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Abstract—C+L open line systems represent a cost-effective way
to scale backbone network capacity. In this article, we review
challenges and opportunities for C+L line systems stemming from
Google’s experience in designing, deploying, and operating a global
C+L open optical network. We discuss business, operational, and
technical aspects of C+L systems, and describe best practices for
designing C+L links. Finally, we compare C and C+L systems,
showing how the latter not only conceal capacity penalties but
can even increase, depending on the deployed fiber types, the total
system capacity with respect to two parallel C-band only systems.
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I. INTRODUCTION

OOGLE’S backbone optical network is designed to pro-
G vide connectivity to Google’s datacenters for Internet and
cloud computing services connecting billions of users globally.
As Google’s datacenter network capacity scaled by 100x over
ten years to more than 1 Pbps of bisection bandwidth [1], the
backbone network was required to scale as well. Over the last
decade, Google’s long-haul network has reached a global scale,
and has grown dramatically by approximately two orders of
magnitude in capacity [2]-[4].

Such growth has been enabled by the advancement of optical
communication technologies [5] in particular the advent of
transponders based on polarization multiplexed, multilevel mod-
ulation formats with digital signal processing (DSP) enabled
coherent receivers [6]-[9] that allowed to scale single channel
capacity, trading off spectral efficiency with sensitivity require-
ments. Due to this trade-off, spectral efficiency enabled capacity
scaling will not be enough to sustain current capacity growth
trends [10]. To overcome this problem, several alternatives
have been considered, including spatial division multiplexing
(SDM) [10], [11] and multi-band transmission systems [12],
[13]. Both approaches exploit the linear gain in capacity that can
be obtained by scaling either the number of spatial modes (SDM
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approach) or the bandwidth used for transmission, as opposed
to targeting logarithmic gain in capacity obtained by scaling the
signal-to-noise ratio (SNR) of the received signal. The latter can
be usually done by means of system redesign (e.g. using better
fibers) or by adopting power hungry nonlinear compensation
strategies.

Google is currently pursuing both strategies that yield linear
gain in capacity. The simplest form of SDM, i.e. the deployment
of parallel single mode fibers, is currently adopted in submarine
cables [14], while multi-band (C+L) open line systems [4], [15]
are globally deployed in the terrestrial long-haul network. In this
paper we focus on the latter strategy describing the motivations
for C+L system deployment and the business and technical
challenges associated with it (Section II-III) in the context of
long-haul terrestrial systems. Section IV presents an overview
of the optical design aspects to be taken into account when
designing C+L systems, and Section V presents a comparison
between spatial and bandwidth scaling. Finally, comments and
conclusions are drawn in Section VI. The paper will mainly focus
on C+L systems, leaving the discussion on design, deployment,
and management of open line systems in general to future
publications.

II. MOTIVATIONS FOR C+L SYSTEMS DEPLOYMENT

Optical communication systems flourished around the C-band
spectrum due to the availability of a convenient amplification
medium (the Erbium doped fiber [16]) and the low loss value
around 1550 nm of standard single mode fiber (SSMF, ITU-T-
G.652). In the late 1990’s, L-band started being considered as
a viable solution to further scale link capacity with relatively
low engineering effort compared to C-band only systems [17],
[18]. However, the burst of the dot-com bubble halted such
developments and it took more than a decade for L-band to
become relevant again.

Over the last decade, the so-called open line systems (OLS)
have represented a cost-effective way to cope with exponential
data traffic growth in a cost-effective manner [15]. In OLS,
line systems (amplifiers, optical nodes, etc.) and terminal op-
tics (transponders) are decoupled, enabling lower total cost of
ownership (TCO) by mixing and matching line system and
transponder vendors and leveraging the faster update cycles of
transponders. These cycles are mainly driven by CMOS tech-
nology scaling, thus they generally outpace those of common
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optical devices such as amplifiers and re-configurable optical
add/drop multiplexers (ROADMs). Using the same line system
with multiple generations of terminals allows a more efficient
equipment utilization and lower TCO. Google has been follow-
ing an OLS approach since 2010 [4], starting with an arrayed
waveguide grating (AWG) based line system operating over the
C-band. This initial OLS has then been upgraded to a colorless,
directionless, and contentionless (CDC) system, which in its
most recent iteration, operates over the C and L bands with a
total bandwidth close to 10 THz.

