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Design Strategies and Merit of System Parameters
for Uniform Uncompensated Links Supporting
Nyquist-WDM Transmission

V. Curri, Member, IEEE, A. Carena, Member, IEEE, A. Arduino, G. Bosco, Senior Member, IEEE, P. Poggiolini,
Member, IEEE, A. Nespola, Member, IEEE, F. Forghieri, Member, IEEE

Abstract—We consider the transmission of Nyquist-
wavelength-division-multiplexed (NyWDM) channels based
on polarization-multiplexed m-ary QAM multilevel modulation
formats with DSP-based coherent detection over point-to-point
uncompensated periodically amplified uniform fiber links.
Taking into account both the effect of amplified spontaneous
emission (ASE) noise accumulation and generation of non-linear
interference (NLI) introduced by fiber propagation, we propose
three different design strategies: the maximization of both the
Q margin and the span-loss margin, for a given span length,
and the maximization of the total link length given a target
performance. We propose and apply an approximation for
the Gaussian-Noise(GN) model in order to evaluate the NLI
intensity, deriving for the three design strategies the merit of
link and signal parameters. Finally, we validate the proposed
methodologies using experimental and simulative results already
published in literature.

Index Terms—Multilevel modulation formats, Nyquist-WDM,
Coherent detection, Uncompensated links, Non-linear interfer-
ence.

I. INTRODUCTION

HE first three decades of the optical communications age

were characterized by the use of receivers (Rx) based
on direct-detection. During that time-span, all practically used
modulation formats were forcedly flavors of the intensity-
modulation direct-detection (IM/DD) format.

Electronic dispersion compensation was largely ineffective
for IM/DD. As a result, optical links included optical chro-
matic dispersion (CD) compensators. However, the complex
interplay between CD and fiber non-linearity required opti-
mized ‘dispersion maps’. Generalized engineering rules could
not be derived and, consequently, design procedures required
a case-by-case optimization of system parameters.

Over the last decade, the development of fast digital-to-
analog (DAC) and analog-to digital (ADC) converters together
with fast digital signal processing (DSP), has enabled the
generation of polarization-multiplexed (PM) multilevel mod-
ulation formats using I/Q modulators and the implementa-
tion of DSP-based polarization diversity coherent Rx’s. For
these transmission systems, linear effects such as CD and
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polarization-mode dispersion (PMD), can be fully compen-
sated for by the Rx DSP. The use of DSP at the transmitter
(Tx) has also permitted the accurate shaping of the channel
spectrum, enabling raised-cosine-shaped channels, as required
by the Nyquist-WDM (NyWDM) technique. Hence, the chan-
nel spacing (Af) has approached the symbol rate (Ry), further
improving the spectral efficiency (SE).

Remarkably, it has been extensively shown that for these
systems the best reach performance is achieved in the absence
of any in-line chromatic dispersion (CD) compensation, i.e.,
with uncompensated transmission (UT) [1]-[3]. This fun-
damental property dramatically simplifies the link structure
removing the need for an optimized dispersion map. It also
simplifies the task of assessing the impact of non-linear
propagation effects.

The field of the analytical modeling of fiber non-linear
effects has historically been very active. A partial list of
contributions, covering only the last two years, is [4]-[17] .
For prior years, the reader may refer to the bibliography of
[6] and [12].

One modeling result of substantial practical importance
has been the recognition that in typical UT links the effect
of fiber non-linearity on any single WDM channel can be
approximately modeled as additive Gaussian noise (AGN),
called non-linear interference (NLI), whose variance scales as
the cube of the power per channel. Such AGN is approximately
statistically independent of the channel signal and of the ASE
noise. A non-linear phase-noise component may be present
too [7], [9], whose correlation time may be several tens of
symbol times, but its impact has been found to be small or
negligible in conventional long-haul EDFA-amplified systems
[14]-[18], as well as in systems with hybrid EDFA-Raman
amplification, when the Raman gain is substantially less than
the span fiber loss. In this paper, we assume to be operating
in such weak phase-noise scenarios, so that the NLI can be
considered statistically-independent, short-correlation (i.e., up
to one symbol) AGN.

Several models are currently available for estimating the
amount of NLI. We took into account the GN [12] and
enhanced-GN (EGN) [13] models. They are conceptually
similar, but the GN-model makes the simplifying assumption
that the highly dispersed signal propagating over UT links can
be approximated as a Gaussian random process itself. Thanks
to this hypothesis, the GN-model application is relatively
simple and it can be approximated by a compact closed-



form for several practical scenarios, in particular for channel
combs exploiting the entire C-bandwidth. The EGN model,
instead, takes into full account the statistical properties of the
modulated signal and is very accurate for most of practical
scenarios but it is more complex than the GN-model.

In this paper, we concentrate on UT of NyWDM channel
combs over links made up of all-identical spans - uniform
links. For these systems, the use of a simplified version of the
GN model - the ‘incoherent” GN-model - ensures excellent ac-
curacy in performance prediction and allows to derive closed-
form expressions for the design rules. The ‘incoherent’” GN-
model neglects the coherent accumulation of NLI produced by
subsequent different spans and phenomenological turns out to
improve the accuracy of the GN-model in UT over uniform
links and on the entire C-band. For a discussion of this aspect,
see [12] and [18]. For a general validation of the incoherent
GN model, see [5], [12].

Our investigations had two main purposes. First, we derived
link design rules taking into account ASE noise and NLI
accumulation and targeted to optimize different performance
parameters. In particular, we identified three possible design
‘strategies’ aimed at maximizing three different system perfor-
mance indicators: the Q-factor, the span margin or the reach,
hence carrying on and refining our previous work [26] which
was focused only on reach maximization.

Second, we aimed at identifying scaling laws which effec-
tively captured the merit of each link and signal parameter on
target performance parameters. They had to be simple, based
on closed-form formulas and may be based on approximations
with a maximum tolerable inaccuracy.

