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Abstract Through a physical layer simulation study we highlight that the coherent accumulation of
nonlinear interference becomes non-negligible for optical networks operating within high symbol rate
transmission scenarios. This initiates a discussion on how to accurately plan and model optical networks,
starting from the physical layer.

Introduction

The current and future requirements from opti-
cal line system (OLS) operators, cloud service
providers and end users are producing a progres-
sive yearly increase in demand for higher trans-
mission rates and larger optical network capaci-
ties and throughput[1]–[3]. Correspondingly, optical
networks are shifting to a format that enables a
greater degree of flexibility with respect to wave-
length assignment, transmission standards and
symbol rates, representing a shift towards a dis-
aggregated structure[4]–[6]. A fully disaggregated
network approach requires all OLS components
to be considered independently[7], as they may be
controlled by different network providers and op-
erators. In this scenario the lightpath (LP) history
may not be known, presenting a challenge when
attempting to model the physical layer: the non-
linear interference (NLI) produced during propa-
gation is coherent[8],[9], meaning that the NLI ac-
cumulation depends upon the configurations of
all previously crossed fiber spans. This problem
is further compounded by the presence of alien
wavelengths, which are signals originating from
third-party equipment that must be properly man-
aged during network planning, complicating path
assignment and, in turn, the LP history[10]. NLI
accumulation is often computed using a fully in-
coherent model, such as the extended family of
Gaussian noise (GN) models[11],[12], which have
proven to be accurate and conservative for cur-
rent operational symbol rates, at the least for full
C-band occupation[13]. As symbol rates increase,
so too does the coherent contribution to the to-
tal NLI accumulation[9], reducing the accuracy of
a fully incoherent model and negatively impact-
ing the ability of OLS controllers to measure qual-
ity of transmission (QoT) degradation, set oper-

ational margins and adapt to changing network
demands. To ensure optimal prediction of QoT
degradation within modern optical networks it is
therefore important to determine the magnitude
of the coherent contribution to the overall gener-
alized signal-to-noise-ratio (GSNR) degradation,
in order to achieve maximum operational capac-
ities, satisfy future end user requirements and
preserve a conservative margin. Within this pa-
per we present the results of an extensive sim-
ulation campaign using an internally-developed,
MATLAB®-based software framework[14], which is
used to assess the ability for an optical network to
be fully disaggregated starting from the physical
layer. In this framework, we analyze the coher-
ent contribution to the overall QoT degradation.
Consequently, we discuss the impact of this con-
tribution in the case of future network planning,
in particular for optical networks that utilize high
symbol rate transmission.

NLI Generation in a Disaggregated OLS

The QoT degradation in optical networks that uti-
lize coherent technology is usually quantified us-
ing the GSNR[15]. The GSNR takes into account
the contributions of both the amplified sponta-
neous emission (ASE) produced by optical ampli-
fiers and the NLI that is produced due to nonlinear
propagation through the optical fiber. Considering
a cascade of N optical domains, the total GSNR
at the termination of the final domain is given by

GSNR =

(
N∑
i=1

GSNR−1i

)−1
, (1)

where i is the index of the fiber span and GSNRi

is the GSNR of each optical domain. The NLI
generation depends upon the transmission stan-
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dards, symbol rates, spacing and insertion pow-
ers of all active channels. The ASE noise may be
evaluated by characterizing the optical amplifiers
within the OLS and is fully separable from the NLI;
consequently we focus only upon the generation
and accumulation of NLI within this work. The NLI
may be separated into its two constituent contri-
butions: cross-phase modulation (XPM) and self-
phase modulation (SPM). Due to walk-off, the
XPM may be can be considered local and inco-
herent[8],[16] for a wide range of use cases. In con-
trast, SPM is a coherent and non-local effect, be-
ing the primary hindrance to a fully disaggregated
physical layer model. Fortunately, it is possible
to quantify the maximum SPM value after a given
number of spans[9], providing an upper limit to the
SPM accumulation.

It has previously been shown that the SPM and
XPM are separable[8],[12],[17] for all realistic use
cases[8],[16], meaning that the total amount of NLI
power, PNLI, generated for a single channel un-
der test (CuT) may be calculated as a sum of the
individual channel contributions

PNLI = PNLI,0 +
∑
k 6=0

PNLI,k , (2)

where k is the channel index and PNLI,k is the
total amount of NLI power for the kth channel.
In Eq. 2, the first and second terms enclose the
entirety of the SPM and XPM effects, respec-
tively. Assuming spatial separability allows the
total NLI power to also be summed on a span-
by-span basis, yielding the total nonlinear SNR
power, SNRNL

SNRNL =

 N∑
i=1,k

SNRNL,i,k

−1 , (3)

where SNRNL,i,k are the ith span and kth chan-
nel contributions to the total SNRNL. An accurate
recovery of this total via a superposition of all in-
dividual SNRNL,i,k contributions enables the total
SPM contribution to be analyzed on a pump-by-
pump and span-by-span basis.

