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Abstract—This article will discuss the collaboratively formed
cross-industry open cables concept for characterizing optical per-
formance of undersea cables with the intent of assessing and under-
standing their capacity potential. The article proposes definitions
of two critical nonlinear and linear performance metrics for open
cables: GSNR (Gaussian or generalized signal to noise ratio) and
SNRASE (Signal to noise ratio amplified spontaneous emission),
including effects such as GAWBS (guided acoustic wave Brillouin
scattering) and signal droop. Measurement methodologies for these
metrics are proposed, with considerations for limitations and im-
pact of the test conditions and characteristics of the transponders
used. Expanded definitions are offered to enable variable symbol
rate transponders to be used for measurement, with considerations
for scaling of SNR values. Considerations for using these metrics for
capacity assessment and applying these techniques to concatenated
multi-segment systems are introduced. Recommendations on key
parameters for system specification, system characterization, and
proposals for SNR-based performance budgeting tables are also
discussed as foundational elements to enabling accurate estimation
of the capacity potential of a subsea open cable.

Index Terms—Acceptance, budget table, capacity,
concatenation, droop, GAWBS, GOSNR, GSNR, key parameter
table open, open cable, optical network, OSNR, SNR, submarine,
undersea.

I. INTRODUCTION

S
UBMARINE systems have undergone significant evolution
in the past decade, with the advent of coherent technology

and dispersion-uncompensated D+ cables. One of the impor-
tant practical implications of dispersion-uncompensated trans-
mission, in contrast to previous generations of systems using
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dispersion-managed transmission, is weak dependence between
path design optimization and transponder type as well as mod-
ulation formats [1], [2]. Based on these properties, the Open
Cables concept is introduced, which suggests that the optical
transmission path can be designed, optimized and characterized
independently of transponder technology. A system design can
then allow a flexible choice of the transponders, provided certain
performance requirements are met. The concept has sparked a
broad industry shift towards Open Cables due to the significant
benefits in capacity potential enabled by independent selection
of best-of-breed wet plant and dry plant, in addition to exten-
sive operational and economic benefits [3]–[6]. However, Open
Cables have also necessitated a shift in the performance metrics
and acceptance parameters historically used for subsea systems,
which were traditionally tied exclusively to the capacity and Q
margin of a specific transponder technology supplied by the wet
plant vendor [7]. In this paper, we use Q to represent Q2 factor,
as is most commonly used in subsea applications.

This paper presents an industry-wide Open Cable effort to
re-define the cable performance metrics such that they can
be specified and measured independently of any one vendor’s
transponder technology. Early proposals for Open Cable perfor-
mance metrics referenced linear OSNR (Optical Signal to Noise
Ratio) and nonlinear GOSNR (Gaussian or Generalized Optical
Signal to Noise Ratio) [6], [8]–[11]. At the time, approximately
30 to 35 Gbaud 100G DP-QPSK was the prevalent coherent tech-
nology used, and as such it was logical for GOSNR to be defined
in reference to 120 channels and 37.5 GHz carrier spacing in a
typical 4.5 THz-wide submarine C-band. 100G QPSK was also
suggested as the instrument to measure and characterize cable
performance using the inverse back-to-back method [8]. With
the fast-paced evolution of coherent technology towards higher
symbol rates, variable bitrates and probabilistic constellation
shaping, GOSNR needs to be adapted to become the symbol
rate, modulation format and channel spacing independent metric
GSNR (Gaussian or Generalized Signal to Noise Ratio) [12].
Equally, these advancements in coherent technology have also
quickly diminished the likelihood that early generation 30 to
35 Gbaud QPSK transponders will be maintained for years to
come. This necessitates an expansion of previously proposed
measurement recommendations in [12] to broaden the scope of
applicable specifications for transponders to be used as GSNR
measurement tools within the recommended methodologies,
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where GSNR is a metric independent of symbol rate and channel
count.

Design shifts in subsea cable optical designs towards high
fiber count SDM (spatial division multiplexing) cables [13]–[18]
and lower per fiber power as a result of optimization has also
reduced the relative contribution of nonlinear noise to GSNR
[19]. Thus, less variation in estimated cable capacity is expected
when experimentally obtaining GSNR using different modula-
tion schemes and symbol rates. The paper discusses in more
details this aspect of the Open Cable characterization.