As shown in Sec. IV, the proposed scaling laws allow
to express the target performance parameters as a linear
combination of the system parameters, in convenient dB units.
Hence, the designer can get an evaluation “at a glance”, with
a given and limited maximum inaccuracy, for instance, of
how much is the merit on the maximum reach extension of
changing the fiber type. Such an evaluation can be done simply
adding up the merit of relative variations of loss, dispersion
and nonlinear fiber coefficients . If an analytical model for
the NLI evaluation was applied, such an operation would be
more complex and, most important, the merit of each system
parameter on the design target should not be so clear and
quickly readable. So far, this problem had been addressed by
looking at different fiber ‘figures of merit’ [22], [23] and only
partially analyzed with the objective of obtaining clear and
simple design rules [25]-[27].

In this paper, we do not take into account for possible
nonlinear mitigation or pre-compensation techniques and we
do not consider phase-conjugated twin waves communications.

The paper is organized as in the following.

In Sec. II, we describe the considered system setup and
present the possible design strategies aimed at maximizing
either the system Q, the span margin, or the reach.

In Sec. III, we recall the main analytical results for the GN-
model and propose a suitable linear approximation, relating in
convenient dB units the scaling of NLI intensity with system
parameters. An acceptable level of accuracy is found over the
range of system parameters of practical interest.
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Fig. 1. Uniform and amplified system setup considered for the analysis

:Af:

Fig. 2. Power spectral density of the NyWDM comb of channels considered
for the analysis

In Sec. IV, we use the GN-model approximation together
with the design strategies proposed in Sec. II in order to derive
the scaling laws giving the merit on target performances of
scaling signal and link parameters, such as amplifier and fiber
parameters, symbol rate R, channel spacing Af and operating
bit error-rate (BER).

In Sec. V, we validate the scaling laws presented in Sec. IV
using already published experimental and simulative results.

Finally, in Sec. VI we comment on the use of merit
of system parameters in practical choices typically faced in
designing or upgrading optical communication links.

II. DESIGN STRATEGIES

We consider the system setup pictorially described in Fig. 1
that is a generic multi-span uncompensated uniform fiber-
link with periodical lumped amplification. Each of the N
spans is made of the transmission fiber followed by a variable
optical attenuator (VOA) emulating lumped losses, and by an
optical amplifier with noise figure F' completely recovering
the span loss. Therefore, the overall span loss, in dB units,
is Aggqs = oaasls + Agr g and the amplifier gain is
GaB = Ag aB. Agr,gB is the possible lumped excess-loss.!

The ASE noise introduced by each optical amplifier can
be considered as additive white and Gaussian noise (AWGN)
with a power spectral density (PSD) given by:

Gase = Epp - F - A )

where Ep,, = h - fj is the single-photon energy at the operating
frequency f; and h is Planck’s constant.

The signal transmitted on the link is a comb of NyWDM
channels whose PSD is qualitatively shown in Fig. 2. Each of
the Ny, carriers is modulated by a polarization multiplexed M-
ary QAM constellation at the symbol rate Rs. Considering the
Tx DSP being able to perfectly shape each channel spectrum,

'In this paper, we define losses as parameters > 1, i.e., given the loss Ag
we assume Pout = Pin/As. In dBs, Ag gp > 0 dB.



we assume such a spectrum to be exactly squared. Conse-
quently, the channel spacing Af may approach the symbol rate
Rs and the overall occupied bandwidth is Bops = Ney - Af.

It has been extensively shown that non-linear propagation
of NyWDM signal combs over uncompensated and uniform
multi-span links induces the growth of an additive Gaussian-
distributed disturbance called non-linear interference. In gen-
eral, the NLI PSD depends on the frequency, but its variation
with f is weak over the channel bandwidth, so, in order to
evaluate the worst-case performance for the center channel,
we can approximate the NLI as an AWGN, similar to the
ASE noise.

In general, in uniform links, the NLI accumulation with
distance is super-linear, but in case of a large number of
channels it approaches the linear behavior [12]. Thus, from
a practical point of view, we can adopt this simplifying
assumption and consider linear accumulation of NLI with
distance. It is also well known and demonstrated that the NLI
intensity scales with the cube of the power per channel Py
propagating in the fiber, therefore, in general, we can express
the NLI PSD introduced by each fiber span as:

3
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where Gep, = Pen/Rs is the power spectral density of trans-
mitted channels (see fig. 2) which is flat in accordance to the
Nyquist shaping, and I'yy; is the normalized NLI efficiency
that depends on the link and signal parameters. Given Rg
and Af, according to the GN-model theory , I'yp; can be
practically assumed to be independent of the modulation
format, provided that it is a polarization multiplexed M-ary
QAM [18].

As the ASE noise and the NLI disturbance introduced at
each span are statistical independent AWGNs accumulating
linearly with distance, the center channel at the Rx is affected
by an overall AWGN whose PSD is

Grx = Ng(Gase + Gywi) - 3)

We assume the use of a DSP-based polarization-diversity
coherent receiver whose back-to-back (BER) is given by:

BER = ®(SNR) @)

where @ is a monotonically decreasing function that depends
on the modulation format [5] and on the Tx/Rx implementa-
tions. SNR is the signal to noise ratio measured in the noise
bandwidth B, = Rs.

We suppose that the receiver is able to recover signal
distortions and impairments due to phase noise, so transmis-
sion performances are only limited by the overall amount of
Gaussian disturbances Gry given by Eq. (3). The BER at the
receiver is consequently attainable substituting in Eq. (4) the
generalized signal to noise ratio SNRyy, taking into account
both ASE noise and NLI disturbance, whose expression is:

Gch
G3 :
NeEpy (F- Ay + Tnirgit )

SNRnr = ®)

Eq. (5) is the fundamental law for design processes aimed at
optimizing system performances, including nonlinear propa-
gation.

In the following, we describe three different design strate-
gies, all derived applying Eq. (5). For all strategies, we assume
that the modulation format is given, as well as Rg, Ny, Af
and the Tx/Rx characteristics, including possible forward error
correction (FEC) codes. The fiber type is pre-determined as
well, and supposed to be uniform in the link, hence the NLI
efficiency I'yp1 is a system constant.