Simulation Campaign
To evaluate the contributions to the total NLI in a
wide range of realistic use cases we conducted
a simulation campaign over a wide set of OLS
configurations and signal parameters, compar-
ing, for each, two distinct simulation scenarios;
which we label as the full-spectrum and super-
imposed cases, with a sketch of the overall sim-
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Fig. 1: A sketch of the simulation set-up.

ulation flow shown in Fig. 1. The full-spectrum
scenario consists of the propagation of a multi-
channel, wavelength-division multiplexed (WDM)
signal, representing the target system under in-
vestigation. The superimposed case performs
multiple separate pump-and-probe (P&P) simula-
tions that, in turn, consider the propagation of the
channel under test (the probe) and another chan-
nel within the WDM grid (the pump). By creating
a superposition of each of these individual P&P
simulations, the result may be compared to the
full-spectrum using Eq. 2, allowing the individual
NLI and SPM contributions to be investigated.

Results & Analysis
The simulation campaign encompasses a va-
riety of baud rates, WDM grid spacings and
dispersions; within this work we highlight two
specific configurations; a widespread use case
(Rs = 32.0 GBaud, ∆f = 37.5 GHz) and a real-
istic high symbol rate transmission scenario
(Rs = 64.0 GBaud, ∆f = 75.0 GHz), both with dis-
persion values of D = 16.7 ps / (nm·km), equal to
that of a standard single-mode fiber (SMF). We
launch all scenarios with polarization multiplexed-
quadrature phase shift keying (PM-QPSK) mod-
ulation applied to the CuT, and for two pump
predistortion cases; zero predistortion, repre-
senting transmission through a standalone OLS,
and Gaussian modulated signals, representing an
OLS that is a subsystem of a larger network with
significant dispersion having been accumulated
along the path of the LP. Firstly, we present the
SNRNL accumulations of the full-spectrum sim-
ulation and the corresponding superposition in
Fig. 2, for both predistortion cases. Additionally
we include, for reference, the result of an ana-
lytical derivation of the XPM contribution to the
total NLI, as described in[8]. We remark that,
for both predistortion cases, the superposition is
able to recover the result of the full-spectrum case
and serves as an accurate and conservative pre-
diction in all configuration scenarios. Next, the
SNRNL span-by-span increments, ∆SNRNL, of



(a)

(b)

Fig. 2: The SNRNL accumulations for: (a) a widespread use
case, and (b) a realistic high symbol rate transmission
scenario. A full-spectrum simulation is compared to a
superposition of all constituent pump-and-probe
simulations, for both predistortion cases.

these scenarios are presented in Fig. 3, show-
ing the increments of the superposition, the SPM
contribution of the CuT and the aforementioned
analytical XPM contribution, for both predistor-
tion cases. It is visible within these plots that
the XPM accumulation contains a transient that
quickly vanishes after the first few spans of trans-
mission, before settling to a constantly increas-
ing value, representing fully incoherent accumula-
tion. Conversely, the SPM continues to accumu-
late coherently, with the contribution to the over-
all SNR degradation continuing to increase even
after a large number of fiber spans have been
crossed. For the Rs= 32.0 Gbaud, ∆f = 37.5 and
D = 16.7 ps / (nm·km) case, the SPM contribution
remains small with respect to the total XPM con-
tribution, even at the termination of the final fiber
span. On the other hand, in the Rs= 64.0 Gbaud,
∆f = 75.0 and D = 16.7 ps / (nm·km) case, the
SPM contribution becomes dominant after ap-
proximately 5 spans of transmission, even ac-
counting for the majority of the NLI contribution at
the final fiber span. Additionally, we highlight that
the SPM contribution progressively increases for
higher symbol rates, meaning that this issue will
be compounded further as transmission rates in-
crease in future generations of coherent systems.
As a result, we stress that, for state-of-the-art op-
tical networks such as those consisting primarily
of SMF-type fiber and transmitting signals with a
symbol rate of at least Rs = 64.0 Gbaud, a fully in-
coherent model is insufficient to accurately model

(a)

(b)

Fig. 3: The SNRNL span-by-span increments, ∆SNRNL, for:
(a), a widespread use case and (b), a realistic high
symbol rate transmission scenario. A full-spectrum
simulation is compared to a superposition of all
constituent pump-and-probe simulations, for both
predistortion cases.

the NLI accumulation. To tackle this issue, it is
necessary to consider a model of the total NLI
power that properly considers the coherent be-
haviour of the SPM. We wish to emphasize that
a model which considers the total NLI contribu-
tion on a channel-by-channel basis satisfies this
requirement, permitting an accurate and conser-
vative recovery of the SNRNL and an easier han-
dling of the possibility of alien wavelengths from a
network planning point of view.

Conclusions
Within this work we show that, for coherent op-
tical systems operating in both widespread and
high symbol rate transmission scenarios, the to-
tal NLI generation for an OLS under full spectral
load may be recovered by considering a superpo-
sition of all corresponding pump-and-probe con-
tributions. We subsequently show that the con-
tribution of coherent effects to the total NLI be-
comes dominant for high symbol rate scenarios,
such as for Rs = 64.0 GBaud and above, highlight-
ing that it is necessity to use a coherent NLI model
when calculating the GSNR in optical networks
that utilize high symbol rate transmission.
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