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AccurateClosed-Form Real-Time EGN Model
Formula Leveraging Machine-Learning over 8500
Thoroughly Randomized Full C-Band Systems

M. Ranjbar Zefreh, F. Forghieri, S. Piciaccia, P. Poggioligllow, OSA, Fellow, IEEE

Abstract—We derived an approximate non-linear interference of the incoherent GN-model (or iGN model [3]). They already

éNLl)d C|Osed-f0frm tmO(Ije\Jv I(DCMF'\/l), tcapab|e of han\?\/"n% at \éef[)r/] allow to model systems with arbitrarily assorted WDM combs
road range of optical system scenarios. We tested the ; ; P

CFM overggsoo rE');\ndomized C}/band WDM systems, of which and non-identical spans _and ar_npllﬂe_rs. However, they do not
6250 were fully-loaded and 2250 were partially loaded. The sys- support, among othgr things, dispersion slope and frequer}cy-
tems had highly diversified channel formats, symbol rates, fivers, dependent loss, all-important features to enable the real-time
as well as other parameters. We improved the CFM accuracy by modeling of actually deployed realistic systems and networks.
augmenting the formula with simple machine-learning factors, \We upgraded CFMO to include such missing features, follow-

optimized by leveraging the system test-set. We further improved ; :
the CFM by adding a term which models special situations where ;ggr;g;sagrg&al(:h proposed in [11], [12]. We call these new

NLI has high self-coherence. In the end, we obtained a very good . . .
match with the results found using the numerically-integrated ~ FOr a CFM to be a viable candidate to support real-time

Enhanced GN-model (or EGN-model). We also checked the CFM physical-layer awareness, it must prove to be accurate over
accuracy by comparing its predictions with full-C-Band split- g wide variety of system configurations, ideally spanning all
step simulations of 300 randomized systems. The combined high 5 tically possible general scenarios. We therefore set out
accuracy and very fast computation time (milliseconds) of the .
CFM potentially make it an effective tool for real-time physical- to test _CFMl over a very large number (8500) of highly-
layer-aware optical network management and control. randomized C-band V_VDM systems, Of.Wh|Ch 6250 were fully-
Index Terms—non-linearity, NLI, GN-model, EGN-model, loaded and the remalr_lde_r (2250.) paryally-loaded. To the t.)eSt
WDM networks, coherent transmission, physical layer awareness, of our knowledge, this is the first time such an extensive
control plane, machine-learning, big-data study has been performed. The test consisted in comparing the
system signal-to-noise ratio (SNR, inclusive of NLI), estimated
using CFM1, with abenchmark The benchmark we used is

the full-fledged numerically-integrated EGN-model [4], which

P HYSICAL-layer-aware control and optimization of ultra-p 4 heen shown to be very accurate in a wide variety of system
high-capacity optical networks is becoming an increageonarios 2], [41, [5], [10], [13], [14].

ingly important aspect of networking, as throughput demand-l-he results of the comparison showed a reasonably good
and loads increase. A necessary pre-requisite to achieve it,jsih with the EGN benchmark, overall, despite the many
the availability of accurate qnalytical modeling of fiber nonépproximations involved in the derivation of CEM1 and the
linear effects (or NLI, Non-Linear-Interference). challenging features of the system test-set. However, CFM1
Several NLI models have been proposed over the yegfgyeg g ffer from an average tendency towaniserestimating
such as ‘time-domain’ [1], [2], GN [3], EGN [2], [4], [5], @S yhe SNR. This could be expected since CFM1 is derived
well as [6]-[9], and severa}l others, mcludmg various precursofg, . the GN-model, whose known behavior is to somewhat
of the former (see for instance refs. in [10]). These NLL o ostimate NLI [3]. In addition to such pessimistic bias, we
models, however, either contain integrals that make the&&o observed a substantiarianceof the error.
unsuitable for real-time use, or otherwise assume too idealizedl-0 improve the accuracy of CFM1 vs. the EGN benchmark,
system set-ups. The challenge is to derive approximate closggl: o eraged the system test-set to find a simple correction law
form formulas, thus enabling real-time computation, that b_OWhich contains both physical system parameters and best-fitted
preserve accuracy and are general enough to model hig@ilibticients, with the goal of turning CFM1 from a GN-model
diverse actual deployed systems. mulating CFM into an accuraeGN-modelemulating CFM.

In the GN/EGN model class, a rather general close is approach, that can be viewed as machine-learning over a

form set of formulas (or closed-form model, CFM) has beerﬂg-data set, proved effective: the SNR estimation error of the

available for several years (Egs. (41)-(43) in [3]). Thesi’?ew model, which we call CFM2, vs. the EGN benchmark

formulas, that we call CFMO, are a closed-form apprOXimatiO&opped dramatically. Specifically, the bias towards under-

M. Ranjbar Zefreh and P. Poggiolini are with Politecnico di Torino, Torinc€Stimating SNR completely disappeared. The error variance
Italy, e-mail: see www.optcom.polito.it. F. Forghieri and S. Piciaccia are witteduced very substantially as well.

CISCO Photonics, Vimercate (MB), Italy. We noti however a remainin roblem of elev NR
This study was supported by the CISCO Sponsored-Research Agreement e noticed however a remaining problem of elevated S

(SRA) “OptSys 2020”, and by the PhotoNext Center of Politecnico di Torin&Stimation error in a few ou_tlier systems that, despite the
Manuscript received December %7 2019. small value of the error variance over the whole test-set,

I. INTRODUCTION
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kept the peak error at a relatively high value. We exam- G, Reo, G, R

ined the outlier systems features and found that they we GCio (/)

characterized by substantidlLl coherenceeffects. Since the s ’—1 M — 1] M rl ]
\ T i J

[

CFMs (all versions) were originally based on timeoherent

NLI accumulation assumption, high coherence in NLI caus: /

n-th span WDM spectrum fL i‘ r ) fl”)

large errors. We therefore added to CFM2 a further term tr N
approximates NLI coherence effects, following the approach
reported in [15]. With the addition of such term, the new y2a (1), B, B, L0,
formulas, that we call CFM3, performed better on all accounts ()

: . . . ; r(s)
and, in particular, drastically curtailed peak error. Overall, with
the only exception of very-low dispersion set-ups operating at G (1)> >
D < 2 ps/(nm km), the very extensive testing showed CFM3 to n-th span

be an effective and reliable approximation of the EGN model,
across the very wide variety of links that the 8500 system te&tg. 1. Top: the WDM comb PSD (power spectral densify(f) at
set includes. A final refinement consisted in accounting for tﬁ%%'r”gﬁgotfh;hfuﬁ:ejpgg along the Tk Ej?‘tézgéng??fh%?a&'e'”dcélt‘;'lgg
effect of channel roll-off, resulting in CFM4, which was alsqjefinitions of all symbols, see Sect. II.
tested over the systems test-set. ) - )
As a further effort to confirm the validity and reliability of ~AS g‘ene:ral hotation remarks, all quantities bearing a super-
the approach, we compared the predictions of CFM4 with 3§6"Pt ‘(n)" or * (k)" are related to then-th or k-th spanin
full C-band split-step simulationsf systems randomly taken the link. Quantities referring to a specific channel bear the

from the system test-set. The results confirmed the previgtPSCriPtucn, which is an integer index that can span over all
conclusion. WDM channels. The subscript ‘CUT’ identifies tlebhannel

In the following, we first introduce CFM1 in the versionunder testi.e., the one whose performance is being estimated.