The motivations to deploy C+L systems are manifold. One of
the main reasons for which multi-band systems are appealing is
associated to the better utilization of fiber resources, as capacity
can be scaled without the need for deploying or acquiring new
fiber even in low SNR scenarios. Depending on the considered
network segment and the scale of the network, this aspect might
be critical. Based on our experience, long-haul segments are
affected by fiber scarcity, and pulling new fiber even through
existing ducts still represents a major cost factor [19]. This
represents a smaller issue for metro networks where fiber is
in general not scarce, and typical reach is such that high spec-
tral efficiency can be achieved, hence well matching capacity
demands. One may argue that deploying two subsequent C
band line systems are an advantage with respect to incremental
growth. However, some C+L line systems offer an upgrade path
from a C only system to a C+L system. As a potential caveat the
upgrade may affect existing traffic in the C band since they rely
on the same transport fiber. However, this can be mitigated or
even eliminated if amplified spontaneous emission (ASE) noise
loading is deployed keeping the system stable.

In addition to this, even for long-haul routes with no fiber de-
ficiency, turning up C+L line systems has still some advantages
compared to deploying and turning up two independent C-only
line systems over two parallel and physically separate fiber rails.
We will refer to this simplest form of SDM as 2xC systems.
Such a solution is less efficient from a deployment perspective
than C+L as it requires to install and configure two independent
systems. Furthermore, C+L systems’ footprint in terms of space
and power is smaller than two C-only systems (2xC). Even
though more optical components such as splitters and couplers
are required to split/combine C and L band channels, a good
level of integration between C and L band components can
be achieved at the chassis level, and several system functions
(e.g. controllers, monitoring, etc.) can be consolidated into a
single platform. Consolidation however can represent a problem
in terms of risk of failure of line system components: On the
one hand, with a single C+L OLS twice as many channels are
exposed to the risk of failure of a single chassis (e.g. an in-line
amplifier) compared to the case of two independent C-band
OLS. On the other hand, the majority of optical outages that
take place in large scale networks are associated with fiber
level failures [20], [21], to which both C+L and 2xC solutions
are equally exposed. Therefore, for both solutions, network
availability considerations need to be pivotal during the overall
network design phase [20].

Although system benefits are clear, several challenges are
associated to C+L systems both from a technical point of view,
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and from a business and ecosystem maturity one. Over the last
few years several line system vendors started offering C+L
open line systems [22]-[24] as a solution to double capacity
over existing fiber routes. These efforts pushed forward C+L
line system maturity in terms of architectural design and oper-
ational management. Despite this, L-band optical components
still come at a price premium and can lag in market availability
compared their C-band counterparts, even though the bill of
material (BOM) is very similar in some cases. This is mostly
due to the relatively low volumes of L-band components and
the specific design variations that are required in some L-band
sub-components such as lasers for transponders and amplifiers to
achieve comparable performance to their C-band counterparts.
As more and more C+L line systems are deployed, L-band
component volumes increase and such premium is likely to be
reduced.

In the next section we will focus on the optical challenges
associated with C+L band systems.

III. OpPTICAL CHALLENGES OF C+L SYSTEMS

Although the TCO benefits for multi-band communications
are evident, several optical challenges need to be considered
when designing and operating them. Such challenges are related
to propagation impairments, frequency dependent optical fibers
characteristics, optical component limitations, and the interplay
between all of them.

A. Fiber Propagation Impairments

In addition to the well known linear (loss, chromatic and
polarization mode dispersion) and nonlinear effects (Kerr) that
represent the main sources of propagation impairments in optical
communications, going beyond the C-band utilization triggers
wide-band propagation effects that can compromise potential
capacity gains. The most relevant one is represented by stimu-
lated Raman scattering (SRS) [25], [26]. Raman Scattering is
a nonlinear effect associated with the inelastic scattering of the
optical signal traveling in a fiber by silica vibrational modes in
the form of optical phonons. Such scattering process is signifi-
cant over spectral occupations of the order of few THz. Its first
order effect on wavelength division multiplexed (WDM) optical
signals is an energy transfer from higher frequency channels
to lower frequency ones hence producing a tilt in the observed
power spectrum of the WDM comb [27]. As SRS efficiency
in silica core fiber is maximum for signals with a frequency
separation of approximately 13 THz [26], it is relevant for
multi-band systems, including C+L ones. During propagation,
L-band carriers are pumped by the ones occupying the C-band
causing a significant tilt in the power spectrum of the signal.
Such energy transfer is critical throughout all of the system life,
as signal add/drop, if not properly managed, can cause severe
penalties to existing channels. In addition, it has been shown that
SRS interacts with the Kerr effect [28]-[31], contributing to a
frequency dependent generation of nonlinear interference (NLI)
noise. In order to correctly model both SRS and NLI generation
over wide-band systems, all fiber parameters with a frequency
dependence need to be taken into account, in particular loss,



