PM-16QAM signal
as a function of several parameters, such as the filter order,
the filter bandwidth, the offset between the filter and the
signal central frequency and the OSNR. Furthermore, we
extend a previously proposed analytical model [[15] to take into
account the OSNR impact and estimate the filtering penalty
in all the aforementioned conditions. Thus, the novelty of the
present work resides both in the experimental characterization
of the performance degradation of a commercial coherent
transceiver due to optical filtering, and in the demonstration of
the possibility to properly predict these filtering effects through
an analytical tool in the novel scenario of a metro+PON
converged network for future optical communications. Please
note that commercial devices are not usually specified to be
operated at low received optical power as they are usually
employed in optically amplified long-haul or metro networks.
Thus, this work is also a demonstration of the application of
high-speed commercial coherent technology to the PON world,
or in general to scenarios involving low received optical power.

The manuscript is organized as follows. In Section [[T| we ex-
plain the experimental setup and show the main measurements
results in terms of achievable total optical power budget as a
function of the filter bandwidth and of the imposed OSNR.
In Section [[II] we briefly introduce the extended analytical
model, improved to account for the OSNR in the estimation
of the overall SNR at the adaptive equalizer output, and show
a comparison of the analytical and experimental results, also
for a variable central frequency misalignment between the
signal and the filter. In Section[IV] we use the analytical model
to analyze the converged metro-access transmission scenario.
Lastly, in Section [V| we discuss the main implications of the
achieved results and draw some conclusions.

II. EXPERIMENTAL ASSESSMENT OF FILTERING PENALTY

To characterize the effect of optical filtering on the per-
formance of a high speed coherent commercial transceiver we
use the experimental setup shown in Fig. [Th. It implements the
classic noise loading technique, where ASE noise is generated
through an erbium doped fiber amplifier (EDFA), filtered to
obtain a flat noise level in the frequency range of interest and
then amplified again and attenuated through a variable optical
attenuator (VOA 1) to obtain the desired OSNR. The optical
noise is added to the 400G PM-16QAM transmitted signal at
the output of the transceiver, after an optical filtering stage
implemented through a Finisar 1000S programmable wave
shaper. Thus, a single filter is used to emulate the effect of a
cascade of filters on the optical path of the signal, typically
represented by ROADMs, each equipped with two WSS.
The narrowing of the channel bandwidth can be considerable
already after a few ROADMs as shown by the analytical
transfer functions in Fig. [[p where a WSS is described by
a super Gaussian (SG) profile with order 6 and a central
frequency that can vary randomly by +5% of the nominal 75
GHz bandwidth. After 6 filters, i.e. 3 ROADMSs, we observe
a significant bandwidth reduction down to about 63 GHz. The
cascade of many super Gaussian filters strongly affects the
resulting overall bandwidth but has only a marginal impact on
the order (i.e. the roll-off) of the resulting filtering frequency
profile. In [16] the Authors propose a model for predicting
the spectral response of liquid crystal on silicon-based WSS
filters that deviates slightly from the super Gaussian simplified
assumption. The optical field spectrum of the filter is described
by

_l Bch/z_f _ _Bch/z_f
501 = o er (FALL ) ey (FLEEL)

where B}, is the channel bandwidth and oo = BWorr/2V2In2.
BWorF is defined as the optical transfer function bandwidth
and is related to the physical implementation of the device.
It impacts on the roll-off of the filter frequency response and
is, therefore, related to the order of a super Gaussian filter.
Throughout the paper, we will consider super Gaussian filters
of order 3, 6 and 9 corresponding to 12.5 GHz, 6.8 GHz
and 4.6 GHz BWorF, respectively. These Borp values are
computed for a reference filter bandwidth B,.r = 50 GHz as
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Fig. 2. ODN loss at BERT = 1072 as a function of the OSNR and of the B/Rg ratio for a) filter order 3, b) filter order 6 and c¢) filter order 9.