[12]. Then, the features of the randomized system Iarge—teg\f-he” introducing physical quantities below, a coherent set of
set are described. Next, we show the accuracy results fjits is provided for the readers’ convenience (other sets are
CFML, vs. the GN and EGN models. Following, we introduc8f course possible). Fig. 1 is provided as a visual aid in the
the machine-learning-based corrections aimed at improviHSf'rlllgon of various quantities related to theth span. _

the accuracy of CFM1 vs. the EGN model, obtaining CFM2, Cxii (feur) i EQ. (1) is the total power-spectral-density
Then, we discuss the outlier cases and augment CFM2 wifpoD) ©f NLI at the receiver (Rx) and at the frequengy,,

a NLI coherence-correction term, resulting in CFM3, Whicﬂf the channel under test. Frequencies and bandwidths are

is then tested. CFM4, accounting for channel roll-off, i@ssumed to be expressed as THz and PSDs as W/THz.

Rx
introduced next and tested. Then, the accuracy of CFM4 vsEd: (1) ShowsG ([, (fo,.) t0 be the sum over all spans

split-step simulations is assessed. Finally, computational effQft GU) (four)- The latter is the PSD of NLI produced in
is estimated. Conclusions follow. the n-th span alone af_, ., assessed at the end of the span.

The CFM1 formulas in [12] can account for the impac-trhe product operatorll i? )Eq. (1) accounts for the linear

1 n
of ISRS (Inter-Channel Stimulated Raman Scattering) on Npfopagation of the PSE(}} (feur) from the n-th span to
generation, too. In this paper, however, ISRS is not consi €

ered. The testing of a version of CFM4 supporting ISRS is The other symbols in Eq. (1pll related to then-th span,

underway. For C-band systems, as considered here, this %reé(see also Fig. 1J,,(f), the power-gain/loss at frequengy
minor limitation ue to lumped elements, such as amplifiers and gain-flattening

A preliminary report on the research presented here Wfélgers (GFFs), placed .at. the end of the span f|l§e,r7;(7(l{), the
the subject of the ECOC 2019 paper [16]. Here we use a siiper power-loss coefficient (1/km) at frequengy Lspan, the
stantially larger and more diversified test-set and investigat82" Ien(%t)h (km).
other machine-learning correction formulas. The section onThe Gl (four) termsthat feed Eq. (1) are found through
the comparison with 300 full-C-band split-step simulations Eq', (), where all qu_antltlles are r'el'ated to théh SP(?L?' In it,
completely new. Much more detail than in [16] is provide&i"(n')s the fiber nonjllneanty coefficient 1/(Wm). G 7). and
throughout. In [17] we reported on a earlier version of CFM&n.;, are the effective PSDof the CUT and of thenc,-th
which supported a much narrower range of systems: orfyDM channel (see Fig.1). They are defined as:
QAM formats of high cardinality and no Gaussian constel- G = p) /R

cuT cuT cuT

lations. In addition testing there was performed on about a (6)
third of the systems addressed here, in a much less diversified G = P /R

context. No testing on split-step simulations was shown in [17] ()

and neither CFM3 or CFM4 were available yet. where P{) and Py, arethe launched power (W) anfl..,,

R,({;)) arethe symbol rates (TBaud), for the CUT and thg-th
channelsyespectively.
The round bracket on the right of Eg. (2) contains two
The CFM1 formulas are Egs. (1)-(5), as derived in [12]terms. One includes the factﬁé’j}T andaccounts for NLI due
They are shown at the top of next page. to the self-channel interference (SCI) of the CUT onto itself.

Il. THE CLOSED-FORM MODEL 1
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Nspan Nspan
x n 9.0 L
GSLI (fCUT) = Z GI(\]L)I (fCUT) H F(k)(fCUT) - € 2 (fCUT) Lipan (1)
n=1 k=n-+1
N(")
(n) 16 (m)y2 pin) 20 (fepr ) L. ) | 0 [aem) 17 7o) = o [am e
GNLI (fCUT) = 277('7 ) r (fCUT)'e cuT Span'GCUT' Peur |:GCUT] ICUT + Z 2pnch ’ [Gnch} I”ch )
neh=1, nch;én(cnl}'r
a(n)
1 7T2 ﬂz
I = - -asinh | — |——=YT__| R? (3)
cor 2T ‘ ﬁgngUT | -2a(”)(fCUT) ( 2 2a(n)(fCUT) cur
o 2 Béfl“)'ch (n) Rgﬁ:;\ 1 2 Eézzch n) RS{;;)
asinh | 7 (i) | [ — Jeur T 5% | Reoyy | —asinh (7 m Jrew = four — 52| Reur
I = - @
A |BL7), | - 2a00(£12))
BéTQUT = én) + Trﬁ?()n) |:2fCUT - 2f<(:n)} ’ ézzch = ﬁén) + Trﬂén) |:f7(:}3 + fCUT - ch(,n)} (5)

n)

The other term, which includes the factoféch, accounts for be either thdowest, center, or highest frequenchannel in

the cross-channel interference (XCI) of each WDM channtie comb.

with the CUT. For a precise definition of SCI, XCI and MCI, A physical-layer awareness enabling tool, such as the CFMs
see [18]. The summation runs over all the WDM channetgldressed here, must be dependable over the widest range
indicesn, = 1,..., N, excluding the CUT index:(") . of possible systems. We therefore thoroughly diversified and
Notethat the CFM1 formulas Egs. (1)-(5) allow for the WDMrandomized the generated test-set of WDM systems used

comb to be different at each span. This is why all channébr testing. The test-set contained five different categories of
related parameters, including the total number of channglgstems, listed in the following.

(n) ;
Ne,» depend on the span index The only channel that 1) 3150fully-loaded C-band systems using PM-QAM for-

h
iscassumed to propagate across the whole link is the CUT. mats of cardinality 16, 32, 64, 128 and 256

The factors/(") and I Egs. (3) and (4), derive from
closed-form approximate solutions of the GN-model integrals,
as shown in [12]. They contain: the center frequerfcy..

_ - 3)
and £{") (THz), and theeffectivedispersion@é@UT and ﬁéﬁzch
(ps’/km), of the CUT and of theu.,-th channel, respectively.

The effective dispersions are defined in Eq. (5), w 4)

and 8\ are the dispersion (Fgkm) and dispersion slope
(ps’lkm), respectively, of then-th span fiber. The frequency 5)
£ s Whereﬂén) and ﬁé”) are measured in thei-th span.

2) 1250 partially-loaded C-band systems using the same

formats as in (1);

2650fully-loaded C-band systems using PM-QAM for-
mats of cardinality 16, 32, 64, 128 and 256 as well as
PM-Gaussian formats;

970 partially-loaded C-band systems using the same
formats as in (3);

480 fully-loaded C-band systems using PM-QAM for-
mats of cardinality 4, 8, 16, 32, 64, 128 and 256 as well

Note that the ‘effective dispersions’ of Eq. (5) originate from as PM-Gaussian formats.
an approximation needed to obtain a closed-form formula
which amounts to considering dispersion different from chal
nel to channel, but constant over each individual chan
bandwidth [12].