1052

0.35

0.3}
£

ﬁ

@ 0.25
-/

3

0.2

—G.652
—G.655 | n 1

0.15 : : ' :
1350 1400 1450 1500 1550
Wavelength [nm]

Fig. 1. Typical loss profiles of G.652 and G.655 fibers.
25
20+
15+
10

—G.652
—G.655

CD Coeffcient [ps/nm/km]

1
1
1
1
1
1
1
" 1|
1
| | | |
1450 1500 1550 1600
Wavelength [nm]

-20 ;
1350 1400

Fig. 2. Typical chromatic dispersion coefficient of G.652 and G.655 fibers.

dispersion, and nonlinear coefficients. Fig. 1 shows the typical
attenuation per km as a function of wavelength for two of the
most widely deployed single mode fiber types, namely G.652
and G.655 [32], [33]. It can be seen that the low loss region
of wavelengths significantly extends beyond the C-band pro-
viding the opportunity to place optical signals outside of it. The
chromatic dispersion (CD) coefficient for the same two example
fiber types is depicted in Fig. 2. We can see that chromatic
dispersion for these widely deployed fiber types tends to be
larger in the L-band. Not only can the larger CD value be handled
by state-of-the-art coherent transponders but NLI noise may
even be lower due to decreased phase matching conditions [34].
Extending the transmission window towards larger wavelengths
appears to be the natural choice since efficient amplification
schemes are available as described in the following section.

B. Optical Amplification

Several options exist to achieve optical amplification over C
and L bands (Fig. 3). The most widely used and deployed options
today rely on a single erbium doped fiber amplifier (EDFA) for
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each optical band and an associated demuxing/muxing archi-
tecture (Fig. 3(a)). EDFAs represent a mature technology also
for L-band amplification as it leverages more than 20 years
of research and engineering experience [35]. Compared to the
C-band EDFA, the L-band EDFA presents some performance
penalties inherently caused by the amplification mechanism
itself. In particular, L-band signal amplification utilizes the
long wavelength tail of the Erbium gain spectrum and in this
region Erbium absorption and emission coefficients are much
smaller than in the C-band [35]. This in tendency yields lower
gain than C-band amplifiers, usually compensated for by longer
EDF coils. As a consequence it causes a degradation in power
conversion efficiency and noise figure penalty due to the build
up of backward propagating ASE noise. Alternative approaches
based on different doping materials have been considered, e.g.
tellurite [36] or bismuth [37], but proper pump optimization
schemes have been found instead, e.g. pump engineering or
secondary pumping [38], [39] to limit noise and gain penalties of
L-band EDFAs, which today are below 1 dB for commercially
available modules. An additional capacity penalty associated to
this architecture is related to the bandwidth waste caused by
the guard-band between C and L band of the demuxing/muxing
structure before and after the EDFAs. This guard-band is typi-
cally around 400 GHz. In addition to this, a noise figure penalty
due to the non zero insertion loss of the muxing architec-
ture is present. Amplifier designs to remove such guard-band
(Fig. 3(b)) have been proposed in the past at the expense of a
more complicated design with multiple amplification stages and
gain equalization per band [18]. More recently, similar single
wide-band amplifiers have been proposed using semiconductor
optical amplifier (SOA) [40]. However they still have to be
adopted in commercially available systems due to concerns as-
sociated with SOA nonlinearities such as cross gain modulation
and increased noise figure. Despite the fact that separate C and
L band amplifiers slightly lower overall available transmission
bandwidth, it simplifies operations as it allows to turn up bands
independently as capacity grows.

Similarly to whatis done in C-band only systems, EDFA based
amplification is usually supplemented by backward propagating
Raman amplification (Fig. 3(c)), in form of a typical hybrid
Raman-EDFA amplifier configuration [41]. Hybrid amplifica-
tion schemes are widely adopted as Raman amplifiers allow to
increase system SNR thanks to an improved noise figure. There-
fore Google currently deploys them in the almost every long haul
route. In modern hybrid Raman/EDFA amplifiers, equivalent
noise figure values lower than —1 dB can be achieved [41]-[43].
Raman amplifiers rely on the nonlinear power transfer enabled
by SRS between one or more strong pumps and the WDM signal.
The spectral separation between pumps and signal is adjusted
in order to optimize the gain profile and minimize noise figure
variations. To achieve gain flatness <1 dB over the C and L
band, Raman amplifiers with more than 5 pumps have been
proposed [44]. Although the positive system impact of Raman
amplifiers is clear and well accepted, a few aspects must be taken
into account in the context of C+L and multi-band systems.
One of the main aspects is the inherent strong noise figure
dependency of Raman amplifiers, especially for wide-band
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Fig. 3.
with multi-pump Raman amplifiers.