in [16] and scale at any other bandwidth B., as the ratio
Ben/Brey. They result in an excellent match of the filter
profiles obtained with the two approaches, with the super
Gaussian assumption deviating from the filter proposed in [[16]
only on the tails of the frequency response, with 0.7 GHz
difference down at -15 dB relative amplitude. The optical filter
response down to -15 dB and even below is very relevant
when considering the crosstalk among adjacent channels in a
WDM scheme, however for the single channel performance
analysis addressed in this paper only the transfer function
down to about -10 dB is relevant. B.; in [16] corresponds
to the desired frequency slot in the ITU-T grid, usually with
12.5 GHz granularity. In our study we will consider filter
bandwidth equal to 75%, 80%, 85%, 90%, 100%, 125%
and 150% of the 64 GBaud symbol rate (400G net bit rate
with PM-16QAM modulation), corresponding to 48 GHz,
51.2 GHz, 54.4 GHz, 57.6 GHz, 64 GHz, 80 GHz and 96
GHz, respectively. Considering a 12.5 GHz slot granularity
the occupied number of slots for our filters are respectively 4,
5,5,5,6,7, and 8, rounded up to the nearest integer.

The ASE noise is added after the filter, therefore our anal-
ysis is carried out in a worst-case scenario, as the unfiltered
noise impact is stronger then in the case where the noise and
the signal are equally filtered [12]. After noise loading, a small
fraction of the signal is tapped out for OSNR measurement
through an optical spectrum analyzer (OSA) on a bandwidth
equal to the symbol rate (63 GHz). Lastly, the received signal
is attenuated through VOA 2 to vary the average received
optical power Prx and emulate the overall loss of the optical
link. This loss is a key parameter in the PON environment
and is usually referred to as the optical distribution network
(ODN) loss, the maximum admissible attenuation of the signal
due mainly to fiber propagation and power splitting, for a given
target BER. As the frequency profile of the signal and of the
filters are relevant for the performance of both the system and
the analytical model presented in Section Fig. [Tk shows
the PSD of the 63 GBaud transmitted signal at the output of
the transmitter. We report the PSD of the signal when filtered
through a SG profile programmed on the wave shaper at a 3 dB
filter bandwidth B equal to 75% of the symbol rate Rs. Fig. [Tk
displays the SG filter profile, obtained through measurement
of the filtered transmitted signal spectrum at the output of the
wave shaper for three different values of the filter order, and

the electrical transfer function of the coherent receiver (dashed
line). The latter has been computed from the analog-to-digital
converter (ADC) samples acquired from the commercial card
when broadband optical noise only was applied at the receiver
input. All spectra are normalized to their maximum amplitude
and shifted around zero frequency.

Fig. 2] shows the experimental characterization of the ODN
loss defined as the difference between the transmitted power
Prx and the received power Prx at the target BERT = 1072,
when Prxy = 11 dBm, a typical value for PON to maximize
the total power budget with reduced nonlinear Kerr effects.
The analysis includes both the effect of ASE noise through a
variable OSNR, and that of the receiver noise at very low re-
ceived power levels. This type of comprehensive investigation
is required in metro+PON systems as the ultimate performance
is the combination of the two combined effects. An increasing
achievable ODN loss is highlighted for increasing OSNR
and for increasing ratio between the filter bandwidth and the
symbol rate. The impact of narrow filter bandwidth is greater
for high filter orders with a steeper roll off. In fact, for a
SG order 3, the receiver equalizer is able to converge and
the DSP returns a measurable BER for B/Rg ratios down
to 75%, whereas the lowest acceptable ratio reduces to 85%
for SG order 6 and 9. Assuming that the lowest admissible
ODN loss is the 29 dB defined in all ITU-T standards [3]] for
class N1 PON, Fig. [2] highlights that only filtering equivalent
to a SG profile of order 3 with bandwidth equal to 90% of
the symbol rate can be tolerated at non-critical OSNR levels
in the range 19-22 dB. The OSNR required when the SG
order is 6 for the same 90% B/Rg ratio is greater than 25
dB, whereas almost no filtering can be allowed for a SG filter
order 9. However, these results confirm that, in a filterless
scenario, very high ODN loss, in excess of 30 dB, and up to
34 dB, can be obtained at BER = 1072 as we observed in
[5] in an offline processing experiment. Please note that the
last measurement — in all curves shown in Fig. 2] — appears
displaced from the others as it was taken by setting VOA
1 to its maximum attenuation value to assess the system
performance at maximum OSNR. Moreover, the curves for
some of the B/R, values are not shown in Fig. and Fig.
[k as the DSP of the commercial transponder cannot operate
under such strong filtering conditions (this holds also for Fig.
M) in Section [I) showing FEC fail conditions preventing to



reach the target BER.