In order to show the behavior of the three design parameters
vs. the channel PSD we considered a typical uniform link
made of standard single-mode fiber (SMF) (aqp = 0.2 dB/km,
D = 16.7 ps/nm/km, v = 1.3 1/W/km) with span length 100
km - 20 dB of span loss - and EDFA F = 5 dB. The NyWDM
channel comb is supposed to operate on the Af = 50 GHz ITU
grid at Ry = 32 Gbaud exploiting the entire C-band (B¢ = 4
THz). Performance results for the considered typical link are
shown as SNRyty, for Ngys = 15 spans (Fig. 3a), as span loss
for Ngys = 15 spans with target signal-to-noise ratio SNRt
= 10 dB (Fig. 3b) and as maximum reach for SNRt = 10
dB (Fig. 3c). Parameters are plotted against the normalized
channel PSD G, /Ey that assumes the meaning of average
number of photon per channel.

A. Maximization of Q

Considering a system composed of a given number of spans
(Ng = Ngys) with a defined span loss (Ag = Agys), System op-
timization can address BER minimization, or (3 maximization
having defined the ) factor, using the convenient dB units, as:

Qag = 20 log,[V2 erfc™ (2 BER)] . (6)

A given span loss means that both the span length (L) and
the extra loss (Agr,) per span are defined a priori and kept as
constants. Under these hypotheses, this optimization strategy
corresponds to the maximization of Eq. (5). SNRyy, shows a
maximum with respect to Gy, that is the optimal operating
point for the considered system setup. It means that we can
achieve a maximum SNRy1, = SNRN1 max at the optimal
PSD per channel Gg, = G?hppt, as displayed in Fig. 3a. Such
optimal values can be easily evaluated and have the following
analytic expressions:

1
1 F-A 3
A sys
=E 7
Celvopt ph VINLI ( 2 > @

and

SI\I];{NL,max =

11 1 2 3 g
3 Nuys VT (F~Asys> - ®

as shown in [34]. In practical systems, to each target
BER = BERf, depending on modulation format, on Tx/Rx
implementation and on FEC strength, corresponds a target
SNR = SNRr. So, this design strategy can be also interpreted
as the maximization of the receiver margin, that using the
convenient dB units, is defined as:

HRx = SNRNL, max,dB — SNRT 4B - &)
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Fig. 3. The three considered optimization parameters for a uniform amplified
link on SMF (agp = 0.2 dB/km, D = 16.7 ps/nm/km, v = 1.3 1/W/km, Ls =
100 km, EDFA F =5 dB). N, = 80 on a Af = 50 GHz grid corresponding
to Bopt = 4 THz. Symbol rate is Rs = 32 Gbaud. Solid lines are SNR, for
Nsys = 15 spans (a), span loss for Ngys = 15 spans and SNRt = 10 dB(b)
and maximum reach for SNR-T = 10 dB(c) vs. the average number of photon
per channel (Gp, /Ecp). Dashed lines refer to the same parameters evaluated
in linear regime considering ASE noise only.

It is the amount of dBs the Rx sensitivity may degrade still
keeping the link in-service, i.e., BER below the target value
BERT. Such a margin may enable the use of a less powerful
FEC code or allows upgrading the link to an higher order
modulation format to increase system capacity: in both cases
SNRT 4B can be increased up to SNR = SNRN1, max,aB, in
case the entire margin is “spent”. The margin, if kept, is a
prevention to receiver aging causing an increase of SNRt 4p
due to performance degradation of components during their
lifespan.

An alternative way to express the receiver margin is to refer
to the Q factor, defining its margin as:

#Q = Qmax,dB — QT,dB - (10)

where  Qmax,ap  corresponds to BERni, obtained at
SNRNL,max and Qr g depends on BERt through Eq. (6).
For multilevel modulation formats as PM-BPSK, PM-QPSK,
PM-8QAM and PM-16QAM, BER functions ® are in the
heuristic form BER = k; erfc (k2 vV SNR) [5] and so:

(1)

Therefore, for all practical scenarios the Q-margin pq corre-
sponds to the Rx-margin pprx.

1qQ = SNRNL max,dB — SNRT 4B -

B. Maximization of span margin

Considering a system composed of a given number of spans
(Ng = Ngys) and operating at a target performance BER =
BER, corresponding to SNR = SNR, system optimization
may target the span margin maximization. Using convenient
dB units, we define such a margin as:

Hs,max = As,max,dB - Asys,dB (12)

where Ag max.ap is the maximum tolerable span loss at
BER = BERrT, and Ay B is the actual span loss. In case the
span margin is positive, the link may deliver a BER lower than
BER~ if the optimal channel PSD is used. Hence, the span
loss can be possibly increased up to Ag maxap still keeping
the link in-service.

In order to derive Agmax,ap We consider Eq. (5) and
evaluate A; as a function of the other system parameters,
obtaining:

A=

1 Gen I'nLt A3
- —-G 13
Epp - F (Nsys -SNRy  E2, ()

that is a function of the channel PSD G, as shown in Fig. 3b.
The optimal operating point corresponds to the maximum
Ay = A max at the optimal channel PSD G?hppt. From
Eq. (13) it is straightforward to derive the optimal values for

the channel PSD and for the span loss that are:

Eon 1
Ghopt = —— 14
ch.opt Tner | 3 - Neys - SNRp 14
and
2 1 1
A max = = . 15
ST 3 PN \/3(N5ys -SNRr)3 (1)



Substituting Eq. (15) in Eq. (12), we obtain a closed form for
the span margin ps.

The span margin can be seen as a safeness against the
aging of the link, since degradation of components during
their lifespan may induce increase of span loss. It can also
be used in the design phase to enlarge the span length or to
allow higher lumped losses.

Note that the span margin corresponds to the SNR margin
typically evaluated in lab experiments [25]. It is measured
through a controlled Rx ASE noise-loading increasing the
BER up to BERy. The difference between the line SNR,
measured before the Rx noise-loading, and the SNR after the
Rx noise-loading is defined as SNR margin: it can be easily
shown that it corresponds to the span margin as defined in this
section.