Finally, in Eqg. (2) the two factorsp™) and o™ are
‘machine-learning’functions meant to turn Egs. (1)-(5) from

'Each WDM comb was generated by randomly assigning
t5 each individual channel one of the formats listed above.
risla‘garding categories (1) and (2), any format was equally
likely. To obtain partial loading in (2), a fully populated comb
was generated and then each channel was turned on or off
Lo ) /L with probability 1/2. The average load was hence 50%, with a
a CFM approximating thé&N-model into one approximating wide spread of load values. Regarding categories (3) and (4),
th.e EGN—lmodeI. For CFMl they are setto1 gnd unused. ThWhen generating a channel in the comb, a random choice was
will be discussed when introducing CFM2, in Sect. V. first taken between PM-QAM and PM-Gaussian, with 50%
probability. The CUT too could then be either a PM-Gaussian
IIl. THE SYSTEM TEST SET AND THE TEST PROCEDURE  or 3 PM-QAM channel, with probability 1/2. As for category
The test-set consisted of different C-band WDM system$5), WDM combs were generated similarly to category (3) but
The C-band was considered to be extended over a 5-Ttie range of possible QAM formats was extended by including
frequency range, with center frequengy = 193.8 THz. PM-8QAM and PM-QPSK and the CUT was forced to be one
For each of these systems, we focused on a single chanpélthese two formats.
which we called ‘channel-under-test’ (CUT). The CUT could Raised-cosine channel PSDs were assumed for all channels,

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.
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4
— PM-160QAM PM-128QAM _
PM-320AM PM-256QAM span length (km) SMF NZDSF1 NZDSF2
— PM-64QAM PM-Gaussian 83.8 1154 87.7 1002 1096 914 939 985 805 959 109.6 1132

> > > > > > > >

M I W
F Fig. 3. One example of the 8500 generated different test links.
“ |
set systems were generated with a fixed EDFA noise figure

(NF). While accumulating more systems, we decided to add

further realism by also randomizing this quantity. In the end,

part of the systems have all EDFAs with NF 6 dB and the

n remainder with NF uniformly distributed between 5 and 6 dB.

W [ ( One example of the 8500 all-different generated links is
2

N L
w

ﬂ shown in Fig. 3.

A. The test procedure

Testing was based on assessing the accuracy of the estimate
of the system Signal-to-Noise Ratio (SNR), inclusive of NLI
noise, defined as:

_r”F (W

-3 -2 -1 0

-3 -2 -1 0 THz 1
THz

-

received constellation, due to ASE and NLI, respectively,
assuming a homodyne receiver with a matched filter.

In detail, the test procedure was as follows. For each system,
Fig. 2. Three examples of WDM combs taken randomly from the 85 SR was first es-’tlmated using th-e closed-form model (CFM)'
sys.terﬁs test-set. Top: category 1. Middle: category 3. Bottom: category 29\/8 call such eStlr_natSNRCFM' This was then _compared with
another SNR estimate, found through a suitaidmchmark
which we callSNR, . The benchmark was either the GN-

with roll-off randomly chosen for each channel with a unifornf’0del, the EGN-model or split-step simulations. The differ-
distribution between 0.05 and 0.25. The symbol rate of eaBACe (in dB) between the two estimates constitutedSIN&
channel in the WDM comb was randomly selected amorfgimation error vs. the benchmark

the following: 32, 64, 96 and 128 GBaud. For 90% of the A —SNRIE — SNRIE, (8)
systems, this resulted in an assigned spectral slot size of 43.5,

87.5, 131.25, 175 GHz, respectively. However, 10% of the When calculatingSNR,.,,, the NLI power P, was ap-
systems were generated as ultra-dense WDM ones, so thatiffximated as follows:

null-to-null channel spectral separation was randomly selected P. ~GR (£ )R ©)
between 5 and 20 GHz, irrespective of symbol rates. NLI NLI \/ CUT cur

Fig. 2 shows three examples of generated WDM combshereG* (£, ..) was estimated using a CFM. When calcu-

NLI

From top to bottom, they are category (1), (3) and (4ating SNR, ., the exact integral formula was used:

-3 -2 -1 0 THz

P
SNR — (7)
PASE PNLI
where P, and P, are the noise powers affecting the
1 2

respectively. o
For each generated WDM comb, a different link was gen- P - / R (f 4 foun) - |H(f)|2df (10)
erated too. Each link was made up of spans whose individual N N eur

— 00

fiber was randomly chosen among three fiber types: SMF,
NZDSF1 and NZDSF2. The fiber parameters were, respaghere GR* (f) was calculated using either the GN or EGN-
tively: loss, agg, 0.21, 0.22, 0.22 dB/km; dispersion at thenodel and H (f) was the receiver filter transfer function,
WDM comb center (also assumed as center of the C-bamdatched to the root-raised-cosine spectral shape of the trans-
193.8 THz), 32, —21.3, —4.85, —2.59 ps’/km; dispersion mitted pulses, with the correct roll-off of the CUT. When
slope throughout the C-bandis, 0.1452, 0.1463, 0.1206 the benchmark was a split step simulation (see Sect. VIII),
ps*/km; non-linearity coefficienty, 1.3, 1.35, 1.77 (Wkm)~!. SNR,_, was measured directly on the received constellation.
Thoughnot meaning to exactly reproduce any specific fiber, Two aspects are key in this procedure: where along the
NZDSF1 and NZDSF2 have somewhat similar parameters ggstem was the error estimated and what launch power was
the commercial fibers E-LEAP! and TWCT™ respectively. assumed. As for the former, the SNR comparison between
Each span length was generated randomly according tacCBEM and benchmark was carried out at the span number
uniform distribution between 80 and 120 km. Initially the testeorresponding to thenax-reachfor the CUT. The max-reach
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was accurately found using the EGN-model, based on the f
lowing SNR sensitivities: when a PM-QAM channel was th
CUT, the assumed sensitivity values were: 5.18, 9.30, 11.
14.45, 17.00, 19.71, 22.33 dB, from constellation cardinali
4 to 256 in powers of two, respectively. These SNR valus
correspond to a normalized generalized mutual informatic
(NGMI) value of 0.87, for all formats. They in turn corresponc
to pre-FEC BERs between 314~ 2 and3.7:10~2, values that
can be coped with using modern soft-decoding FECs.
When the CUT was a PM-Gaussian channel, such as it col
occur for system categories (3) and (4), its SNR sensitivi
was set at follows. First, a mutual information (M) targe
was randomly selected, between 6.96 and 13.92 b/s, witt

lowest frequency channel CFM1 vs. GN-model
: T T T T T T - T

mean: -0.05 dB

std dev: 0.11 dB
peak error: 0.72 dB
pk-to-pk: 1.01 dB

ol
-1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6

015

probability per bin
o

center frequency channel
T T T T

mean: -0.09 dB
std dev: 0.08 dB

015

0.1F peak error: 0.37 dB

pk-to-pk: 0.68 dB
005
ol . . L . .