III. ANALYTICAL ESTIMATION OF FILTERING PENALTY

To address the ever increasing need for a fast and reli-
able network planning phase, especially when dealing with
modern open and disaggregated network paradigm, in [[15]]
we presented an analytical tool for performance estimation of
unamplified coherent systems based on [[17]. Then, in [18],
[19] we modified the model and adapted it to applications
employing IMDD. In our most recent work [20], we further
extended the two models to account for additional effects
such as quantization noise, optical backreflections and ASE
noise. Here, we apply the analytical model to the specific
scenario introduced in Section |l of a metro-access converged
network represented by the schematic abstraction in Fig. [3]
Hrx(f) is the PSD of the transmitted 400G PM-16QAM
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Fig. 3. Schematic abstraction of the analytical model.

signal emitted by the transmission node, the transmitter inside
the coherent transceiver in our experiment. Hggp(f) is the
transfer function of the SG filter representing the filtering
stage (e.g. a ROADM at the edge between the metro and
access sections of the network) and Hgrx(f) is the frequency
response of the coherent receiver, for instance located at
the optical network unit (ONU) side in a coherent PON. A
detailed derivation of our model, not included here also for
space limitations, can be found in [15], [17], [20]. Here, we
only introduce the key equations for the computation of the
SNR at the output of a MMSE equalizer, that is assumed to
have an arbitrarily high number of taps. We will show that
this infinitely long equalizer assumption is the most limiting
factor to the accuracy of our model when strong filtering is
applied. The frequency resolved SNR( f), as required in [17],
is described by the equation

Prx - |Hror (f)I?
Rs - No+ Sosnr(f)

where |Hro: (f)* = |Hrx(/)I* - [Hscr (/)I* - [Hrx (f)I?, Rs
is the symbol rate, Ny is the PSD of the noise generated
inside the coherent receiver n(t) (typically shot noise and
transimpedence amplifier thermal noise), Sosnr(f) = 0};‘}\’,‘R .
|Hrx(f)|? is the spectrum of the ASE noise nasg (¢) induced
by the optical amplification, colored as a result of the receiver
filter Hrx (f), with Pgx the received optical power and OSNR
defined on bandwidth equal to the baud rate. Both noise
sources at the denominator of Eq. E] are modeled as additive,
white and Gaussian, a valid assumption as we show, for
instance, in [13]. Here, we do not consider the quantization
effect since, as we will show, the system performance and the
model accuracy are not affected by the quantization noise at

SNR(f) = 2

the considered BER level. The SNR at the equalizer output is

(7]
L
2T
SNReq:(T~/l

2T

(1 +SN_R(f))_ldf)_l NG

where SNR(f) is the folded version of SNR(f)

SNR(f)= ) SNR (- %) )
H

u is the integer number of spectral foldings, and T is the
symbol period. By applying Egs. [2] to [4] to the schematic in
Fig. 3] we can obtain SNR,, values that can be converted
to BER values for any given modulation formats through
the well known theoretical formulas. For 16QAM modulation
the relation is BER = 3/8 erfc({/SNR.,/10), that allows
to reproduce the sensitivity curves as BER vs. Prx. The
analytical evaluation of the absolute sensitivity depends on
the exact knowledge of the receiver noise PSD Ny. This is
not a fixed parameter but depends on the specific transponder
and only introduces a rigid shift of the sensitivity curves
as a function of the received power. Therefore, instead of
the absolute sensitivity, we compute the sensitivity penalty
associated with optical channel bandwidth limitations. We
show this penalty in Fig. for a BERy = 1072 for both
experiments and analytical model, for the three values of the
SG filter order, as a function of the OSNR and of the B/Rg
ratio. The experimental results are the same as in Fig. [2]and for
all curves, the penalty is computed with respect to the optimum
sensitivity for the specific B/Rgs ratio. Moreover, to avoid any
discrepancy due to the non perfect analytical reproduction of
the real PSDs, we used in equation [2] the power profiles of the
transmitted signal, the filtered signal and the receiver transfer
function, measured through the OSA.