Note that the optimal channel PSD for span margin max-
imization (Eq. (14)) is different than the one referred to the
optimization of Q-margin (Eq. (7)). It means that depending
on the design target the choice of the optimal launched power
may vary.

C. Maximization of reach

The last design strategy we consider is aimed at maximizing
the system reach, given the target BER = BERt (SNRnt, =
SNRT) and the actual span loss Ay = Agy. To this purpose,
from Eq. (5) we derive the number of spans Ny as a function
of the other system parameters. Also for this case, the target
parameter is a function of the channel PSD:

Gch

N, = S—
SNRt - Epn (F - Agys + it EET)

(16)

Eq. (16) clearly presents a maximum Ng .. at the optimal
channel PSD G, = Ggh’opt as pictorially shown in Fig. 3c.
For this design strategy, the optimal channel PSD corresponds
to the one obtained for the Q-margin optimization, so its
expression is:

1
1 F-A, 3
A S
Gch ,opt — Gch,opt = Eph m ( 9 yS> (17)

while the maximum reach has the following close-form [23],
[34]

(18)

N 1 1 1 2 3
P 3SNRr ¢/Tait (F : Asys) '

A fundamental property, common to the three design strate-
gies, can be derived analyzing in detail the amount of ASE
noise and NLI disturbance when operating the link at optimal
channel PSD. Under this condition, the NLI intensity always
corresponds to half the ASE noise power, both measured in
R,. Consequently, independently of the design target, the NLI
penalty is always 2/3, i.e., 1.76 dB, at the optimal transmitted
power, confirming results shown in [33],[34].

III. A SUITABLE APPROXIMATION OF THE GN-MODEL

In Sec. II we assumed that the NLI efficiency I'npr is
known, and on such a basis we found the three proposed
design strategies. Therefore, so far, besides assuming the NLI

disturbance to be an AWGN on the center channel, no specific
model for NLI calculation has been used. Nevertheless, the
proposed strategies clearly show trade-offs among link length,
span loss, EDFA noise figure and the Rx sensitivity. A further
step in assisting the design process of optical links is the
derivation of simple scaling laws of design targets with all link
and signal parameters in order to clearly point out the merit
of each system characteristic. To pursue such an objective a
mathematical model for the NLI is needed.

In the technical literature, several models for NLI generation
have been proposed allowing to calculate its intensity - and so
its efficiency I'np1 - from the knowledge of signal spectrum
and fiber characteristics. In this paper, we consider the well-
known Gaussian-Noise (GN) model for the NLI [20], [21],
[5], [19], [12]. This model has been extensively validated
experimentally and by simulation, and allows to evaluate
analytically the NLI PSD G-

According to the GN-model, in general, the expression of
Gy introduced by a single fiber span assumes the following
form:

16
Gyri(f) = 27’72L§ff

+oo +oo
/ / Gwpw (f1) Gwpwm (f2)

GWDM (fl -+ f2 — f) 14 (fl, fQ, f) dfgdfl (19)

where 7 is the fiber nonlinear coefficient, L.g is the effective
length of the fiber span, p(f) is the four wave mixing efficiency
and Gwpw (f) is the PSD of the channel comb at the fiber
input. In Eq. (19) it can be noted that the NLI PSD depends
on frequency, but in the channel bandwidth B, = Rg such a
dependence is practically negligible. In particular, if we focus
on the center channel of the NyWDM comb, - the worst case -
the NLI can be considered as AWGN and we need to evaluate
only Gy at £=0.

Moreover, it has been shown that for NyWDM transmission
over a large optical bandwidth, Eq. (19) has a very accurate
closed-form approximation: on the center NyWDM channel,
the NLI PSD generated by a single fiber span is approximated
as an AWGN whose PSD is [21]:

2
E|D‘R% |: BOpt :|K QdB 2L2 G
C Q4B KsRs |D‘ eff Mch
(20

where Ky = Af/Rg, aqgp is the fiber loss (dB/km), D
is the fiber dispersion (ps/nm/km), v is the fiber nonlinear
coefficient (1/W/km) Leg is the fiber-span effective length
(km), C = m 2, and c is the speed of the light. Using the
NLI approximation of Eq. (20), the normalized NLI efficiency
assumes the following closed-form:

8 - C - asinh { x [DIR [ Bopt }@

ph 54 D|

21
Substituting Eq. (21) in results obtained in Sec. II, we get
analytic expressions for the optimal channel PSD and for
the optimal Q-margin, SNR-margin and maximum reach,

GNLr =2 54C~as1nh{

Iy = E2




resulting from the three design rules. Thus, optimal design
targets assume close analytic forms with respect to all system
parameters, but merits of each parameters are not explicit
because in Eq. (21) the dependence on system parameters in
part occurs through the function asinh(x). To the purpose
of getting explicit scaling laws with all system parameters
pointing out their merit, we investigated the existence of a fur-
ther approximation of Eq. (21) with a simplified mathematical
dependence on system parameters and a controlled accuracy.

Observing Eq. (21), we note that dependence on system
parameters can be subdivided into two categories: direct
dependence through linear or square proportionality and a
dependence through the function asinh(x), that is weak for
practical scenarios.

In order to point out the merit of each system parameters
in convenient dB units the approximation of I'yp; must be in
the form: K
Inor = E—B opt 7 .

ESn K& - agjly - Dis

To this purpose we investigated the accuracy of such an ex-
pression extensively over a wide range of system parameters,
as listed in the following. Fiber span length L € [50;125] km,
fiber attenuation agp € [0.15;0.25] dB/km, fiber dispersion D
[4;24] ps/nm/km, symbol rate Ry € [20;40] Gbaud, normalized
channel spacing K € [1;1.5] and overall optical bandwidth
Bopt € [1;4] THz. In this way we are able to obtain a
linear expression for I'xry, if dB units are considered. The
approximation minimizing the inaccuracy, with respect the
exact GN-model, to &= 0.45 dB in the previously listed space
of explored system parameters is the following:

(22)

15-10% Bl A2
E}Z)h KS cOgB - D5/6 '

I'nit & (23)

Such approximation, showing the maximum inaccuracy on
lower border of rabges of loss and dispersion coefficients, is
slightly more precise than the one obtained in [26], whose
error with respect to the exact GN-model was found to be in
the range + 0.5 dB.