amplification. Such behavior arises from many factors [45], [46].
First, the amount of ASE noise generated by a Raman amplifier
depends on the spectral distance between the signal and the
pumps: The closer the two, the stronger the ASE. This implies
that short wavelength channels experience a higher noise figure
compared to the long wavelength ones. In addition to this, SRS
between short and long wavelength signals of the WDM comb
constitutes an additional loss mechanism for short wavelength
signals. Such gain imbalance across the comb contributes to and
causes a higher noise figure at short wavelengths compared to
long ones. The net effect of this imbalance is that, even if power
variations across the WDM comb at the output of the fiber are
small, large SNR variations might occur. Co-propagating Raman
pumps help mitigate this issue. However they cause an overall
nonlinear SNR penalty due to high power at the beginning of the
fiber span [43] and an increased relative intensity noise (RIN)
transfer between pumps and signals [45]. Additional consider-
ations need to be taken to understand other potential limiting
factors due to pump-pump and pump-signal interactions [47].
One of the most potentially detrimental ones is represented by
pump-pump and pump-signal four-wave mixing (FWM) [48],
[49]. Spurious FWM tones can be generated within the WDM
signal comb, causing large performance penalties at some wave-
lengths. This is especially true for low dispersion fibers where
the Raman pumps are centered close to the zero dispersion
wavelength of the fiber in which case the FWM efficiency is
maximized. Thankfully, such effect can be mitigated by properly
optimizing the pumps power profile and wavelengths.

All these being considered, a correct modeling of Raman
amplification, including both gain and noise figure character-
istics, is fundamental when designing and correctly operating
multi-band transmission systems. Fortunately, this challenge has
already been successfully solved by multiple network equipment
manufacturers (NEM) who offer both C+L line system and
transponder solutions for some time. More detailed aspects of
C+L system deployment and operation follow in Section III-D.

C. Transponders

Designers and operators of C+L optical networks should
be aware of all performance impacting, frequency dependent

Amplification options for C+L systems. (a) C and L EDFAs with mux/demux, (b) single wide-band amplifier (EDFA/SOA), and (c) Hybrid EDFA/Raman

behaviors of optical components. These include for example
frequency dependent responses of deployed transponders that
might lead to non-uniform bit-error ratio (BER) performance
across the WDM spectrum. Among these effects it is worth
mentioning the different received power sensitivity of C and
L band transponders, as well as the potentially lower out-
put power of L-band transponders due to the aforementioned
limitations of L-band EDFAs. We want to emphasize that, in
Google’s experience, the described challenges are far from
being substantial. However, it is worth considering them when
troubleshooting sporadic optical routes exhibiting unexpected
behaviour.

D. Operational Aspects

In the following section we elaborate on some of the op-
erational implications we have observed that are associated
with multi-band optical communication links such as adding
and dropping wavelengths (intentionally and unintentionally) as
well as the impact of the fiber plant itself (installation, splicing,
connectors, etc.).

In general, at the time of deployment only a subset of the
available bandwidth is used to accommodate optical signals.
Usually there is a requirement that adding or removing optical
signals from the line must not impact any of the other static
channels while doing so. One may argue that this is even more
critical and challenging since a C+L system accommodates
twice the amount of optical signals with respect to its C band
counterpart. Therefore the odds for new signal additions as well
as the probability for transponder failures (since there are more
transponders) and amplifier or node failures increases as well.
A way to mitigate if not eliminate a large portion of potential
impact on existing signals is ASE noise loading. Unused spec-
trum is filled with ASE such that potential end of life conditions
are present on day one. New signals can now be added gradually
without creating significant transients in the system. Similarly in
case of failure, e.g. loss of signal in parts of the spectrum, ASE
can be dynamically injected to restore the system dynamics.
The only down-side of this approach is that reduced nonlinear
noise in scarcely loaded links cannot be leveraged for larger
capacity initially. However, doing so at our scale would result
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in unacceptable operational complexity every time new carriers
are being added or removed.