From Fig. |4p it is clear that the model is able to predict the
experimental performance with remarkable accuracy, when the
filter order is 3, for any OSNR value and any filter bandwidth.
The only exception is the case for B/Rs = 85% when for some
uncontrolled reason our experimental measurements where
not performed correctly. Other small discrepancies can be
attributed to a slightly inaccurate measurement of the OSNR
on the OSA. The same high accuracy is observable also in Fig.
and Fig. [k, respectively for filter order 6 and 9, for B/Rs
ratios up to 85% and 90%, respectively. As the filtering effect
becomes more relevant, for instance when B/Rg = 85% in the
SG filter with order 9 case, the model reliability is hindered by
the infinitely long equalizer assumption. Experimental results,
in fact, are overestimated by the model, that yields a lower
penalty for a given OSNR level. Experimental performance,
on the other hand, is limited by the fixed number of taps
of the equalizer in the DSP, usually chosen as small as
possible by the manufacturer in order to keep application-
specific integrated circuit (ASIC) complexity and convergence
time to the minimum. To verify that the disagreement of the
analytical and experimental results is due to a mismatch in the
considered equalizer parameters, we focus on the specific case
of a 6th order SG filter with B/Rs = 90%, and show in Fig.
the sensitivity penalty computed with respect to the absolute
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Fig. 5. Experimental (circles) and analytical (solid, dots) sensitivity penalty
as a function of the OSNR for filter order 6, B/Rs = 90% (purple) and
B/Rs = 150% (red). The dashed curves show simulation results for 300
(squares), 20 (diamonds) and 8 (crosses) equalizer taps.

optimum, that is the case without filtering (B/Rs = 150%)
and maximum OSNR (32 dB). As we have no access to the
settings of the DSP parameters inside the transponder, we
compare analytical and experimental results with numerical
simulation based on a standard coherent DSP chain, where
we can modify the equalizer implementation. When the filter
bandwidth is sufficiently large, so that no significant filtering
is applied to the signal, the simulation results obtained with
a 300 taps least mean square (LMS) equalizer are perfectly
superimposed on the experimental ones, showing that the DSP
of the coherent transponder does not introduce any limitation.
In this case the analytical model can estimate the OSNR-
dependent performance with high accuracy. When filtering
is included on the optical path, a non negligible difference
between analytical and experimental results can be observed.
However, this difference is to be ascribed to the limitations
associated with the practical implementation of the equaliza-
tion algorithm. When a realistic number of equalizer taps (8)
is used in the simulator, in fact, simulations reproduce quite
well the experimental penalty, whereas when the equalizer
is extremely long (e.g. 300 taps to emulate the infinitely
long equalizer condition) the simulations agree perfectly with
the model. This confirms that our analytical tool is to be
considered an ideal estimator of the performance of a realistic
system as it cannot take into account DSP limitations.

4. Experimental (circles) and analytical (solid, dots) sensitivity penalty vs OSNR for different B/Rg ratios and for filter order a) 3, b) 6 and c) 9.

Moreover, it shows that a significant gain can be obtained if
the transceiver DSP chain is optimized to the specific scenario,
obviously at the cost of additional complexity. In fact, our
simulations show that a practical number of 20 taps for the
equalizer is already enough to recover most of the mismatch
from the analytical ideal performance and reduce it to about
0.3 dB. Therefore, a possible application of our analytical
model — in realistic scenarios — can envision a comparison
between the experimental capabilities of a commercial device
and the ideal analytically predicted operation to evaluate the
gap of the specific practical configuration and understand what
it takes to reduce it to the minimum. Moreover, although pre-
or post-compensation methods are not studied in this work,
our model can take into account generic power spectral density
PSD7x(f) at the transmitter, and thus it can also be used to
study pre-emphasis techniques that can ease the requirement
on the equalizer length in practical devices. Fig. [5] also shows
maximum estimation errors of the model against numerical
simulation below 0.2 dB, very similar to what we show in
[15] in ASE noise-free conditions. The error increases above
0.5 dB only for OSNR values below 19 dB and when the
filtering effect is non-negligible (B/R; = 90%).

2 : | | :
18} —©-B/R =90% - Order 6
— 18+ —&-B/R =85% - Order 6
5 14} -©®-B/R;=90% - Order9
£ -H = =859, .
g 12t B -B/Rg=85% - Order9
[
a 1t
£
=081
‘G
é 06
04r
02r
0 : - = =0 ¥
5 10 15 20 25 30 35 40 45 50

Equalizer Taps

Fig. 6. Sensitivity penalty as a function of the number of equalizer taps
for filter order 6 (solid) and 9 (dashed), and B/Rs = 85% (squares) and
B/Rs =90% (circles).