To further understand the reliability of this approximation,
we calculated optimal design parameters of Eq. (8), Eq. (15)
and Eq. (18) using for I'ypr both the approximation of
Eq. (23) and the exact expression of Eq. (19), varying system
parameters within the ranges previously listed. Comparing the
results, the error induced by the approximated expression of
T'nwr is always within £ 0.25 dB, confirming its good level
of accuracy with respect to the exact model.

Substituting Eq. (23) in the equations derived in Sec. II,
we get simplified expressions for the optimal channel PSD
and for the three optimal design targets. Such approximated
expressions will be used in the following section to point out
the merit of each system parameter, and so allowing a quick
evaluation of the scaling laws of design targets vs. the variation
of each parameter, in convenient dB units.

IV. SCALING LAWS

In order to better understand how varying system
parameters impacts on the design targets, it is useful

to consider a reference system and estimate differential
variations. Using the design strategies introduced in Sec.II,
we derived the differential variation of the optimal power
per channel, defined as Pchopt = Gen,opt - Rs, and of the
design targets as ratios with respect to reference values. In
the following, results for each design strategy are reported,
identifying the reference scenario with the “ref” subscript.

A: Maximization of Q-factor

1
PcAh,opt _ (FNLI,ref F Asys >3< Rs ) (24)
PA FNLI Frcf Asys ref 1{s,rcf
N

ch,opt,ref

2
Qmax _ <FNLI ref> (Fref A@y% ref) 3 sys,ref (25)
Qmax,ref 'L F Asys Nsys
B: Maximization of span margin
1
P]cgh ,opt _<FNLLref Nsys,ref SNRT,ref>2 < Rs ) (26)
P]cgh,opt,ref 'L Nsys SNRt Rs,ref
1
us,max _ (FNLI,rCf ) 2
s, max,ref I—‘NLI
3
. Nsys,ref SNRT,ref 2 Fref Asys,ref (27)
Nuys SNRr F Ay
C: Maximization of reach
Pcch,opt _ <FNLI,ref F Asys > % ( Rs > (28)
Pgh ,opt,ref I'not Fret Asys,ref Rs,ref
Ns,max :<FNLI,ref >3<Fref Asys,ref )3 SNRT,ref (29)
Ns,max,ref I—‘NLI F Asys S1\IPMT

These scaling laws are not approximated, since they assume
only the knowledge of I'ypi. In order to get the merit of
system parameters, we used the GN-model approximation of
Eq. (23), obtaining the following expression for the relative
I'n1,1 variations:

5

~ Ks agB < D >6<%~ef >2<Bopt Ief) (30)
KS,ref QdB,ref Dref Y Bopt

Substituting Eq. (30) in Egs. (24-29), and using convenient dB

units, we obtain the relative variations of optimal power per
channel with differential variations of all system parameter:

) =3 oo

where i = A,B,C is a label for the considered design
strategy. For relative variations of the optimal design targets
the expression is the following:

I'NLLret

IBNSB

Pch ,opt

i
Pch ;opt,ref

APiCh,opt =10 log ( (31)

parmax

Parmax,ref

Aparyay = 10 1ogw( > prm i [dB] (32)
where parmax = Qmax O fismax O Ngmax. A are the
ten differential variations of system parameters detailed de-
scribed below. The weights wp, ; and wp,r; are listed in in



Tab. I and II for the optimal power and the optimal design
parameters, respectively. From a system design point of view,
these weights represent the merit of each system parameter
allowing, for instance, to evaluate “at a glance” the benefit, or
penalty, induced by 1 dB variation of each system parameter.
Note that Eqs. (31-32) are affected by a limited inaccuracy, as
opposite to Egs. (24-29), since they are obtained by mean of
the approximation of Eq. 30.

Max Max Max
Incremental span
Q-factor . reach
Parameter margin
[dB] APcp opt [dB]
Aa +1 +1 +3
AAys +% 0 + %
AD += += +=
A~y - % -1 - %
AKs +3 +1 +3
ARg +1 +1 +1
R B S N S
ASNRT N.A. -3 0
ANgys 0 - N.A.
AF +1 0 +3
TABLE I

MERIT COEFFICIENTS OF SYSTEM PARAMETERS IN THE EVALUATION OF
OPTIMAL POWER LEVELS FOR THE THREE CONSIDERED DESIGN

STRATEGIES.
Incremental Max Max Max
P Q-factor | Span-margin Reach
arameter
[dB] AQmax AMs,rﬂax AI\Is,max
[dB] [dB] [dB]
T T T
Aa +3 +5 +3
AAgys -2 -1 =
) 5 5
AD +1g +15 +1g
A~y —% -1 —%
T T T
AKg +3 +3 +3
ARs 0 0 0
T T T
ABopt 12 “g “1s
ASNR N.A. -2 -1
ANSyS '1 _% N.A.
7 2
AF -2 -1 -Z
TABLE 11

INDIVIDUAL MERIT COEFFICIENTS OF SYSTEM PARAMETERS FOR THE
THREE CONSIDERED DESIGN STRATEGIES.

The meaning of each incremental system parameter with
respect to the reference scenario (subscript “ref”) is defined in
the following.

e« Ao = 10 - 10g10 (ﬁ,}fef
change of the fiber attenuation. The smaller is the fiber
attenuation, the larger is the fiber effective length, and
nonlinear effects are consequently enhanced. An attenua-
tion reduction implies A« < 0 that means poorer system
performances for all strategies. A« is weighted 1/3 for
Q-margin and reach, while it is weighted 1/2 for span
margin.

o AAgys = AgysaB — Agys dB ref: this is the variation of
the overall span loss with respect to the reference set-
up. It can be caused by a different lumped loss or by a

): it takes into account the

different fiber loss Agg = agp - Ls depending on both
the fiber attenuation agp and span length Lg. A reduction
in the overall span loss, ie., AAg,s < 0, improves
system performance in all three strategies because the
term A A,y appears with negative sign in the expressions.
Reducing the span loss of 1 dB induces 0.67 dB of Q-
margin increasing and allows 16.6 % (0.67 dB) reach
extension while the span margin grows of 1 dB. Note that
reducing fiber attenuation « has two opposite impacts on
system performances: negative through A« and positive
through AAg.