-1.2 -1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6

probability per bin

highest frequency channel
T T T T

mean: -0.01 dB
std dev: 0.18 dB

015

probability per bin

0.1 peak error: 0.92 dB
uniform distribution. Then, using Shannon’s law, the SNI el PP 12 ]
corresponding to the random Ml target was found and used o Aﬂﬂﬂﬂﬂﬂm})ﬂmﬂn%
SNR sensitivity for the PM-Gaussian channel. Note that tt ' ' SNRestmationerror,d8

extremes of the uniform Ml distribution correspond to the GM,tig_ 4. Histograms of the SNR estimation eralB_ betweenthe closed-

values assumed for PM-16QAM (6.96 b/s) and PM-256QANrm model 1 (CFM1) and the GN-model, as defined by Eq. (8). The error is
(13_92 b/S), respectively. measured at maximum reach. Each histogram was built by looking at about

With regards to the launch power used for testing, a detaildg® dierent systems.

explanation of the power optimization procedure is reporter
in Appendix A. In brief, the WDM channels were launched lowest frequency channel ‘ ' CFM1 vs. EGN-model
on average, at an approximately optimal power into ea : ‘
span but, for further realism, we applied a random launc
power deviation from optimum, uniformly distributed betwee!
+30%, different for each channel in the comb. The CUT we %42 a4 08 06 04 02 0 0z 04 os
instead launched at its optimal power without any rando center frequency channel
power deviation.

mean: -0.44 dB
std dev: 0.26 dB
peak error: 1.04 dB
pk-to-pk: 1.66 dB

0.15

0.05

probability per bin
o

015} mean: -0.48 dB

std dev: 0.25 dB

As a concluding remark to this section, the thorough rai § 01r peak eror 109
domization of combs and links led to a spread of syste  §°%|
scenarios which was rather extreme. To mention one indicat %z o e o6 04 oz o oz os o6
maximum reaches ranged from 1 span to 35 spans, essenti _ highestfrequency channel _
covering the overall practical range of terrestrial network gwsf B
This was done on purpose, to subject the CFMs to a ve £ °'[ A
demanding ‘stress-test'. 5 °'°:" -
-1.2 -1 0.8 0.6 -0.4 -0.2 0 0.2 0.4 0.6
|V TESTlNG CFMl SNR estimation error, dB

Fig. 4 shows the histograms of the SNR estimation erip. 5. Histograms of the SNR estimation err&ilB_ betweenthe closed-

SN,
B . orm model 1 (CFM1) and the EGN-model, as defined by Eg. (8). The error
ASNR, as defined by Eq. (8), between CFM1 and the GNsmeasured at maximum reach. Each histogram was built by looking at about

model. The three plots, from top to bottom, address the ce&80 different systems.
of the CUT being the lowest-frequency, center-frequency and
highest frequency channels in the WDM comb. Together wi

t
L dB . -
the histograms, the related mean, standard deviatiopeak 'H1eSNR estimation erroA{’ resultsare displayed in Fig. 5.

and peak-to-peak error are displayed. The plots clearly show that the performance of CFML1 is
The histograms show a small mean error of less thgﬁ”Ch Ie_ss favorable when com_pared to the EGN-model. The
—0.1 dB on all three CUTs, The standard deviation is alg2Son is that CFM1 was derived from the GN-model and
rather small, especially for the low and center frequen t from the E,GN: Quite telling in this regard.|s th(_e mean
CUTSs. Peak absolute error was however rather large, signdiue €rror which is now about -0.45 dB and is attributable
ing the presence of outliers. Overall, though, we considerd the known skew between GN and EGN-model, with the
these initial results rather encouraging, given the extent G\ P&iNg somewhat pessimistic. Apart from mean value,
the approximations used to obtain CFM1 and the extrerﬁgth the.standard deviation and peak absolute error increase
diversity of systems addressed in the test-set. Some of ﬁjrg)stanually.
discrepancy can also be attributed to the fact that CFM1 isSince the goal for the CFM is that of being a reliable
an approximation of théncoherentGN-model, whereas the and accurate practical modeling tool, then it is the EGN
benchmark used in Fig. 4 was the standard (coherent) GiNedel that must be used as main benchmark, being the more
model (see [3], [18], for the difference between the two). accurate between GN and EGN. We therefore proceeded to
We then proceeded to compare CFM1 with the numericallipok for suitable strategies to turn CFM1 into a more faithful
integrated EGN-model, complete with all its terms (see [4]approximation of the EGN-model.
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TABLE | TABLE I
EXACT VALUES OF THE ® PARAMETER. OPTIMIZED VALUES OF THE PARAMETERSa1-a18 FOR THE
MACHINE-LEARNING FACTORS OFCFM2
format P
PM-BPSK 1 parameter value parameter value
PM-QPSK 1 al +9.3143e-1 aio -1.8838e0
PM-8QAM 2/3 az -7.7122e-1 a1 +6.2974e-1
PM-16QAM 17/25 as +9.1090e-1 ai2 -1.1421e+1
PM-32QPSK 69/100 a4 -1.4555e+1 ais +6.7368e-1
PM-64QAM 13/21 as +8.5816e-1 aiq -1.1759e0
PM-128 1105/1681 ag -9.9415e-1 ais +6.4482e-3
PM-256 257/425 ar +1.0812e0 a6 +1.8738e+5
PM-Gaussian 0 asg +5.2247e-3 aiy +1.9527e+3
ag +9.9313e-1 a1s -2.0016e0

V. CFM2DERIVATION AND TEST

The ‘cost-function’ to be minimized was the sum of error
To improve the accuracy of CFM1 vs. the EGN-mode |:ontr|but|ons of the form:

we decided to leverage the large system test-set and u

a machine-learning strategy to fine-tune suitable correctlon | P _ p(n) 2
factors’ that could turn Egs. (1)-(5) into a better approximation ANLI = N“’CFN(In) NLLEGN (12)
of the EGN-model. ‘ PNLI,EGN |2

The machine-learning factors ap@ﬁ andp(") in Eq. (2),
which for CFM1 were not used (they were set to 1). To obtahere P{") _ is the power of NLI noise affecting the CUT

the improved closed-form model CFM2 we defined them asonstellation, assessed at theth span of a system in the
training-set, estimated using CFM2 according to Eq. (9), and
pﬁfﬁ_i =a1+az- PP +ag- PP - PIS’ZI)EGN is the same quantity estimated through the EGN
(1 + ag - [|Bo.ace (s 11en)| + a7 ) model, according to Eq. (1O)AN_L1 was calculatedat each
spanof each system, from the first span to max-reach. As a
Pl = ag +awg - L+ ar - PL - result, despite using only 1500 systems for the training set, the
(14 awa - R, + ars - [|Boace (s gy )| + a17]™®) cost-function was made up of about 11,500 error contributions
(11) of the form Eq. (12). The resulting optimized parameters are
whereq; . .. a5 arefree parameters that need to be optimizet@ported in Table II.
and Bg,m (n,nen) is the effective accumulated dispersion at We then ran on CFM2 the same test procedure as described
the ng,-th channel frequency, from link start till the input ofin Sect. IlI-A, over the complete 8500 system test-set, using

the n-th span fiber, defined as: the machine-learning factors Eq. (11), with the optimized
parameters of Table II. The new histograms are shown as green

k) (k) bars in Fig. 6. The histograms of CFM1 are also shown for

Bz,ace (1 1cn) Zﬁ? nen " Lspan comparison as red bars. The improvement is quite dramatic,

both visually and numerically, as proved by the statistical
The parametersp,, . and @, arethe constan® used by parameters reported in the plots. The mean error is virtually
the EGN model, which depends on the modulation format aéro, for the lowest and center frequency channel, and less than
a channel [4], [20]. The exact values are shown in Table I, fr1 dB for the high frequency channel. Standard deviations are
the modulation formats used in this paper and for PM-BPSKery low. Overall, CFM2 is a much better model than CFM1
The addressed channels are either that of the genggith and already delivers quite convincing performance.
channel(for ®,,,) or of the CUT (for®,,). This said, two aspects emerging from the plots and the