The next aspect we want to address are failures of an en-
tire band as e.g. observed if one of the two EDFA amplifiers
fails or a fiber connector is accidentally disconnected. We can
distinguish between two scenarios, namely with and without
ASE noise loading. For systems without ASE noise loading
we decided to treat any band failure as a failure of the whole
system, i.e. equivalent to a fiber failure. As a consequence,
potential device failures increase the probability that traffic is
lost on a C+L band system over its C-band only counterpart.
In practice however we observe fiber related failures dominate
over device failures. For ASE loaded systems, noise can be
injected to mitigate the effect of a band failure. However, while
the downtime may be significantly shorter, there may still be
an impact on existing carriers in the other band. In general,
changes in underlying failures in time (FIT) rates should be ad-
dressed at the stage of network design and is often a multi-layer
consideration.

Finally, we would like to discuss multi-band related as-
pects with respect to the fiber plant itself, e.g. bending of
the fiber, as both micro-bends and macro-bends lead to fre-
quency dependent loss. Both are undesirable effects that are
either introduced during manufacturing (micro-bends) or caused
by the fiber installation itself (macro-bends). In general the
added attenuation affects signals with different mode field
diameters (MFD) differently. Even though all signals propa-
gate as the same mode in single mode fiber, their respective
confinement in the fiber core is a function of frequency or
wavelength. It has been discovered that shorter wavelength
(C-band) have a smaller MFD than longer wavelength (L-band)
and are hence less affected by either micro or macro-bends
[50], [51].

In order to assess the potential impact of fiber bends on
C+L system deployments we evaluated multiple fiber routes
in Google’s long-haul network with respect to bends, splice,
and connector losses. To this end the fiber plant has been
characterized with optical time domain reflectometry (OTDR)
at 1550 nm (C-band) and 1625 nm (L-band) wavelengths. The
target was to assess the potential impact of C+L deployment
with respect to fiber remediation efforts (re-splicing, connector
cleaning, macro-bend removal, etc.). We consider all splices,
connectors, and bends that exceed a loss delta between C and
L-band of 0.08 dB (corrected for the intrinsic fiber loss pro-
file). We further broke down the results between fiber routes
in North America and Europe. The obtained probability mass
functions (PMF) for connector and splice loss difference (loss
at 1550 nm-loss at 1625 nm) distributions are depicted in Fig. 4.
The total number of events recorded was >~ 1300 with more
splices than connectors. It can be concluded that the mean of the
loss difference is close to 0 dB while connectors tend to present
a larger standard deviation than splices and bends. In addition,
approximately 95% of all instances that may require remediation
effort satisfied the <0.08 dB threshold. Hence, while there
were some instances where the use of L-band warranted some
additional remediation efforts, the vast majority did not. Thus
we concluded that using C+L systems rather than C-band only
systems does not create a significant additional burden on the
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fiber plant remediation. Notice that the spectral separation of the
two selected wavelengths is large enough to detect macro-bend
loss induced loss variations in the fiber (see Fig. 4 in [51], Fig. 6
in [52]).

IV. DESIGN OF C+L OPTICAL NETWORKS

In order to properly design and operate OLS based transport
networks at scale, reliable prediction of expected optical perfor-
mance is fundamental. In dispersion uncompensated transmis-
sion scenarios, it has been widely shown that fiber propagation
impairments caused by the interplay of loss, chromatic disper-
sion, and Kerr nonlinearity can be well approximated as an addi-
tive Gaussian noise on any single frequency, named nonlinear in-
terference (NLI) [53], [54], alsoin presence of SRS [29], [55]. As
all major propagation impairments, i.e. amplified spontaneous
emission (ASE) noise, and NLI can be modeled as Gaussian
disturbances, a unique metric in the form of a signal-to-noise
ratio (SNR) can be used to assess the performance of each
channel. This metric has been defined as effective or generalized
SNR (GSNR) and is the ratio between the power of the useful
signal divided by the sum of the powers of all noise sources - such
as ASE and NLI-evaluated in the signal bandwidth, centered at
wavelength X;

1 1 -1

GSNR(2;) = SNRx (%) + SNRy11(2;) 0

Note that any propagation impairment that can be modeled as
Gaussian noise can be properly included in the definition of
GSNR. All noise sources not associated to the line side of an
optical system (e.g. transponders electrical noise, implemen-
tations and other non ideal characteristics) are not included
in the definition of GSNR. GSNR can be directly tied to the
achievable system capacity either using the Shannon formula,
or by referring to specific transponders characteristics.