AD = 10 - logw (%
fiber chromatic dispersion coefficient. Increasing D of
25% (1 dB) reduces nonlinear effects, implying 0.28 dB
enhancement for (Q-margin and reach and 0.42 dB extra
span margin span margin.

A~ = 10-logyg % : it is the variation of the fiber non-
linear coefficient. A 20% reduction (1 dB)of v enhances
system performances of 0.67 dB for Q-margin and reach
and 1 dB for span margin.

): it is the alteration of the

Neys,rof ) °
considers the change in the number of span the link is

made of. Hence, a 25% link extension (1 dB) reduces the
Q-margin of 1 dB and the span margin of 1.56 dB.
ASNRT = SNR1 g8 — SNRT 4B ref considers the varia-
tion in the signal to noise ratio required to keep the link
in-service. Asking for 1 dB better performance, ASNR
= 1 dB, reduces of 1.5 dB the span margin and of 20%
(1 dB) the max reach. SNR depends on the modulation
format cardinality, on the Tx/Rx implementation and on
the chosen FEC. In general, a variation ASNRr is given
by changes in TX/Rx setup.

AF = Fgp — FaBrer accounts for the change in the
quality of the amplifiers. Poorer quality amplifier means
positive AF. AF =1 dB induces 1 lower span margin,
0.67 dB smaller Q-margin and 15% (0.67 dB) reduction
in max reach reach.

ARg = 10-logyg g Rs ) it is the variation of the symbol

ANy = 10 - logig ( Neye ) this differential parameter

Rs,ref ) °

rate operating the ink z:nd does not modify design targets.
It only affects the optimal power per channel.

AKy = 10 - logyo ( K}fjcf): it considers changes in the
normalized channel spabing that gives the system spectral
efficiency (SE): AKy = —ASE Reducing SE of 20% (1
dB) improves span margin of 0.5 dB, Q-margin of 0.33
dB and max reach of 8% (0.33 dB).

ABgpy = 10 - logio (BonOtp:ef): it is the change in the
overall occupied optical bandwidth given the number of
transmitted channels N.,. Increasing the total number
of channels induces a weak enhancement of nonlinear
effects as 25% more channels (AB,p; = 1 dB) reduces
the span margin of 0.125 dB, the Q-margin of 0.08 dB

and the maximum reach of 2% (0.08 dB).

V. VALIDATION

In order to validate results of Sec. IV we considered already
published experimental and simulative results, comparing pub-



lished results to the quick derivations obtained using the pro-
posed scaling laws. We apply the validation process to the Q-
margin and reach maximization only, as the suitable published
experimental results refer to these two design strategies and
we could not find relevant data targeting optimization of span
margin.

The proposed scaling laws give variations with respect to
a reference scenario, therefore, a reference setup must be

considered.

A. Scaling laws for maximum Q

. Channel spacin max Q factor
Experiment Ban dwil()ith 8 Scal[i(:lB]
Distance Ex| Lawg ‘ Eq. (25)
Reference Af =17 GHz 6.1
16.64 Gbaud PM-16QAM | Bt = 136 GHz (ex er.iment)
8 channels Nsys = 120 P
(a) Af =235 GHz
16.64 Gbaud PM-16QAM | Bopt = 188 GHz | 6.5 6.45 6.25
8 channels Ngys = 120
(b) Af =17 GHz
16.64 Gbaud PM-16QAM Bopt = 5 THz 5.2 4.95 5
294 channels Ngys = 131
(c) Af =33 GHz
28 Gbaud PM-16QAM Bopt = 528 GHz 8 8.35 8.80
16 channels Nsys = 60
TABLE IIT

MAXIMIZATION OF Q FACTOR: COMPARISON BETWEEN EXPERIMENTAL
RESULTS AND SCALING LAW PREDICTIONS DEFINED IN EQ. (32) WITH
par = Q AND MERIT COEFFICIENTS OF TAB II. PREDICTIONS BASED ON
EQ. (25) USING EQ.(21) ARE DISPLAYED AS A REFERENCE.

Corning Vascade EX3000 (150 ym?, 0.16 dB/km) and 25 km
of Corning Vascade EX2000 (112 ym?, 0.16 dB/km), resulting
in a total transmission distance of 3000 km. Since scaling
laws does not consider non-uniform links made of different
fibers, we approximated the actual span with an equivalent
uniform span of 50 km Corning Vascade EX3000 as in
lumped amplification only the first portion of the fiber span is
responsible for NLI generation.

The reference QQ factor was 6.1 dB, as shown in [28]. The
variations of the maximum Q (AQuax) With respect to the
reference setup are evaluated using merit coefficients displayed
in Tab II and Eq. 32 with par = Q. The analytical results
obtained using the individual merit of the system parameters,
together with the experimental results listed in [28], [29] and
[15] are reported in Tab. III. The scaling law predictions
demonstrate to be really accurate showing to be able to keep
the inaccuracy within 0.3 dB. In Tab. IIl, we reported as a
reference also the predictions based on the GN-model, i.e.,
on Eq. (25) using Eq.(21) for Gammay; evaluation. They
confirm the accuracy of £0.45 dB previously mentioned.
These data confirm the accuracy of the proposed method
also when applied to different symbol rates, channel spacing,
modulation formats, system bandwidths and target distances.