The paper focuses as well on other effects contributing to
GSNR namely GAWBS [20] which became more pronounced
due to the introduction of low loss D+ fibers in high bit rate
coherent systems [21]–[24] and the effect of signal droop which
needs to be accurately accounted for, especially in SDM cables
with lower per fiber power [25].

Finally, the paper discusses and proposes SNR-based system
design performance budgets, as well as methodologies to eval-
uate Open Cable capacity potential with a given transponder
technology and as a Shannon channel.

II. KEY PERFORMANCE METRICS

In [12], the authors presented definitions for GSNR and
SNRTOT. Here, we review these previous definitions and in-
troduce key expansions and considerations.

In order to properly discuss the nuances of OSNR and GOSNR
in relation to designing and characterizing Open Cables, we must
first define each metric with consistency and clarity. This section
will introduce the definitions, the variations that exist and what
is included or excluded for each, such that the language used to
describe these important concepts is well understood.

A. Previous Definition of (G)OSNR

In subsea optical transmission, OSNR describes the relative
noise introduced by the repeaters along the subsea line, as a
result of Amplified Spontaneous Emission (ASE), also known as
OSNRASE. OSNR is highly dependent on the conditions under
which it is defined. There are several OSNR values that are often
used in Open Cable designs, such as Design OSNR, Nominal
OSNR and Commissioning OSNR.

It is important to note that OSNR, when defined in its most
commonly used units of dB/0.1 nm, is highly dependent on the
reference channel count. It is common (for historical reasons)
to use 120 channels as a reference, however any channel count
could be used, if it is consistently used. Otherwise, defining
OSNR as a pure ratio in units of dB, also known as SNR
(or SNRASE), eliminates this potential area of confusion when
dealing with variable symbol rates and channel counts, and is
discussed in Section II-B.

OSNR varies over frequency across the available optical
bandwidth. As such, using OSNR as an average value is helpful
in simplifying discussions. A Worst Case OSNR, or the lower
bound, of all the channels can also be defined.

The Design OSNR (average) is calculated using the classical
formula [26]:

OSNRDesign = 58 + PTOP −NCh −G−NF −NR

(average, per channel, in dB/0.1 nm) (1)

where,
58 is a constant related to the central wavelength of the

spectrum
PTOP is the EDFA Total Output Power (TOP) within the

repeater in dBm
NCh is the number of channels in dB
G is the repeater gain in dB
NF is the noise figure of the repeater in dB
NR is the number of repeaters in dB.
The Design OSNR is very simple to calculate based on

high level system specifications but does not consider all the
impairments that will be present in a practical system. As such,
a second OSNR value is often quoted, called the Nominal OSNR
(average). This OSNR is based on the Design OSNR, beyond
which any path ROADM penalties are added, and the droop is
considered (see II-D for more details on droop).

OSNRNominal = OSNRDesign −ROADM Penalties

−DroopASE (average, per channel, in dB/0.1 nm) (2)

Under ideal conditions, OSNRNominal should represent a
field measurable quantity. However, due to real-world non-
idealities and variations, some additional margins are generally
considered. These margins account for effects such as variations
from expectations in fiber loss, or variability in repeater TOP
from nominal, as examples. As a consequence, a Commissioning
OSNR is defined. System acceptance is then defined around the
specified Commissioning OSNRs, typically considering average
and worst case.

OSNRCommissioning=OSNRNominal− Supplier Margin

(average, per channel, in dB/0.1 nm) (3)

Finally, the Worst Case Commissioning OSNR is also defined.
During commissioning and acceptance, each channel individu-
ally should be above this Worst Case OSNRCommissioning.

In addition to OSNR, a second performance metric has been
defined almost 10 years ago in [1], [2].

The concept that leads to the GOSNR is the fact that for
uncompensated optical transmission nonlinearities (NLI) can
be considered as an additive white Gaussian noise (AWGN)
statistically independent of ASE noise. As a consequence, the
following formula has been defined:

1

GOSNR
=

1

OSNRASE
+

1

OSNRNLI
(4)

where OSNRNLI is the noise coming from nonlinearities.
In the last years, the Gaussian Noise (GN) model evolved with

extended version and also other phenomena have been added.
In the following paragraphs, OSNR/GOSNR will be converted
into SNR/GSNR, and GAWBS and droop will be considered in
our expanded definitions in Section II-C and II-D.