Eq. (11) was conceived based on clues from [18] anstatistical indicators in Fig. 6 are not satisfactory. First of all,
[19] and on an extensive numerical study of NLI estimatiothe high-frequency channels histogram is clearly more spread
error sensitivity vs. various systephysicalparameters, which out than the other two and it is important to understand why.
turned out to favor? ;. andpz ... asthe most effective ones. In addition, even though the error standard deviations are all
For more details on how this was done, please see Appendixall, the channels suffer from the presence of outliers whose
B. See also Appendix C for an investigation of NLI estimatiogNR estimation error is quite significant, as shown by the peak
error dependence on the choice of the physical parametersifitl peak-to-peak error indicators. Fig. 7 shows a blown-up
the machine-learning factors and for comments on its speci§gction of the lowest frequency channel histogram from Fig. 6,
analytical layout. Note that ln Sect. VII we will introduce anyhich displays some of the farthest outliers, almost invisible
alternate form ofp(”) and pnch which takes channel roll-off in Fig. 6. Even though it is a relatively few cases, they indicate
into account as weII In this section, we make use of Eqg. (13 .weakness in the model which would be important to identify
The free parametersi;-a;s were optimized using a and, if possible, remove. In the following we first discuss

‘machine-learning’ approach, as follows. Out of the 850the less favorable high-frequency histogram. In Sect. VI we
systems of the test-set, 1500 were selected as ‘training’ datroduce an improved closed-form model, CFM3, to deal with
Of them, 750 were fully-loaded and 750 were sparsely-loaddate outliers.
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5ol mean: -0.48 dB mean: -0.01 dB ] Fig. 8. Highest-frequency channels histograms of the SNR estimation error
g st dav: 025 dB std dev: 0.06 B AdB ' petweenthe closed-form model 2 (CFM2) and the EGN-model, as
2 01 peak error: 1.03 dB peak error: 0.43 dB q %NR, . .
2 ph-to-pk: 1.29 dB p-to-pk: 0.65 dB defined by Eq. (8). The test-set for this plot was comprised of 400 systems
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not using fiber type NZDSF2.
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highest frequency channel
T : T T

ol meam oo - memoma ] thatit was the very low dispersion of NZDSF2 that generated

'g_ std dev: 0.3 std dev: 0.14 di . .

B peak error: 1.08 6B peakerror: 08868 a much larger histogram spread for the highest-frequency

3 pk-to-pk: 1.80 dB pk-to-pk: 1.14 dB

§oos| ] channel.

S — e Based on these results, we do not recommend using the
SNR estimation error, dB CFMs presented in this paper below abggi] = 2.5 ps’/km,

or about|D| = 2 ps/(nmkm). To go lower, the CFM should be

Fig. 6. Green bars: histograms of the SNR estimation efgP between analytically modified, which we leave for future investigation.
the closed-form model 2 (CFM2) and the EGN-model as defined by Eg. (8).
The error is measured at maximum reach. Each histogram was built by looking
at about 2800 different systems. The red bars are CFM1 vs. EGN-model, same VI. CFM3: COMBATING OUTLIERS
as Fig. 5, shown here for comparison.
The presence of outliers in the error histograms cannot be

lowest frequency channel ascribed to low dispersion. In particular, the lowest-frequency
o ' ' ‘ ' ' ‘ CUTs experience a dispersigh = —4.45 ps’/km, or D =
3.44 ps/(nmkm), which is sufficiently high to be dealt with by
the models, as also previous investigations addressing simpler
0 0 oo e e e CFMs have indicated (see for instance [10], Sect. lIE). Yet,
~ SNR estimation error, dB ' ' Fig. 7 clearly shows that even the lowest-frequency CUTSs
a7 7 di on of the | o o | hist . histogram presents a substantial number of outliers.
FI- 7 poomedin version of e lowest fequency channel Welog"an. "M To find out what caused such outlers we again focused
farthest outlier system located &t.67 dB. on the system details. Particularly telling is the outermost
outlier in Fig. 7, giving rise to a single-system bin placed
_ a AYB = 0.67 dB. The system is the one shown in Fig. 2,
A. The high frequency CUTs bottom, i.e., a category 4 (partial load, PM-QAM and PM-
We examined the system parameters of those higheSiaussian). The CUT consists of a thin-looking 32 GBaud
frequency CUTs that had a high SNR estimation error. WeM-Gaussian channel placed at the low-frequency edge of the
found that they had a substantial prevalence of NZDSF2 Grband. The next channels happen by chance to be far, the
the link, especially at the link start. The potential problemearest being located about 400 GHz away. Other big voids
related to the presence of NZDSF2 is that such fiber hage present in the first 1.7 THz from the CUT. Also, the link
a very low dispersion value where the highest-frequengyas long: max reach was 30 spans, since the PM-Gaussian
CUTs are located. The value i§, = —0.73 ps’/km, or CUT was in this instance assigned a SNR sensitivity of 10.3
D = 0.56 ps/(nmkm). At such low dispersion, some ofdB. Many spans (15) consisted of highly dispersive SMF. In
the approximations used to derive the CFM formulas logbese conditions, two things happened: 2/3 (in power) of the
accuracy. Therefore, we tentatively attributed the less favoralél noise was SCI (single-channel interference, i.e., NLI noise
performance of CFM2 for the highest-frequency CUTs tgenerated by the channel onto itself); such SCI noise was
dispersion being too low for the model to handle. highly self-coherent. As a result, by far most of the overall
We checked this hypothesis by generating a separate 400 experienced by this CUT was highly self-coherent.
system test-set using category (1) WDM combs, where onlyThe study of this and other outliers strongly suggested that
SMF and NZDSF1 were present, but no NZDFS2. Note thétwas indeed high NLI accumulation coherence that caused
NZDSF1 too has its minimum dispersion (over the C-Bandfe large errors. High coherence is not handled well because
where the highest-frequency CUTs are located, but such mihe starting model for the derivation of all of CFMs 0, 1 and 2
imum is 3y = —2.61 pst/km, or D = 2.07 ps/(nmkm), that is theincoherentGN-model, whose founding approximation is
is, significantly higher than NZDSF2. The histogram of thancoherent NLI accumulation. Such models cannot be expected
SNR estimation erroﬂgg’R for the highest-frequency CUTsto accurately model situations where coherence is strong.
over this special test-set is shown in Fig. 8. The histogramTo remedy this problem, a further closed-form term meant to
now clearly appears similar to those for the center and loweapproximately account for coherent accumulation of SCI was
frequency channels shown in Fig. 6. In particular, the standaddrived and added to Eq. (3), i.e., the equation that specifically
deviation is comparably low. This evidence appears to confirestimates SCIl. The theory and the approximations used to

0.005

probability per bin
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TABLE Il

OPTIMIZED VALUES OF THE PARAMETERSa]-a1g FOR THE lowest frequency channel _ : : CFM3 vs. EGN-model
mean: -0.44 dB mean: -0.01 dB

std dev: 0.26 dB std dev: 0.05 dB

01l peak error: 1.04 dB peak error: 0.19 dB

MACHINE-LEARNING FACTORS OFCFM3 015+

probability per bin

parameter value parameter value ph-to-pk: 1.66 dB pl-to-pk: 0.34 dB
ay +9.1688e-1 aio -1.7810e0
as -1.2188e0 a1 +9.8983e-1
a3 +1.1171e0 a12 -1.6009e+1 center frequency channel
aq -2.2566e+1 ai3 +1.0821e0 5 ous [ mean: 048 dB ‘ ‘ "mean: 00045
as +1.6405e0 ai4 -1.1348e0 g std dev: 0.25 dB std dev: 0.04 dB
as -1.0075e0 || ai5 | +1.1140e-2 go enine o 03448
ar +1.2266e+1 aie +7.4397e+4 g
as +5.0115e-3 aiy +1.3166e+3 =
ag +8.0341e-1 a1s -2.0804e0

highest frequency channel
T T T

mean: 0.02 dB
std dev: 0.11 dB
peak error: 0.67 dB
pk-to-pk: 1.20 dB

mean: -0.40 dB
std dev: 0.32 dB
0.1F peak error: 1.08 dB
pk-to-pk: 1.80 dB

015

obtainthe extra term are reported in detail in [15]. As a resul s
the modified Eq. (3) becomes: .