B. Scaling laws for maximum reach

The reference setup considered for the Q-margin maximiza-
tion strategy was the one described in [28], i.e., a system
carrying 8 NyWDM channels, modulated with a PM-16QAM,
with channel spacing Af = 17 GHz and symbol rate Ry =
16.64 Gbaud, propagating on a periodical EDFA amplified
link composed of 120 identical spans of Large Effective
Area Fiber (~ 152 pm?) with length Ly 2= 55 km, for
a total length of 6600 km. The LEAF has an attenuation
coefficient agp = 0.18 dB/km and dispersion coefficient
D = 21.6 ps/nm/km. In order to validate the scaling laws
for the maximum (Q-margin, different experimental results
are compared to the analytical derivations using the proposed
scaling laws with merit coefficients of Tab. II. The first
considered experiment [28], labeled (a), was based on a setup
identical to the reference one except for the channel spacing,
which is increased to the value of 23.5 GHz. The second
experiment we took into account [29], labeled (b), was based
on 294 NyWDM channels, modulated with an half 4D PM-
16QAM, with channel spacing Af = 17 GHz and symbol
rate Ry = 16.64 Gbaud, propagating on a uniform link made
of 131 spans of Large Effective Area Fiber (~ 152 pm?),
with length Lg = 55 km, resulting in a total transmission
distance of 7230 km. The link amplification was based on
EDFAs. The third considered experiment [15] (label (c)),
was a 16 NyWDM channels setup, modulated with a PM-
16QAM, with channel spacing Af = 33 GHz and symbol rate
Rs = 28 Gbaud, propagating on a uniform link consisting
in 60 spans, amplified by EDFAs, composed of 25 km of

. Symbol Rate Fiber Nmax
Experiments Channel spacing Type Scaling
Bandwidth EXP | Laws ‘ Eq- @9
Reference Rs =32 Gbaud 15
200G PM-16QAM Ks = 1.05 SSMF (simulation)
9 cl 1 Bopt = 302 GHz ’
(a) Rs = 30 Gbaud NZDSF 8 8 7
100G PM-QPSK Ks =1.1 SSMF 20 20 20
10 channels Bopt = 330 GHz PSCF 32 31 31
NZDSF 12 12 12
(b) R. = 15.625 GBaud [t 29 L 28 &
100G PM-16QAM K = 1.024
22 channels Bopt = 352 GHz  |-oCFLI0 | 58 | 56 o1
P PSCFI130 62 61 67
PSCF150 70 68 75
(c) Rs = 10.4 Gbaud
100G PM-64QAM Ks =1.15 PSCF150 28 30 32
20 channels Bopt = 240 GHz
TABLE IV

MAXIMIZATION OF REACH: COMPARISON BETWEEN EXPERIMENTAL
RESULTS AND SCALING LAW PREDICTIONS DEFINED IN EQ. 32 WITH
par = Ng AND MERIT COEFFICIENTS OF TAB II. PREDICTIONS BASED ON
EQ. (29) USING EQ.(21) ARE DISPLAYED AS A REFERENCE.

In order to validate the scaling laws for the maximum
reach we used simulative results as a reference. We sim-
ulated a 9 PM-16QAM NyWDM channel comb at 200G
(Rs,rer = 32 Gbaud) channel spacing K ;ef = 1.05 (Bopt,ref
= 302 GHz) propagating on a SSMF uniform and uncom-
pensated link with span length Lg .o = 80 km and optical
amplifiers with noise figure Fgp o = 5 dB. Fiber param-
eters were: aqBret = 0.22 dB/km, Aggpresr = 17.6 dB,
Diet = 16.7 ps/nm/km, ~.o¢ = 1.3 1/W/km. The reference
BER was 1073 corresponding to SNR1 gB rer = 16.85 dB for
the considered modulation format and Tx/Rx implementation.
The reference value of max reach obtained by simulation
was Ng max,ret = 15. Then, we considered data coming from



different experimental results and estimated the maximum

reach as
AI\Is,max

Ns,max = Ns,max,ref -10 10

(33)

where AN nmax Was obtained applying Eq. 32 with merit co-
efficients listed in Tab II. Results are displayed in Tab. IV. Ex-
periment (a) [30] was a 10-channel NyWDM 100G PM-QPSK
setup (Rs = 30 GBaud, K = 1.1, B,y = 330 GHz) determin-
ing the maximum reach with 3 different fibers at BER = 103
(SNRT g = 12.7 dB). The second one - labeled (b)- [31] was
a 22-channel NyWDM 100G PM-16QAM setup, with symbol
rate Rg = 15.625 GBaud, Ky = 1.024, By, = 352 GHz, that
investigated the maximum reach over 7 different fiber types
at BER = 1072 (SNRr gp = 17.3 dB). Regarding the second
experiment, we did not consider DCF results, as parameters
for this fiber type are out of the ranges considered in this
work, being the DCF not a standard transmission fiber. For the
other fibers, besides parameters listed in [31], we included the
following measured insertion extra losses: 2.22 dB (NZDSF),
0.28 dB (SSMF), 0.57 dB (PSCF80), 0.93 dB (PSCF110),
0.84 dB (PSCF130) and 0.79 dB (PSCF150). The last experi-
ment we took into account - labeled (c) - [32] was a 20-channel
NyWDM 100G PM-64QAM setup, with Ry = 10.4 GBaud,
Ks = 1.15, Bope = 240 GHz operated on PSCF150 fiber.

As it can be observed in Tab. IV, using merit coefficients of
Tab II in Eq. 32 we get an excellent accuracy whose maximum
error with respect to the experimental results is 2 spans in a
30 span reach, corresponding to 6.7 % (0.3 dB).

In Tab. IV, we also display as a reference the predictions
based on the GN-model, i.e., on Eq. (29 using Eq.(21) for
Gamma; evaluation. The previously mentioned maximum
inaccuracy of +0.45 dB.

These findings confirm the reliability of the proposed ap-
proach: even when applied to different modulation formats and
rates, and also over a wide range of fiber types it is able to
predict with very good accuracy the maximum reach.

VI. EXAMPLE OF SCALING LAWS

In this section, we discuss and comment on practical appli-
cation of the proposed scaling laws. Among the three proposed
design strategies, we comment only the maximization of span
margin and reach, as Q maximization behaves exactly as the
reach maximization.

A. Merit of fiber type

In the following, we comment on how fiber characteristics
impact on design targets, considering as an example replace-

ment of standard SMF with a typical PSCF.
1) Effective Area: A.g [pm?].