B. SNR Scaling in Submarine Systems

Subsea optical amplifiers, called repeaters in a submarine
cable system, operate at constant pump power, unlike the ter-
restrial amplifiers which are typically operated at constant gain.
The TOP of subsea repeaters is virtually unchanged when the
number of channels, or more generally the power profile, in
the system changes. This unique characteristic allows for the
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common practice of simple scaling of specific OSNR measure-
ments to different channel counts, within reasonable bounds. For
example, if OSNR is measured as dB/0.1nm with 45 channels
but is desired to be reported in dB/0.1 nm for 120 channels, then
the delta between the measured data and the desired value is
10× log10(45/120) = −4.26 dB. The reason is that the larger
number of channels will share the same total power and as a
consequence the signal power will be lower, without notably
impacting the underlying noise floor measurement.

There are underlying assumptions in this scaling that the
power spectral density (PSD) is not meaningfully different under
the different channel counts, that a uniform channel spacing
is used, and that all spectral power has been fully accounted
for in the baseline measurement. For example, scaling OSNR
between 2 channels and 120 channels would not be meaningful,
as the effects of spectral hole burning and an uneven PSD in the
2-channel case would introduce significant error.

In this paper, and in [12],GSNR andSNRASE are defined as
metrics that are independent of channel spacing, channel count
and symbol rate. As a result, they offer a unique and compara-
ble modem-independent measure of the optical performance of
different subsea cables and designs.

The fundamental relationship for OSNRASE and SNRASE

has been defined in [27] in linear units as follows:

SNRASE =
Bo

∆f
OSNRASE (5)

where,
Bo is the optical noise bandwidth in GHz used to define

OSNRASE (typically 12.5 GHz at 1550 nm)
∆f is the carrier spacing in GHz used to define OSNRASE

for a fully loaded system.
The underlying assumptions for the accuracy of this scaling is

that the PSD is uniform within the bandwidth. This is only true
in an ideal case where signals present a rectangular spectrum
shape (root raised cosine with zero roll-off) and are spaced by
their symbol rate. In such a case, the signal equivalent bandwidth
Be would numerically coincide with ∆f .

When we consider a system operating with channel spacing
∆f , and we deploy modems with Be < ∆f , those devices will
experience a larger SNRASE . Even though Be < ∆f , most
modern submarine modems achieve a bandwidth occupancy
χ = Be/∆f greater than 90% limiting the maximumSNRASE

gap to <0.5 dB with respect to an ideal case with χ = 1.
A similar scaling can be applied to the GSNR,

GSNR =
Bo

χ∆f
GOSNR (6)

Unlike the SNRASE , where only the total channel power
matters, the bandwidth occupancy χ is now included as it has
an impact of the GOSNR calculation. The scaling of GSNR
among different channel plans depends on more factors and it is,
in general, not straightforward. The channel bandwidth, shape
and spacing as well as the dummy lights arrangement contribute
to the SPM and XPM nonlinear noises.

It is beyond the scope of this work to analyze in detail
such dependencies that can be explored by inspecting the GN

Fig. 1. OSNR Definitions for Subsea Open Cables.

Fig. 2. Example of GSNR penalty from the ideal χ = 1 as a function of
spectrum occupancy for different TOP values.

formulation [1], [2], [28]. However, an illustrative example can
be found in Fig. 2 for 100 repeater system in the C-band, with
a 4.5 THz bandwidth, 90 km span length, and 150 µm2 fiber
effective area. The GSNR penalty with respect to the ideal
case (χ = 1) is shown for different repeater TOP values. In
the absence of fiber nonlinearity (dotted line), the reduction of
bandwidth occupancy results in a GSNR increase proportional
to the reduction of the ASE noise bandwidth. In the presence of
nonlinearity, the nonlinear noise grows stronger at lower χ due
to SPM effects induced by the larger peak power of the channels.

As a general rule, we aim at keeping a large bandwidth
occupancy, greater than 90%, to ensure a good matching between
measurement scenario and the typical real use cases. In this
regime, the GSNR penalty is within +/− 0.5 dB for typical
repeater TOP values. It is worth reiterating that the GSNR
metric is independent of the modulation format. It is a wet plant
parameter that depends on the line design and the input spectrum,
mainly characterized by carrier spacing and symbol rate. Thus,
the GSNR penalty shown in Fig. 2 shall be understood as the
difference with respect to the maximum spectrum occupancy
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(χ = 1), which is an adequate baseline considering that it is
the scenario where the GN model has analytical solutions. This
GSNR penalty shall not be understood in data-rate or spectral
efficiency terms.