Modeling tools used during the network design phase should
correctly model GSNR, meaning that they should be able to
provide a precise estimation of both linear (ASE from ampli-
fiers) and nonlinear noise. It should be noted that GSNR is
typically optimized when the linear (ASE) noise is twice as
large as NLInoise [56]. In such operating condition, propagation
impairments are mainly linear in nature. Therefore the accuracy
of GSNR estimations in this regime largely depends on the
accurate characterization of linear noise sources, thus a precise
characterization of the photonic components (EDFAs, Raman
cards, DGEs, ROADMs) responsible for ASE build up in the
system is pivotal. Furthermore, given the optical challenges
highlighted in Section III, all GSNR estimations need to be
performed taking into account all frequency dependencies when
dealing with C+L systems, with focus on SRS, and noise/gain
dependencies vs frequency.

V. SYSTEM ANALYSES
A. Methodology

Most optical vendors provide tools for designing and predict-
ing an optical communication link. In addition even open source
initiatives started tackling the problem [57]. Within Google, an
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internal optical design tool has been developed over the years.
We obtained detailed characteristics and data on all line system
components such as amplifiers and fibers from our suppliers.
With this rich data set we are able to model the line system
behavior. Limitations arise from the fact that we have to rely
on typical values for characteristics such as gain, attenuation, or
noise figure data. For estimating the nonlinear noise contribu-
tions we leverage the standard split step Fourier method [58]. We
chose the step size such that a further reduction virtually did not
change the outcome of the nonlinear simulation. Similarly, we
carefully selected random patterns for signal generation to min-
imize dependencies on the pattern itself and the length thereof
thus trading off absolute accuracy and computational speed.
Additionally, all signals were pre-dispersed such that patterning
due to the modulation format is mitigated. Therefore, nonlinear
results presented in the subsequent sections may show slight
variations caused by the random patterns used. The contribution
of these variations to the overall accuracy is negligible compared
to e.g. using typical device and fiber data rather than thoroughly
characterizing each element in the field which is operationally
prohibitive. Finally please note that while we operate different
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transponder platforms on various optical grids, the simulations
performed in this paper used 32 GBd signals and a 50 GHz
frequency spacing. While the results can be extended to other
grids (e.g. 75 GHz, 100 GHz, or even mixed) an analysis of
flex-grid and symbol rate impact is beyond the scope of this
paper.

In order to obtain a fair comparison between C and C+L
simulations, we individually optimize the power spectral den-
sity (PSD) into each fiber span. In general we adopt a very
simple local optimization on a per-channel basis, meaning we
compute the power variations required for each channel and
average them across C and L bands. As a result, we obtain
a single power level adjustment for both bands. Such type of
optimization is feasible as not all amplifiers have dynamic gain
equalizer (DGE) capabilities. Hence power settings can only be
realized considering a uniform per-channel power. For DGEs we
apply a similar strategy for the sake of simplicity. Note that the
same optimization strategy is applied for both C-only and C+L
designs. Please note that more advanced optimization strategies
exist [59], [60], however discussing them is beyond the scope
of this paper.
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Fig. 6.  Single span, G.652, 80 km, 16 dB loss without Raman amplification.

The system results presented in the next sections were ob-
tained with Google’s internal design tool, which has been exten-
sively validated over the years with field measurements showing
consistent GSNR estimations within 0.5 dB. Please note that
discussed results are for a specific line system with its technical
limitations so that absolute values in terms of optimum power
or GSNR may differ for other systems. Nonetheless we believe
that relative results, i.e. C vs. C+L performance can be observed
using different types of line systems including generic ones.
We will show that, depending on the fiber characteristics, C+L
systems have the potential to more than double the capacity of
the investigated optical routes.

B. Single Span Analyses

In order to illustrate the expected SNR performance of a C+L
system we look at two scenarios each utilizing G.652 and an
EDFA based C+L node. For both example single span systems,
as depicted in Fig. 5, we plot the linear SNR (caused by ASE
noise), the nonlinear SNR (caused by NLI), and the GSNR (see
Section IV) as a function of wavelength. We select a flat launch
power per channel per band for a fully loaded line and optimize
for maximum GSNR.