-1.2
I(n) 1 inh w2 B;nC)UT B2

= — asinh | & | —7

o 2ﬂ‘ﬁéﬁgUT|'2a"(fcuT) 4 O‘”(fCUT) cur
(ol A ) m2 Fig. 9. Green bars: histograms of the SNR estimation eﬁdgsR between
Sl(” ‘Blcm ‘LspanBCUT) HN (N, —1)+ 1—Nspan the closed-form model 3 (CFM3) and the EGN-model, as defined by Eq. (8).
man (four ) Lian span The error is measured at maximum reach. Each histogram was built by looking
(13) at about 2800 different systems. The red bars are CFM1 vs. EGN-model, same
. . as Fig. 5, shown here for comparison.

where the added term is the one appearing on the bottom g P

line. ‘HN’ stands for harmonic number and ‘Si’ for the

probability per bin

+2

span

sine-integral function. This change in Eq. (3), together with OPTIMIZED VALUES OF TTﬁEBtERIXMETERSM_aM FOR THE
using the correction factors Eg. (11), give rise to what we MACHINE-LEARNING FACTORS OFCFM4
call CFM3. Since the analytical r.nake-up.of the modell was eI R CarameeT value
changed, even though the machine-learning factors still had a1 +1.0436e0 a13 +1.0229e0
the same definition Eq. (11), we re-ran the optimization of the a2 -1.1878e0 a4 -1.1440e0
parameters:;-a1s. The new values are shown in Table Ill. Zi _’fég%gii(i Ziz :3}8103;93;%

The test of CFM3 on the 8500 systems test-set yielded the s +1.6665¢0 arr +1.4785613
results shown in Fig 9. The improvement is quite substantial. ag -1.0020e0 ais -2.2593e0
All of the outliers for the lowest-frequency and the center- az +9.0933e0 a9 -6.7997e-1
frequency CUTs completely disappeared, as shown by the ZS :g:iigg:j Z;’ -+22.éo728115ee-(1)
values of the peak error (0.19 dB for both CUTSs), essentially a10 1.853080 a2 5513061
coinciding with the visual footprint of the two histograms. ai +9.4539%-1 azs -3.6718e-1
Interestingly, even though still performing worse, the high- a12 -1.5421e+1]] a2 +1.1486€0
frequency channel benefited from the extra term too, with all
statistical indicators improving. Eq. (14) are shown in Fig. 10. We call this version of the

model CFM4.
VIl. CFM4: INTRODUCING ROLL-OFF IN THE Several of the histogram statistical indicators improve and
MACHINE-LEARNING FACTORS no one gets worse, as a comparison between Fig. 9 and Fig. 10

In an effort to further improve the accuracy of CFM3, weshows. It therefore appears advantageous to use Eq. (14) rather
introduced another system physical parameter in the machitiean Eg. (11), although the histograms of Fig. 9 are already
learning factors formulas, the WDM channels roll-off, aso narrow that the gains shown in Fig. 10 are modest. Yet, for
follows: the amount of added complexity, which is very limited, we
think the gains are worthwhile.

In Appendix C an investigation of error sensitivity on the
ag- % - (1+ a6 - [|B2,acc (0w + az ]GS)} inclusion or exclusion of the other physical parameters present

- in Eq. (14) is proposed, showing they need to be all kept in.

P = (14 arg - 7220 + agy - 1822) - {a1 +az - P2+

CcuT

(n) = (14 agg - %2 ~{a +ap - P4 4 arg - P2 -
Peun = 23" 7o) - (00 010 - BEY, + ar2 - OGP, VIIl. FULL C-BAND SPLIT-STEP SIMULATIONS

(14 a1s- RY3. + a16 - [|B2,acc (M Npr)| +a17]‘“8)} So far the CFMs have been compared with a benchmark
which consists of the EGN-model. However one could ar-
(14) gue that at least one further independent and maybe more
wherer . is the roll-off of the CUT andr,_, is the roll-off fundamental benchmark should be used to fully validate the
of the genericng,-th channel. The optimized values of thereliability of the CFMs.
parameters; ...as4 areshown in Table IV. The SNR error We therefore decided to test CFM4 vs. full C-band split-
histograms obtained using the new machine-learning factestep simulations. Given the very high computational effort
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Fig. 10. Green bars: histograms of the SNR estimation . between Fig.11. Green bars: histograms of the SNR estimation . between

the closed-form model 4 (CFM4, accounting for WDM channels roll-offthe closed-form model 4 (CFM4) and full C-band split-step simulations.
factors) and the EGN-model, as defined by Eq. (8). The machine-learnifge error is as defined by Eq. (8) and measured at maximum reach. The
factors definition used here is Eq. (14). The error is measured at maximsimulations were performed using systems randomly chosen among the 3150
reach. Each histogram was built by looking at about 2800 different systen®M-QAM systems of category (1). Each histogram was drawn based on 100
The red bars are CFM1 vs. EGN-model, same as Fig. 5, shown here different systems. Red bars: CFM1 vs. simulations.

comparison.

or even GN-model and it is seemingly compatible with real-

required,only 300 different systems could be considered, 1G{ine use.
each with the lowest, center and highest frequency CUTs. They
were randomly selected out of the 3150 PM-QAM systems
in category (1). We believe that, though relatively small,
this 300 system test-set is already large enough to providelhe CFMs presented in this paper are currently being up-
an independent additional indication of whether CFM4 is @faded in two directions. On one hand, an effort is ongoing to
reliable NLI estimation tool or not. validate the closed-form modeling of inter-channel stimulated

Simulations were conducted according to standard, weff@man scattering (ISRS), in the version proposed in [12].
established techniques. The total number of ‘good symbol$RS modeling is necessary for the correct appraisal of NLI in
per simulation was2'”. By ‘good symbols’ we mean the C+L band systems. On this topic substantlal_research is be_mg
remaining symbols after signal heads and tails were suitaigne by other groups as well ([11], [22]), in view of the possi-
discarded to ensure all transients extinction and to ensure tR& Widespread upgrade of the existing network from C to C+L
all-channels of the comb were simultaneously present wh§ currently installed capacity is gradually exhausted. On the
non-linearly interfering, despite dispersion-induced chann@in€r hand, another effort is ongoing towards validating a CFM
slippage. The CUT receiver first compensated for nomin@Xtension proposed in [21] which improves accuracy at low
channel dispersion. A 2x2 complex LMS stage followed?”d near-zero dlspgr5|on. Thls.eﬁort aims at coyerlng.tho.se
which was initially operated in data-aided mode to achieJ@ks where legacy fibers are still found, whose dispersion is
convergence and was then ‘frozen’. Lasers were assumed iaédy low or even have an in-band dispersion-zero.
(zero linewidth).