Fig. [f] shows in detail how the average received optical
power required to achieve BER7 = 1072 reduces as a function
of the number of taps used in the LMS equalization filter in
the simulator DSP. The penalty is computed with respect to the
sensitivity obtained with 300 equalization taps for two optical
SG filter orders and two B/Rg ratios. In all analyzed cases,
50 taps are sufficient to fulfill the infinitely long equalizer
assumption, whereas a number of taps smaller than 10 results
in a penalty larger than 1 dB. Nevertheless, these simulation
results show that the system performance is only 0.5 dB worse
than the ideal case, even in the somewhat extreme case of a
9th order SG filter with bandwidth equal to 85% of the symbol
rate, if 22 taps are used for the equalizer. A reasonable number
for today’s integrated DSP circuits.

Another typical effect related to optical filters concerns a
non perfect alignment between the filter and the signal in the
desired spectral grid. As shown in Fig. [TIp, the cascade of
a few optical filters — whose central frequency can slightly
vary around the nominal value — leads to a narrower resulting
transfer function and in an asymmetrical spectral profile. Thus,
to study also this effect we have inserted in our experiments a
frequency offset A f,. between the central frequency of the filter
programmed through the wave shaper in Fig. [Th, and that of
the modulated signal. Fig.[/| shows the sensitivity penalty with
respect to the optimum obtained at B/Rs = 150% as a function
of the frequency offset Af., for three B/Rg values, when the
OSNR is fixed to 30 dB. The misalignment has a negligible
impact, as expected, when the filter transfer bandwidth is
broader than the signal spectrum for B/Rs = 125%. When the
filter bandwidth is equal to the symbol rate for B/Rs = 100%
a 1 dB penalty can be observed even for a perfect alignment
when Af. = 0, and increases for increasing offset, especially
for high filter orders as in Fig. [Ib and Fig. [Tk, respectively for
6th and 9th order. Interestingly, when the filter bandwidth is
much narrower than the signal for B/Rg = 75% the filtering
effect increases as the filter is shifted from perfect central
frequency alignment towards one side of the signal spectrum.
This could only be observed for filter order 3, as for higher
orders the commercial coherent transceiver DSP was not able
to measure BER levels due to sync loss error. The decrease in
sensitivity for increasing offset is properly predicted also by
the model. Analytical results show a good accuracy for the two
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broader filter bandwidth values and for the three considered
filter orders. For the narrow filter with B/Rs = 75%, again,
the experimental results are affected by the DSP limitations
of the commercial transponder and are thus overestimated by
the model, that cannot take these aspect into account. In Fig.
we thus show simulation results for a low (8) and a high
(300) number of taps in the LMS equalizer, highlighting again
a good correspondence with the limited experimental results
and the ideal analytical model, respectively.

IV. MODEL APPLICATION SCENARIO

In this Section, we present an example of application of
the proposed model related to the design of a possible novel
network layout in the context of the full-coherent converged
metro + PON solution. The transmission configuration we
envision is depicted in Fig. [§] where a 400G PM-16QAM
signal travels along an optical path where two ROADMs are
placed in the metro section of the network. This scenario is
similar to what would happen in a long-haul system, with the
signal propagating through several ROADMs. As we will show
in this Section, our model can be tailored to take into account
a distributed ASE noise effect along a generic link with an
arbitrary number of amplification and filtering stages. We run
a Monte-Carlo analysis using the attenuation, noise figure and
gain parameters indicated below, chosen to comply with those
reported in a typical commercial ROADMs datasheet. We will
assume a random inaccuracy of the central wavelength of
the WSS filters, and assess the resulting system penalty in
a statistical way. Each ROADM is modeled as the chain of
an EDFA with gain G, two WSS with a 6 dB insertion loss
each, and another EDFA with gain G,. The total loss of the
ROADM associated with filtering stages is thus agoapy = 12
dB. Before each ROADM the signal propagates along a fiber
optic link where it is attenuated by @,erro dB. We assume that
the transmitted power is P,y¢sro = 11 dBm per channel and that
each EDFA perfectly recovers the optical power loss, so that
G| = ®metro» G2 = aroapm and thus the power launched
in the access segment of the network iS Puce = Puetro-
These assumptions are likely a partial simplification of a
practical actual experimental implementation, but we use them
to avoid having too many free parameters in our analysis. The
OSNR obtained at the second ROADM output is about 40
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Fig. 7. Experimental (circles) and analytical (solid, dots) sensitivity penalty vs Af. and B/Rg ratio for filter order a) 3, b) 6 and c¢) 9. The dashed curves
in a) show simulation results for 300 (squares), 20 (diamonds) and 8 (crosses) equalizer taps.
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Fig. 8. Block diagram of the metro-access application scenario.