C. GAWBS as a Noise Source

Guided Acoustic Wave Brillouin Scattering (GAWBS) is a
spontaneous scattering of light in an optical fiber due to the
interaction of transverse vibrational acoustic modes with light
[20]. The spectrum of acoustic modes responsible for the light
scattering in the forward direction oscillate at frequencies in the
range of approximately 10 to 1000 MHz. Such modes modulate
the refractive index of the fiber, inducing phase modulation on
the propagating field which in turn can be converted both in
amplitude and phase modulation of the signal at the receiver
due to dispersion. The associated penalty of the effect to the
transmission performance became measurable due to the intro-
duction of low loss fibers in the dispersion uncompensated links
and overall high signal to noise ratios required for transmission
of high bit rate coherent signals [21]–[24].

It is important to properly account for the GSNR penalty
originating from GAWBS. In the experimental evaluation of
GAWBS strength in the large effective area fiber Aeff =
150 µm2 GAWBS scattering coefficient, ΓGAWBS , was found
to be approximately −31 to −31.9 dB/Mm [21]. The strength of
the scattering in single-mode fiber (SMF) was also experientially
evaluated in [22]. Detailed theoretical calculation presented in
[23] provided a close but somewhat larger value, ΓGAWBS =
−30.2 dB/Mm than in [21] for fiber with Aeff = 150 µm2.
Taking into account the experimental accuracy [21], [22] of
directly measuring the strength of GAWBS it would be advisable
to use theoretical number ΓGAWBS = −30.2 dB/Mm for fibers
with Aeff = 150 µm2 as a more precise reference. It should be
noted as well that for the smaller effective area fibers the strength
of GAWBS is larger [21], [23]. GAWBS strength is estimated as
ΓGAWBS = −29.6, −28.6, −27.5 dB/Mm for the fibers with
Aeff = 130, 110, 80 µm2correspondingly based on the relative
dependencies on the effective areas provided in [21], [23]

The related question is what impact GAWBS has on the
performance of a coherent receiver; one might note [22], [24]
that since GAWBS creates phase distortions/modulation at point
of origin it can be potentially compensated by DSP, for example
by fast adaptive linear equalizers and phase tracing algorithms.

The compensation methods considered in [22] are complex
and demonstrated only for short distances. It was shown in
[24] that compensation will be difficult due to the linewidth
about 10 MHz of individual acoustic modes contributing to
the signal scattering. It means that DSP algorithms need to be
capable of tracking distortions with the frequencies exceeding
10 MHz which is difficult to achieve. Thus, for practical purposes
GAWBS contribution will be treated as an extra noise source
affecting coherent receiver performance.

GAWBS is a narrowband effect which scatters light within
channel bandwidth itself. This means that in the process of
typical OSNR system characterization it will not be measured
directly and accounted for. The most convenient option for
evaluating GAWBS SNR penalty is analytical estimation: one

can calculate GAWBS GSNR contribution in linear units after
transmission distance L:

SNRGAWBS =
1

ΓGAWBS ∗ L
(7)

And total GSNR of the system can be calculated as:

1

GSNR
=

1

SNRASE
+

1

SNRNLI
+

1

SNRGAWBS
(8)

D. Inclusion of Signal Droop

SDM cables have enabled more capacity by multiplying the
number of fiber pairs in the cable at the expense of channel
SNRASE . Consequently, in low SNRASE environments the
noise accumulation under fixed total output power constraints
depletes signal power. This depletion of signal power (or droop)
can be formulated through the product rule for inverse droop
[25]:

1 +
1

SNR1→N
=

N
∏

k=1

(

1 +
1

SNRk

)

(9)

where N represents the amplified span, and SNRk the
SNRASE at the output of the kth amplifier. This SNR
degradation law can be extended to all AWGN sources
within the signal bandwidth, for example GAWBS, nonlinear
noise, ASE, crosstalk, etc. Thus, the inverse droop formula is
re-arranged into a Generalized Droop formula to account for
the aggregation of multiple Gaussian noise sources [29]:

1 +
1

GSNR
=

(

1 +
1

SNRASE

) (

1 +
1

SNRNLI

)

×

(

1 +
1

SNRGAWBS

)

(10)

III. MEASUREMENT OF GSNR

Considering the newly expanded definitions discussed thus
far, this section will expand upon previously proposed measure-
ment methodologies in [12], for GSNR and SNRTOT . Here,
we discuss the physical demarcation definitions, expand the
methodologies for wet plant measurement to enable alignment
with evolving modem technology trends, and discuss the impact
of the modem as a measurement tool.