The results, shown in Fig. 11, are very encouraging, in the XI. CONCLUSION

sense that, with the inevitable statistical noise and uncertaintfye derived and tested the accuracy of a closed-form ap-
related to the smaller sample, the histograms appear to h8yimate EGN-model formula over 8500 highly diversified
quite similar to those of Fig. 9. We believe this to be ¢ pang systems, of which 6250 were fully-loaded and 2250
very important resqlt towards validating CFM4 and the overaﬂartially-loaded. They used all combinations of PM-QAM
closed-form modeling effort presented here. (from 4 to 256) formats, as well as PM-Gaussian, and three
different fiber types (SMF and two types of NZ-DSF). Several
other comb and link parameters were randomized as well.
We then greatly improved the accuracy of the model by
We used CFM4 to characterize all of the 8500 test-sketveraging the large test-set, mimicking ‘big-data’ approaches
systems. We did it on a laptop, using interpreted Matlab(TMjsed in other contexts. We also added a new analytical term
code. It took on average about 6 ms to calculate the SN®& deal with certain ‘corner cases’ that the model could not
of all WDM channels of a system. This is several orders dfandle well. In addition, we double-checked our validation by
magnitude faster than using numerical integration of the EGdmparison with 300 full C-band split-step simulations.

X. ONGOING RESEARCH

IX. COMPUTATIONAL EFFORT
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To the best of our knowledge, this is the first time sucthere all quantities are referred to the input of the receiver.
extensive testing and optimization procedures have been u¥dg then remark tha@ﬁ; in general depends on each channel
for the modeling of the system impact of non-linear fibelaunch power, into each span. Given Eq. (16), though, we can
propagation. think of Gf\};‘l asa function of just the PSD of the CUT at the
Away from pathological near-zero-dispersion situations, trstart of each span, that is a function@f:@T, with n ranging
final CFM (closed-form model) showed very good accuradyom 1 to Ny,.,. This is because the CUT PSDs contain all
in reproducing the predictions of the full-fledged, numericallythe information regarding the PSDs of all channels, at each
integrated EGN-model, as well as the results of full-band splgpan, through Eq. (16).
step simulations, at a comparatively negligible computationalEq. (17) could then be approximately maximized by using
effort (on the order of milliseconds). the LOGO approach, and in particular Egs. (79), (80) in [3].
We therefore believe the CFM proposed here could potednder the assumption of incoherent NLI accumulation, the
tially provide an effective and accurate tool to support real-:OGO approach ensures that global launch power optimiza-
time physical-layer-aware management and control of optid&n can be performed by optimizing launch power locally at
networks. each span. For the purpose of such span-by-span optimization,
we used CFM1 to calculate NLI. At the end of this procedure,
APPENDIX we obtained the full set of the optimized PSDs of the CUT

into each span. This would already provide a usable operating
point for each system, since all the information on launch

Our goal in this paper was to carry out a thorough armiSDs for all channels is provided by just #¢") , according
challenging test of the CFM accuracy and reliability, over ag Eq. (16).
extremely broad envelope of system configurations. We didHowever, we decided to perform one further step. We point
not want to investigate specific system optimization strategiegt that the information on all channels PSDs can be provided
or techniques. by the CUT PSDinto the first span only(!) togetherwith

With this premise, when faced with the problem of settinghe set of all the EDFA gain§(™. In addition, it is possible
launch powers in the systems test-set, we did not aim for thewrite the receiver SNR as follows:

A. Launch Power Optimization Procedure

absolute best system performance, which would require fine- GRx
tuning each channel power and would be quite difficult to SNR = fUlT 3 (18)
achieve. Rather, we aimed for CFM testing conditions that GRx [G(CJT} MaLr

might be challenging but, at the same time, not complete} heren,,, accountsfor the strength of non-linearity in the

unrealistic because of tgo high or too low launch powers. 20 rall link and depends on the EDFA gaifi€” but not on
we went for an approximate but manageable launch powgf;

) . o
optimization, with special attention paid to the CUT. cur- Under the assumption Eq. (16), this is true whatever

We started out from the initial assumption of each chann'g:]Od.eI (G'.\I’ EGN, the CFMs) is used to calculatg,, "’?”d n
being launchedt the same PS@s any other channel. If so particular it does not depend on whether coherent or incoherent

all channels have the same PSD as the CUT and we can wri elizjvaccumulatlon is assumed. . .
e therefore calculatedn,,, using the numerically-
G = g (15) integrated EGN-model, while keeping the EDFA gains fixed
Tch CcuT . . . . . . - 1)
_(n) in the first optimization step. We then re-op_tlmlzétgUT to
where, following the same notation as in Egs. (1)-( wn MaximizeEq. (18). This new optimum value 61!)_, together
is the PSD of thene,-th channel launched into the-th span with the I'™ found after the first optimization step, set all

andG") is the PSD of the CUT into the-th span. launch powers along the link through Eq. (16).
We then modified Eqg. (15) by introducing a channel-by-
channel randomization, as follows: B. Example of numerical investigation of the dependence on
Gﬁ"? _ G(C@T . (16) physical parameters of the machine-learning factors

We provide here one example of the numerical investiga-
where the¢, . 's are random variables uniformly distributedions that we carried out to find which physical parameters
between 0.7 and 1.3, generated at launch and preserved foafiicted the error between CFM1 and the EGN model.
spans. For the CUT, however, we set the valug€,of,, to 1, We defined the qualntit&](q’;)I asthe increment, between the
so that the CUT launch PSD was exadfly’) . We performed n-th span and the previous span, in the PSD of NLI affecting
the above randomization, because we wanted to make sure thatCUT:
the CFM was capable of accurately dealing with channel-by- n n n—1
channel non-uniformity, even of substantial extent. 50 = GI(VL)I (feor) = GI(“LI : (feur) (19)

We then considered the SNR for the CUT, at the end of We estimated this quantity feach sparof 150 test systems
the link, defined in Eq. (7). By dividing both numerator andabout 1500 data points) using category (1) WDM combs (PM-
denominator by the CUT symbol rate, we transform powel$QAM up to PM-256-QAM) and SMF links. The estimate

into PSDs and we can re-write Eq. (7) as: was computed using both the EGN modé&{{ ) and CFM1
AR (6™ ). To compare the two estimates we then took their ratio:
GCIDJ(T (17) CFM1
R, + GR R =600 /30, (20)
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2) the CUT symbol rate? .
3) the modulation format of each channel, by means of
the EGN model format-dependent coefficiemnt which

R os g b relates to the second-moment of the transmitted constel-
R + 96 GBaud lation [4]
08" o oo 4) the accumulated dispersio ... of each channel at
0.4'! 1 each span
03! We performed a ‘sensitivity’ analysis of CFM4 error vs.

| | | ‘ | these parameters. We did it by eliminating from Eq. (14) in
0 ! 2 84 5 x10*  tyrn each one of the above parameters, while all others were
accumulated dispersion /... (ps?) .
left in. Note that when we removed a parameter we re-ran the