dB. Lastly, before coherent detection, a variable ODN loss
is introduced and the BER vs. Pgrx sensitivity curves are
computed analytically. In this case, the ASE noise is generated
at different locations of the link, therefore different optical
noise contributions cross a different number of filtering stages.
Eq. 2] describing the SNR in the frequency domain as the ratio
between the PSD of the useful signal PSDg(f) and the PSD
of the noise PSD y (f) becomes

PSDs(f) B Hro ()P

SNR(f) = PSDN(f) ~ No+ PSDase(f)

(5
where

|Hroi (N)I> = Hrx () - HSS ()P - 1HY S ()
[HYSS (NP - 1HYSS (O - IHrx (NP (6)
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G G G
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XODN QXROADM
1 1
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where h is the Planck’s constant, f. is the carrier optical
frequency and F = 5 dB is the noise figure of the EDFAs.
H}VSS is the transfer function of the each WSS, generated as

il ACCESS
N
I

EDFA 2

|
I
Coherent ||
RX ||
|
|

=|| Pace

_ 1-=P QopN
G2 = @roapm ||~ e
ik

a super Gaussian filter with variable central frequency. In Eq.
[7| each of the four terms is related to a specific EDFA of the
chain. For instance, the first one represent the PSD of the ASE
noise generated by the first EDFA that is filtered by all WSS,
the ASE associated with the second and the third EDFAs are
filtered only by the third and fourth WSS, whereas there is no
WSS after the last EDFA.

Fig. [9] shows the probability distribution for the ODN loss
penalty with respect to the maximum computed ODN loss
for several B/Rg ratios when the filter order is 3. We set the
filter bandwidth B to 90%, 100%, 125% and 150% of the 64
GBaud symbol rate. These values correspond respectively to
57.6 GHz, 64 GHz, 80 GHz and 96 GHz or, following [16],
to 5, 6, 7, and 8 frequency slots with 12.5 GHz granularity,
whereas Borr = 12.5 GHz for a reference 50 GHz filter
bandwidth (super Gaussian order 3, see Section |I_I[) For each
filter bandwidth 1000 realizations of the filter profiles with
central frequency uniformly distributed within £10% of the
nominal bandwidth of the filter (Af, € [-10%, +10%] - B) are
generated. For each combination of the four filters frequency
response, the ODN loss is varied from 0 dB to 45 dB with 0.5
dB step. Thus, the complete Monte Carlo analysis included
4-1000-91 = 364000 SNR and BER computations, performed
in about 2.8 minutes (about 0.47 milliseconds each) on a con-
sumer grade PC equipped with an Intel© i9 3 GHz processor
with 24 cores and 32 GB DDR5 RAM, which is enormously
less time consuming if compared, for instance, to full time-
domain simulations. The results highlight that for very large
filter bandwidth B = 150% - Rs a small penalty around 0.2
dB can be observed in very unfavorable conditions with a
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Fig. 9. Histograms of the ODN loss penalty due to non.centered optical filtering for Af. € [—10%, +10%] - B (solid) and Af. € [-5%, +5%] - B dashed.
The vertical lines represent the lowest possible penalties for perfect alignment (A f. = 0) in each case.



large filter central frequency offset. The penalty increases to
about 1 dB when B = 125% - Rg, which already demonstrate
the detrimental effect of having four filters with a random
misalignment compared to the single filter case shown in Fig.
[Zh, where no penalty was measured for this filter bandwidth.
This effect becomes even stronger for B = 100% - Rsg when
the penalty is distributed between 3.5 dB and 7 dB with the
highest probability ranging from 4 dB to about 5 dB, values
much higher than what was observed experimentally using a
single filter. Moreover, from this analysis it is evident that for
filter bandwidth B = 90% - Rs the ODN loss penalty is so high
that the minimum 29 dB required by the PON standards are
hardly achievable. The most probable penalty, in fact, ranges
roughly from 10 dB to 12 dB, but can in some cases be as high
as 15 dB. This maximum ODN loss penalty reduces sensibly
when the central frequency of the filters is allowed to randomly
vary only within +5% of the nominal filter bandwidth, as
highlighted by the dashed bars in Fig. 9] For each B/Rs
ratio the penalty distribution is much narrower, as expected,
and tends to converge to the lowest possible value the would
be obtained in the case of perfect alignment, represented by
the vertical lines at 0 dB, 0.49 dB, 3.57 dB and 9.33 dB
respectively for B/Rs = 150%, B/Rs = 125%, B/Rs = 100%
and B/Rs = 90%. Nevertheless, these minimum penalties in
each case, are still much higher than those measured in the
single filter case, again due to the cascade of the four filters
inducing a significant bandwidth contraction.