The results of the first 80 km and 16 dB span simulation are
depicted in Fig. 6. For the nonlinear noise contribution described
by SNRy, it can be seen that there is a tilt with more NLI
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Fig. 7.  Single span G.652 with Raman amplification: 110 km, 22 dB loss.

in the C-band. This can be attributed to the larger chromatic
dispersion coefficient in the L-band and hence reduced phase
matching. While this dispersion slope effect is already visible
for ITU-T-G.652 it is even more pronounced when using fiber
with lower C-band dispersion such as ITU-T-G.655. It can be
concluded that NLI in the L-band tends to be lower leading
to better nonlinear performance. Next we analyze the linear
noise contribution or SNR; y. L-band EDFAs tend to have a
larger noise figure than their C-band counterparts. However, due
to SRS induced energy transfer between C-band carriers and
L-band carriers the resulting SNRy |y is comparable between
C and L-band in this example ranging from 28 dB-30 dB.
Finally, the GSNR shows similar performance between C and
L-band carriers with only the low wavelength half of the C-band
experiencing slightly degraded performance.

Next we analyze a single span system terminated by a Raman
and EDFA hybrid node. Again we optimize the launch power per
band to maximize GSNR but keep the per carrier power in each
band constant. The results of this 110 km and 22 dB average
loss simulation is shown in Fig. 7. Please note that compared to
the previous example (Fig. 6), the span is 30 km longer, there
is Raman gain, and the launch power is different. In sum these
effects by chance lead to a similar nonlinear noise contribu-
tion. The linear part SNRy |y however is very much different,
which is ultimately reflected in the GSNR. Here we observe
a much more pronounced tilt in the C-band which is caused
by the noise figure characteristics of the Raman amplifier (see
Section III-B). L-band performance is enhanced but comes at the
price of degraded C-band performance. Therefore it is essential
to consider both the impact of enhanced L-band and degraded
C-band performance when comparing the achievable capacity.
One way to mitigate the GSNR delta is to treat C and L bands
separately when configuring transponder modes (e.g. SQAM).
To elaborate more, we consider a test link and discuss the results
and strategies in detail in Section V-C.

C. Test Link Analysis

In order to compare a traditional extended C-band system
with 4.8 THz total bandwidth and a C+L system with 9.6 THz
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bandwidth we create a test link comprising a total of 16 spans, see
Fig. 8. The test link consists of the two previously described fiber
types, namely ITU-T-G.652 and ITU-T-G.655. Furthermore we
chose half of the spans to be amplified by EDFAs only with 80 km
length and 16 dB loss and the other half utilizing Raman EDFA
hybrid nodes with 110 km span length and 22 dB loss. To correct
for power ripple build up we place a DGE after each fourth span
as is common practice. Again the simulation is conducted with
a fully loaded line.

Since the goal is to obtain a fair comparison between the C
and the C+L system simulation, launch powers are individually
optimized to maximize GSNR. For the C-band only simulation
we use the same model for C-band EDFAs as is used in the C+L
simulation. It should be noted that typical line amplifiers may
comprise filters to drop the optical supervisory channel (OSC)
as well as another filter to enable OTDR measurements. The
insertion loss of these filters is assumed to be 0.5 dB each. If we
further assume that the C/L splitter adds an additional 0.5 dB of
insertion loss to each band, we can rearrange the optical elements
to result in no additional loss for the C+L band amplifier over its
C-band only counterpart. This is achieved by placing the OSC
and OTDR filters in separate paths. Finally, the model for the
Raman amplifier is adjusted to reflect an optimized design for
each of the scenarios (C and C+L) with 5 Raman pumps in both
cases.

The SNR results for the described test link are illustrated
in 9. Again we plot the linear, nonlinear, and combined noise
contribution of the optical link for both the C-band only case
(dashed lines) and the C+L band system (solid lines). It can be
seen that the C-Band performance of the C-only system exceeds
its C+L band counterpart. This is mostly due to energy transfer
from C-band carriers to L-band carriers effectively increasing
the C-band loss. As a side effect the nonlinear performance of
the C+L band C carriers is slightly better. In summary there is
a worst case delta between C and C+L GSNR of 0.5 dB. Even
though the C-band of the C+L system is slightly penalized, the
L-band GSNR is higher throughout.

Next we analyze the achievable capacity comparing two C-
band only systems and a C+L system. We consider different
variations to the well-known Shannon capacity formula [61] to
include transponders internal noise penalties, coding gap and
rate quantization [62]. The capacity for a signal of bandwidth B

—
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is then given by

1 SNR
c = |- [2mion, (14 50)] |

where R, represents the client rate, I' is the coding gap, and
SNR is given by

@)

1 1 -1
+
GSNR ' SNR1rx

where SNRtrx is the SNR associated with the internal noise of
the transponder, i.e. of the transmitter and receiver, and GSNR is
the GSNR of the signal at the considered wavelength. All SNR
values are in linear units.