A.g determines the fiber nonlinear coefficient v =
2{&. Neglecting weak no variations, we can assume
~ to be inversely proportional to A.g¢. Hence, we can
express differential variation of nonlinear coefficient as
37 10 o 2
(Aeg = 130 pm?) with respect to a standard SMF
(Aeg = 80 um?), Ay = —2 dB. In maximization

of the span margin the merit coefficient of nonlinearity

). For instance, using a PSCF

is unitary for A.x, hence, migrating to PSCF from
SSMF gives a 2 dB span margin increasing. In designing
processes aimed at reach maximization, merit coefficient
of fiber nonlinearity reduction is 2/3, consequently
replacing SSMF with PSCF we can extend the reach,
in number of spans, of 36 % (1.33 dB) and optimal
power per channel grows of 1.33 dB as well.
2) Chromatic dispersion: D [ps/nm/km].
It is well-known that the increasing of fiber chromatic
dispersion counteracts negative effects of nonlinearity.
Using the proposed scaling laws, we can give a quick
estimate to its benefit, as AD has merit coefficient 5/12
in targeting the max span and merit 5/18 in reach
maximization. Using a PSCF with D = 20.6 ps/nm/km
with respect to a SSMF with D = 16.7 ps/nm/km,
AD = 0.9 dB. The max span margin increases of
0.4 dB while the number of spans extends of about 6 %
(0.25 dB).
3) Attenuation coefficient and span length: agp [dB/km]
and Ly [km].
The effects of the fiber attenuation coefficient and of
span length must be considered together, because these
parameters jointly determine the span loss.
On one side, a smaller agp is beneficial for system
performance as reduces the overall span loss Ay, but
on the other side it increases the impact of non-linear
effects giving a larger effective length L.g aiB.
In all practical scenario the overall merit is positive
and reducing fiber attenuation is beneficial for system
performance because AAgys always overwhelms A«
and has merit coefficients two times the ones of Aa.
Considering to replace a SSMF (agp = 0.22 dB/km)
with a PSCF (agp = 0.16 dB/km) over a span of
100 km, we have Ax = -1.4 dB and AAgys = -6 dB,
giving Afig max=5.36 dB and N na.x=3.5 dB (125%
reach extension).
Considering only the benefit in shortening the span
length, its merit corresponds to the one of AAgys.

B. Modulation format and FEC

Keeping the symbol rate as a constant, changing modulation
format and/or FEC coding causes a variation ASNR in the
required signal to noise ratio SNR at the target BER. As a
practical example, we consider an upgrade from PM-QPSK to
PM-16QAM in order to double the link capacity. Considering
ideal Tx/Rx setups, SNRt at BERt = 10~2 goes from 9.8 dB
to 16.5 dB [5]. We have to face a positive ASNRt = 6.7 dB
impairing system performances. In particular, span margin is
decreased of 10 dB, or the reach is reduced to about one fifth
(6.7 dB).

C. Bandwidth, number of channels and channel spacing

These parameters must be considered simultaneously, as one
influences the others through the expression:

Bopt = Ks . Nch ' Rs (34)



where N, is the number of channels. Keeping the channel
spacing Af = K - Rg constant, the scaling of the number of
channels corresponds to the scaling of the overall bandwidth,

ie, ABgpt = ANqg = 10 - log (Nljf‘r‘ef It means,
for instance, that doubling the number of channels implies
ABype = 3 dB. In the optimization of the span margin the
merit coefficient of AB,p¢ is 1/8, hence doubing the number
of channels impair of only 0.4 dB. For the reach maximization,
the effect of AB,p; is even weaker, with a merit coefficient
1/12, therefore doubling the number of channels induces only
a 6 % (0.25 dB) in reach reduction. Supposing to modify the
number of channels keeping the symbol rate and the overall
occupied bandwidth, correspond to change the normalized
channel spacing, i.e., AKy = —ANg,. In this case, halving
the number of channels implies AKy = 3 dB induces 1.5 dB
increasing in span margin and 25 % (1 dB) in reach extension.

D. Optical amplifiers

A change in the quality of amplifiers is taken into account by
the variation AF of noise figure. In span margin maximization,
AF gives a direct margin advantage, i.e., a 1 dB improvement
in the amplifier noise figure corresponds to 1 dB margin
increase. In maximizing the reach, AF is weighted by a factor
2/3, that means that 1 dB smaller F enables a 6 % (2/3 dB)
reach extension.

Note that the presented analysis refers to lumped ampli-
fication only and so does not formally include the use of
Raman distributed amplification. However, if we consider
hybrid fiber amplifiers (HFA) based of counter-propagating
Raman amplification used as minor supplement to EDFA
amplification, it has been shown [19], [35] that the NLI
enhancement due to distributed amplification is negligible.
Under these conditions, the presented analysis can be applied
also to HFA based systems simply considering the Raman
noise figure improvement.

VII. CONCLUSIONS

Results of this paper are focused to the analysis of trans-
mission of NyWDM comb of channels based on multilevel
modulation formats on uniform uncompensated links with
DSP-based polarization-diversity coherent receivers. For such
system scenarios, performances are limited by ASE noise
accumulation and generation of the disturbance called NLI,
that scales with the cube of the power per channel weighted
by the NLI efficiency I'ny.

With these assumptions, we propose three different link
design strategies aimed at maximizing the Q margin, the span
margin and the reach. We showed that the penalty induced
by nonlinearities is always 1.76 dB at the optimal power per
channel, independently of the chosen design target. Then, we
used the mathematical model called GN-model for the NLI
evaluation in order to give close analytical forms for the
proposed design targets.

In order to include in a single merit coefficient the effect of
each system parameter we proposed a suitable approximation
of the GN-model and used it to introduce scaling laws of the
design targets with all the system parameters.

We validated such a derivation using already published
experimental results showing how the use of merit coefficients
give results in very good agreement with the experiments, even
when applied to different modulation formats and rates, and
also over a wide range of fiber types.

Finally, we commented on the application of the proposed
scaling laws to practical choices typically faced in designing
or upgrading optical communication links, showing how re-
sults presented in this paper can be used for a reliable first
assessment of system design.
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