Fig. 12. Plot of the quantityR defined in Eq. (20), representing the ratiobeSt'ﬁtting procedure on the free parameteysso that each
between span-by-span increments of NLI as predicted by the EGN modleiduced version of the machine learning factors performed at
and as Iprte?jic(tj(_ad by the c:o;id-;?;:? g?og;':hl S(C;?Al%' ;?;9 \?vl«);gissssn E Itﬁ maximum potential. In the following (Fig. 13), we show
?a(l:r‘:(ljjcr)nrrl1J aleigthIsuprﬁfrcs)lr(rjr:}yadistributed between 8p0 éndplZOkm. The test\gllae histograms of the erratng, as defined by Eg. (8), and
channels were PM-QAM, from 16 to 256. The plot shows about 1500 valutide related statistical indicators, when removing one of the
of the ratioR. A value of 1 would mean same prediction be_tween EGN anﬁarameters at a time. The benchmark for comparison consists
CFM1. Ve_ilues lower than 1 mean that the EGN model predicts proportlonac% the histograms and error statistical indicators vs. the EGN
less NLI increment than CFM1.

model, obtained when using the complete Eq. (14), that is

CFM4, shown in Fig. 10. We also collected the error statistical
andplotted all the resulting 1500 ratios in Fig. 12. indicators, for the center channel in the comb, in Table V.

As abscissa we used the absolute value of the accumulatetthe results clearly indicate that both the accumulated dis-
dispersion for the CUT at the start of thf@ — 1)-th span. persion and the format-dependent paramekeare crucial
Therefore, the values aR() arelined up at the origin, i.e., for accurate modeling. Taking out either one of them very
their abscissa igs ...=0 because the accumulated dispersiogubstantially degrades the performance of CFM4, with a
at the start of the first span is obviously zero for all linksyipling of variance and a doubling or tripling of peak and
The values of R®® have abscissae that are sprea@0 % peak-to-peak errors. The impact of the CUT symbol rate being
about a mean valugBs ... = 0.213 - 10* (ps?), because removed is small on mean and standard deviation, but the peak
SMF dispersion was3,=—21.3 and the span lengths wereand peak-to-peak errors increase by 50%. So it appears that
uniformly distributedbetween 80 and 120 km. In turn thesuch parameter is quite relevant too. As for channel roll-off,
abscissae oR(®) arespread+40% with triangular distribution as discussed in Sect. VII, its contribution is minor and could
(the convolution of two identical uniform distributions). Andbe neglected if simplifying the machine-learning factors was
so on, going to higher span numbers. a priority. Also, note that the effect on mean value of the

A perfect coincidence between EGN model and CFMérror of removing any parameter is always modest because
would imply R™ = 1 for all n’s, i.e., all markers should the machine-learning formulas Eq. (14) have free parameters
have value 1 in the plot. Instead, substantial NLI incrementisat absorb any fixed shift anyway.
overestimation occurs by CFM1, especially at the first spans,To conclude, we propose a few remarks regarding the
then gradually converging at farther spans or, equivalently, fanalytical form of the machine-learning factors Eqg. (14), which
higher accumulated dispersion. may seem arbitrary and perhaps in some parts redundant.

This trend does not come as a surprise, because CFMDne example is the parameter whose presence may
derives from the GN-model which is known to show such appear to be redundant, given that its value is about 9 and
behavior when compared to the EGN model. What is howewrat it gets summed t@zacc‘, whose values are much greater
quite interesting is that the dependence of tREY’s on than 9, even after just one span. However, as discussed in the
|B2,acc| is remarkably smooth. Also, both evident and unifornprevious appendix|3s .cc| is zero at the start of every link
is the dependence on the symbol rate, with different markexsd such value is used by the CFMs to compute NLI over
corresponding to different CUT symbol rates making rathéne first span. It is easy to verify that very different results
distinct ‘bands’. would be found for this calculation if; was not there, causing

This evidence suggested to us that simple correction facteigstantial error. In particular, all systems with single-span
should be able to compensate for the errors, once propembach, of which there are several instances in the 8500 system
trained through some ‘machine learning’ process. This wésst-set, would suffer from large NLI estimation errors.

done as shown in Sect. V, with good results. A??ther example is provided by the overall factor, present
In p7:<7;h:
as
C. Sensitivity of error vs. physical parameters and comments (14 ag - [1B2,acc (m:men)| + a7 ]™) (1)
on the analytical form of the machine-learning factors Given thatag = 6.6420 - 10~3 ~ 1/150, this means taking
The machine-learning factors shown in Eq. (14) depend 8# 150th root of the tern{:|3; acc (n, men)| + a7 ]. This may
four physical parameters: raise the doubt that, essentially:
1) the roll-off of each channel [1B2,ace (1, nen)| + a7 ]™ =~ 1
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TABLE V
STATISTICAL ERROR INDICATORS FOR THE CENTER CHANNEL

WHEN REMOVING DIFFERENT PHYSICAL PARAMETERS lowest frequency channel CUT symbol rate removed

FROM THE MACHINE-LEARNING FACTORS OFCFM4 < )
ALL VALUES INDB 70 i 000 a6
N pe:ﬁk error: 1.04 dB peak error: 0.35 dB
removedparameter || mean | std de& | peak | peak-to-peak B oos prlopk 16668 pretopie 05008
none -0.00 | 0.04 | 0.18 0.30 E e
channelroll-off -0.00 0.05 0.19 0.34 2 4 08 06 04 02 0 02 04 08
CUT symbolrate 0.01 | 005 | 0.29 0.45 _ center fraquency channel
& (format) 0.02 | 016 | 0.65 1.07 S0t mean: 0.45 6B mear: 001 48
B2.acc 007 | 015 [ 044 074 Soil  pescoror 1030 pesk oror 029 6B
E pk-to-pk: 1.29 dB h-ﬂ‘" pk-to-pk: 0.45 dB
o 005
If this was the case, then E T me o we w0 e
highest frequency channel
(14 ag - [182,acc (nynen)| + a7]™®) = (14 ag) (22) 20 oty 052 4o i o 0,478
E 01 psz?k error: ?os dB peak error 9§9 dB
that is, a large part of the above formula would be redunda~ £oesp ™7 '7% priope 138
In reality, an easy numerical check shows that the left a1 = o <Mt heloen :
. . . -1.2 -1 -0.8 0.6 0.4 -0.2 0 0.2 0.4 0.6
right-hand side of Eq. (22) differ by more than 10 dB ove SNR estimation error, dB
the almost entirety of the practical range |0% .|, due to
the near cancellation of the constant 1 with the remainder ~ _ lowestfreuency channel format-dependent parameter & removed
the formUIa- gf”s [ Z;Znevﬂu“:eda?s ;r::aamevrouoivdfs
In conclusion, despite what may appear in some instanc § oir D B e
all parts of the machine learning factors laws play a crucialro ~ §"[ >
and deleting anyone of them would impair accuracy. This is tl 42 4 08 08 04 02 0 02 04 06
case because we went through a thorough iterative ‘prunir ~ _ ceferfequencychonnel —

. . . . f 0.15 F mean: -0.48 dB mean: 0.02 dB
process where redundant parts were eliminated. While it & otd dov- 025 6B <40 dov:0.16 0B
possible and indeed likely that simpler or more accurate lan £ *'| [ tonk, 1078

. . . o 005
can be devised, we think Eq. (14) already achieves an effect & d
combination of good performance and low overall complexit Az 04 02 0oz o8
' highest frequency channel
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