Using the GSNR values of Fig. 9, we compute the achiev-
able capacity under different assumptions. We first compute
the Shannon capacity, removing rate quantization while setting
I"' = 1 and SNR = GSNR in Eq. 2. Then we consider non quan-
tized transponders with a 3 dB coding gap and a 22 dB SNRgrx.
Finally we quantize the obtained rate assuming R. = 25 Gbps,
R. = 50 Gbps, R, = 100 Gbps. Results are reported in Table 1.
In all cases, the achievable capacity of the C+L configuration
is greater than or equal to that of the 2xC with a maximum
improvement of 4.4% (44.7 Tbps vs. 42.8 Tbps) for the Shannon
transponder with penalties and 50 G quantization. By removing

SNR = [ 3)
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TABLE I
ACHIEVABLE CAPACITY IN 2XC AND C+L FOR THE 1080 KM SIMULATED LINK OF FIG. 8
Shannon | Shannon Capacity | Shannon Capacity w/ Penalty | Shannon Capacity w/ Penalty | Shannon Capacity w/ Penalty
Capacity w/ Penalty 25G Client 50G Client 100G Client
2xC [Tbps] 62.50 47.61 45.40 42.80 38.40
C+L [Tbps] 63.60 48.47 46.35 44.70 38.40
AcyiLyoxc [%] 1.8% 1.8% 2.1% 4.4% 0%

quantization, the capacity improvement shrinks to 1.8% both
with and without extra penalties. With an aggressive 25 Gbps
quantization, the C+L configuration can accommodate for an
extra 2.1% of capacity (46.35 Tbps vs. 45.40 Tbps). Assuming
100 G quantization, the two configurations yield the same total
capacity. It should be noted that these results have been obtained
assuming a nonuniform rate assignment across the spectrum,
or in other words, locally maximizing achievable capacity at
each wavelength. This allows to leverage the higher GSNR of
the L-band to harvest more system capacity. The operational
complexity increase of non-uniformly applying configurations
across transponders can be easily mitigated adopting automation
practices during deployment [63]. It is worth mentioning that
for the simulated link of Fig. 8, when considering quantized
transponders, uniformly applying rates over the spectrum based
on the GSNR of the worst performing wavelength does not cause
any capacity penalty between C+L and 2xC configurations,
even though the minimum GSNR in the C+L configuration
is 0.5 dB worst than the C-only one. When looking at the
performance of each band one may conclude that a parallel
L-band only system has the potential to outperform both C+L
and 2xC solutions. While the increased dispersion in the L-band
is generally beneficial, the noise figure of L-band EDFA tends
to be higher, and a major boost to L-band performance in C+L
systems originates from SRS induced energy transfer between
C and L-band carriers. The latter effect will not be present in
L-band only systems.

D. Production Network C+L Link

After comparing C and C+L band performance in a very
controlled simulation environment we want to now look at
performance observed in the field and compare it to the predicted
performance obtained by our simulation tool. To this end we
gather data from a 3177 km fiber link that is part of our produc-
tion network. The aggregate loading of C and L bands is 98 %
with all optical signals carrying production traffic of ~19 Tbit/s.
We derived GSNR from pre-forward error correcting (FEC) Q
values read from the transponders using typical back to back Q
vs. SNR curves. The results can be seen in Fig. 10. The open
circles are measurements and the two dashed lines represent
the upper and lower bound of the prediction obtained with the
simulation. Deviations may stem from the fact that we use typ-
ical values for both line system components such as amplifiers
and for transponders in our simulation. Nevertheless it can be
concluded that the simulation agrees with the field data within
the tolerance limits. These results also show an almost fully
loaded C+L communication link carrying production traffic.
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Fig. 10. Results for 3177 km production network link with 98% loading.

VI. CONCLUSIONS

In this paper we have presented opportunities and challenges
of C+L transmission systems, showing how they represent a
viable solution to scale capacity in terrestrial networks. Leverag-
ing Google’s experience in designing, deploying and operating
a global C+L backbone network, we have reviewed business,
operational and technical challenges of C+L band transmis-
sion systems demonstrating how they represent a technolog-
ically mature and economically viable alternative to parallel
C-band systems. Through simulation results we have shown
how C+L systems do not exhibit capacity penalties compared
to parallel C-band systems, but can even unlock moderate ca-
pacity gains (<5%) when deployed on low dispersion fiber
routes thanks to the better propagation performance of the
L-band.
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