V. CONCLUSION

We have presented the experimental evaluation of optical
filtering induced impairments in a high-speed coherent com-
munication systems based on 400G PM-16QAM transmis-
sion through a commercial coherent transponder. We believe
this analysis can help to understand the feasibility of some
promising solutions for coherent communications applied to
the short-reach segment, such as the metro-access converged
scenario that has recently attracted great interest. The system
performance has been characterized in terms of optical distri-
bution network loss, measuring the sensitivity of the coherent
transceiver at BER = 1072 as a function of the OSNR imposed
through noise loading, and of some parameters that define
the filter spectral profile. The investigated filter has a super
Gaussian transfer function with variable order, bandwidth and
central frequency offset with respect to the signal.

Our findings show that filtering can hardly be tolerated if
the target ODN loss is the typical 29 dB imposed by PON
standards. The only filter configuration that can be allowed
is a SG with order 3 and B/R; = 90%. In this case ODN
loss greater than 29 dB can be obtained with OSNR levels
above 19 dB, and up to 33 dB for higher OSNR. For 6th and
9th order filters only B/R; larger than 100% (i.e., almost no
filtering) can provide sufficiently high ODN loss.

We have also characterized the sensitivity penalty of
the commercial coherent receiver, both experimentally and
through a previously proposed analytical model. The model
is based on the assumption that the equalization stage has
infinite memory and it is thus an estimator of the ideal system
performance.

Results highlight that the commercial device has very good
close-to-ideal performance at all investigated OSNR levels,
and for all investigated filter bandwidth values, as long as the
filter order is 3. For filters of higher orders the experimental
results deviate from the analytical ideal prediction, showing
the limitations of the practical implementation of the integrated
DSP inside the transceiver. However, we have shown through
simulations that a reasonable number of 22 equalizer taps can
be used to keep the performance penalty of the experimental
system only 0.5 dB from the ideal, in various configuration,
including severe filtering from a 9th order filter with B/R; =
85%.

We have shown, again through experiments, simulations and
analytical investigation, the effect of a misalignment between
the central frequency of the filter and that of the signal. All of
the approaches confirm that the sensitivity penalty increases as
the filtering is changed from a symmetrical to a single-sided
one, by shifting the central frequency of the filter towards one
side of the signal spectrum. The results demonstrate that the
penalty can be as high as 10 dB for a 7 GHz offset and B/R, =
75%, which needs to be taken into account when dealing for
instance with the flex-grid scenario where the ROADMs on
the optical path can be tuned with a 6.5 GHz granularity.

Lastly, we have performed the Monte Carlo analysis of
a possible metro-access network configuration, focusing on
WSS filter random misalignment, by analytically computing
more than 360000 cases in about 2.8 minutes. Results demon-
strate that the cumulative effect of four WSS in a realistic
high-speed transmission where the signal traverses 2 ROADMs
is much stronger than what we observed in a single-filter
experiment. In this case, a B/R; = 90% ratio is already
impractical to meet the 29 dB ODN loss mandatory for current
PON architectures.

The proposed model, properly modified to account for the
cross-talk effect and the different filtering impact on each sub-
carrier depending on its spectral position, can be also applied
to the prediction of the performance of the digital subcarrier
multiplexing transmission scheme [21] recently proposed as an
alternative for increased flexibility and reduced computational
complexity [22]. In [21] we show excellent performance of
the model compared to time-domain Monte Carlo simulations,
for each subcarrier in a 16x25G (400G) DSCM system, in
filtering conditions similar to the present work. The DSCM
scheme would increase the network flexibility enabling power
management per subcarrier to overcome the different filtering
penalty (or more in general, the propagation penalty) that each
subcarrier experience when propagating across their lightpath
in the network.
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