A. Open Cable Interface as a Demarcation Point

Before discussing the measurement procedures of GSNR, it is
important to note that the performance impact of the equipment
appended to the subsea cable, either permanently, or for the
purposes of measurement, must be considered. It is entirely up
to the purchaser and supplier to determine whether theSNRASE

and GSNR specifications for a subsea cable will include this
added optical equipment or not, what is important is that this is
clearly defined.

It is common for subsea cables to be bookended at their
termination points by an Open Cable Interface (OCI). The
OCI encompasses all optical equipment provided by the
system supplier that remains permanently within the optical
propagation path after system handoff. The OCI should also
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Fig. 3. GSNR measurement concept using a coherent modem. Solid lines
are measured performance, back-to-back and after transmission. The dashed line
illustrates the effect of modem impairments.

provide the ability to couple the wet plant supervisory and
monitoring equipment, without dependency on the selection
of terminal transmission equipment (TTE), which may be
provided by a 3rd party as part of the Open Cable concept.

The OCI provides a clear demarcation for the handoff between
the subsea system and the TTE that will be overlaid onto it. The
handoff between these two sets of equipment should be clearly
defined, with minimum and maximum optical input and output
power targets, to minimize unnecessary optical performance
penalties.

It is recommended here that this demarcation point should also
define the point at which SNRASE and GSNR are measured
at cable acceptance. Any additional contributions from the TTE
optical components can be considered independently of the cable
build, and no joint analysis required by wet plant and TTE
equipment vendors.

B. GSNR Measurement: Inverse Back-to-Back Method

In this section, a method is introduced to measure the GSNR
of a transmission line. This procedure is based on two funda-
mental ideas or conditions:

1) The transmission line can be well modeled by the GN
model [1], [2]

2) Digital coherent modems show a predictable dependency
of BER with fiber nonlinear effects and GAWBS.

If these two conditions are met, the inverse back-to-back
method [8] can be used to estimate the GSNR of a transmission
line. The inverse back-to-back method translates a Q-value into
an equivalent SNR value. This method is accurate in systems
where nonlinearity and GAWBS induce Gaussian-like noise,
which enables the use of the back-to-back curve for Q-to-SNR
conversion. First, a pair of test modems are characterized by
measuring the Q-value in a back-to-back configuration, with
ASE loading. This process generates the so-called, SNRASE-
sensitivity curve (or back-to-back curve), where the Q-value
is obtained as a function of SNRASE without any transmis-
sion impairments. Then, the same modem pair is connected
to the submarine line, and the Q-value is obtained, now in-
cluding all transmission impairments. This Q-value is mapped
into the back-to-back curve to obtain a resulting SNR value,
SNREXT . This method is schematically shown in Fig. 3. After
transmission, the Q-value includes penalties coming from the

transmission line (such as fiber nonlinearity or GAWBS) and
transmission penalties induced by the modem.

Now, the measured SNREXT has been obtained via the
inverse back-to-back method, i.e., SNREXT = iBtoB(Q),
where iBtoB is the function that converts Q into SNR from the
back-to-back performance, as previously discussed. Then, the
contribution of the modem impairments is subtracted to finally
obtain the GSNR:

1

GSNR
=

1

SNREXT
−

1

SNRi
(11)

SNRi includes the noise caused by the modem due to propa-
gation specific effects such as chromatic dispersion, polariza-
tion effects, wavelength tolerance penalties and equalization
enhanced phase noise.

Polarization effects such as polarization dependent loss
(PDL), polarization mode dispersion (PMD) or polarization
transients are unique to each cable system and can be partially
compensated by the coherent receiver. Due to the statistical
nature of these effects, care should be taken to consider the mean
of the polarization impairments from both the cable system and
the coherent receiver [30].

The applications of digital chromatic pre- or post-dispersion
compensation are implemented by DSP filters. The implemen-
tation penalty of these filters should be considered as they may
not be present in back-to-back measurements. Ideally chromatic
dispersion should be either compensated in the transmitter or re-
ceiver since balanced compensation provides a nonlinear benefit,
thereby artificially improving the cable system’s GSNR.

Wavelength tolerance impairments correspond to degrada-
tions due to non-optimal wavelength settings [31]. These can
range from crosstalk penalties to ROADM filter penalties on a
channel.

The interaction between the chromatic dispersion compen-
sation filter (or ‘equalizer’) and the phase noise of the local
oscillator (LO) laser in the coherent receiver generates an impair-
ment called equalization enhanced phase noise [32]. This penalty
increases with high dispersion systems where the frequency
noise of the LO is enhanced by the electronic equalization.

The impairments considered above may not be an in-situ mea-
surement with the cable system under test. These are primarily
simulated and aligned with controlled lab measurements. The
magnitude of these penalties can influence an undersea system’s
GSNR depending on the coherent technology and performance
budget set for them.

The first step to measure the GSNR is, therefore, to obtain
the conversion function. SNRASE has been traditionally used
to characterize the performance of modems. Typically, a test
modem is connected back-to-back (i.e., TX-to-RX) with a Gaus-
sian noise source in between and adjacent channels loaded next
to the test modem to account for WDM filtering penalties or
inter-channel crosstalk. This is shown in Fig. 4.

Recently, some alternate methods have been proposed to esti-
mate the ASE and NLI contributions to the SNR. One technique
is based on the evaluation of the spectral broadening of a channel
after transmission but using an Optical Spectrum Analyzer [33].
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Fig. 4. Diagram of the SNRASE sensitivity of a modem.

Another technique consisted in measuring some noise corre-
lations within the channel bandwidth by using a broadband
ASE as light source [34]. Similarly, the noise correlations of
received symbols of a coherent modem, together with neural
networks techniques, have been proposed to separate the ASE
and nonlinearity noise contributions retrieved from the received
symbols [35].

It is not yet clear whether proposed methods can achieve suf-
ficient accuracy or universality. Although they can be useful in
some applications, (for example in service GSNR estimation),
we believe that the inverse back-to-back method with well-
known test modems is the preferred method for the evaluation,
commissioning and capacity estimation of open cables.

C. Measurement Conditions: Input and Output Spectra

One of the targets of GSNR measurement is to enable esti-
mates of the total achievable capacity that can be supported by
the transmission line. For that, measurements must be conducted
across the usable bandwidth. In general, due to the frequency de-
pendency of amplifier noise figure, scattering effects, gain shape
and tilt, among others, optical signals experience frequency-
dependent power and SNR variations as they propagate along the
fiber. This relationship with frequency also varies notably with
different input power profiles, due to the power limited nature
of the subsea repeater, and the frequency-dependent nature of
spectral hole burning (SHB). Thus, SNRASE and GSNR will
always vary across an optical spectrum and as a consequence of
the aforementioned dependencies, the input power profile must
be very carefully taken into account in anySNRASE orGSNR
measurement.

It is generally agreed today that populating the entire spec-
trum with test modems to conduct the GSNR measurement is
impractical. It is proposed to use a minimum of 3 channels and
ASE as dummy lights for the remainder of the optical spectrum.
The frequency of the test modem and the adjacent channels
can be tuned to cover the entire transmission waveband. The
ASE dummy lights could be continuous or channelized. The
advantage of channelized dummy lights is that they can also be
used to measure the SNRASE .

The test modem and the adjacent channels are tuned across the
usable bandwidth to sample and obtain a view of the frequency
dependency of the GSNR. Fig. 5 shows the measurement
configuration for GSNR measurement.

Three typical configurations may be of interest for
GSNR measurements, namely: Flat transmitter power (FLAT),

Fig. 5. Configuration of the GSNR measurement at the transmitter with
continuous or channelized dummy lights.

Fig. 6. Pre-emphasis settings for GSNR measurement. Arbitrary shapes are
shown for explanation purposes.

SNRASE-equalized power (SNREQ), and fiber-power equal-
ized (PFIB). These configurations are schematically shown
in Fig. 6. These configurations are achieved by adjusting the
channel pre-emphasis of the channels. For example, for Flat
transmitter power, the channel pre-emphasis is set to equalize the
power spectral density at the transmitter (i.e., same density for
dummy light and test channels). In other cases, the pre-emphasis
value is adjusted depending on the received power orSNRASE .

In the case of FLAT equalization input spectrum is flat, where
the power is equal at every wavelength. In the case of SNREQ
power of each wavelength at the transmitter is adjusted to achieve
a uniform SNRASE across the received bandwidth. Finally, the
PFIB equalization consists in equalizing the sum of transmitter
and receiver power. FLAT equalization is useful to determine the
gain and tilt characteristics of the line and would theoretically be
the optimum in the absence of any of the frequency dependencies
noted previously. SNREQ equalizes the linear part of theGSNR
whereas PFIB attempts to take into account the nonlinear con-
tribution as well as the linear contribution to GSNR.



748 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 3, FEBRUARY 1, 2021

Fig. 7. Expansion of the GSNR measurement range by using multiple
modulation formats operating at the non-saturated regime.

It is worth noting that we are not attempting to equalize the
GSNR, as such equalization may not result in the maximum
fiber capacity if, for example, NLC techniques are implemented
in the modem. These three equalization profiles can be used to
characterize the fiber transmission line, however, depending on
the design and the GSNR wavelength dependency, it may not
be necessary to conduct the measurement in all the three con-
figurations. A detailed discussion of pre-emphasis equalization
strategies and system capacity is done in [36].

D. Characteristics of the Test Modem

The desired test modem for the GSNR measurement must
be able to provide stable and accurate results over a wide range
of transmission lines. The following are some generally agreed
recommendations for standard specifications of a GSNR test
modem:

1) Modulation format: dual polarization QPSK and dual
polarization 16QAM

2) Carrier spacing for adjacent channels: ∼1.1 x symbol
rate

3) Spectral shaping: RRC with ∼0.1 roll-off
4) Chromatic Dispersion Compensation: CDC range com-

patible with the transmission line
5) Nonlinearity compensation: Disabled
6) DSP: Typical methods for carrier phase recovery, polar-

ization DEMUX and cycle slip protection.
It is desired that the test modem operates at a symbol rate

that provides an SNRASE sensitivity curve with sufficiently
large slope, avoiding the saturating regime of the Q-vs-SNR
performance. This could be a problem to be outside the range
of a particular modulation format. This is illustrated in Fig. 7,
where the test modem shall be capable of operating at QPSK
and 16QAM in order to cover a wide range of SNRASE values
without entering the more unstable saturation regimes.

The saturation characteristics depend on the modem imple-
mentation, but typical coherent QPSK modems can be used for
a wide range of GSNR values. However, in very high GSNR
environments where QPSK is limited to the saturation regime,
16QAM is used as an alternative.

Another potential solution to avoid the saturation regime of
the back-to-back curve is to load ASE noise at the receiver. This
is shown in Fig. 8 , where a source of ASE is located between
the transmission line and the receiver to shift the Q value away
from the saturation regime.

Fig. 8. Expansion of the GSNR measurement range by using ASE loading
at the receiver.

Fig. 9. SNR penalty caused by the compensation of chromatic dispersion in
the modem DSP.

E. Estimation of Modem Impairments

It is important to understand and separate modem-dependent
contributions to the GSNR, especially in wet plant commission-
ing applications. In this section, we introduce some example ap-
proaches that can be taken to separate these contributions, how-
ever different modem vendors may employ different method-
ologies best suited to their particular technology. Perhaps the
most straightforward example is the CDC penalty, which greatly
depends on the effective filter size implemented in the modem
DSP. In order to understand and separate this contribution, it is
important to characterize the performance of the test modem as
a function of the chromatic dispersion. For that, it is convenient
to obtain the SNR penalty caused by chromatic dispersion. This
penalty can be relative to the SNRASE value of the test modem
at the FEC limit, which is a typical procedure to determine
performance penalties. Then, it can be converted to RX noise
and subsequently subtracted to the GSNR measurement as a
contribution of SNRi.

Another approach to estimate the modem transmission penal-
ties is experimentally isolating the contribution of fiber non-
linearity [10]. For that, the Q-performance can be obtained
as a function of the channel pre-emphasis under propagated
conditions. This Q-variation is only caused by fiber Kerr ef-
fect, and it can be modelled and estimated by the GN model
with the transmitted spectrum as the input. By comparing the
experimental values with the model, the contributions of fiber
nonlinearity and modem penalties can be separated using a
minimum-square fitting. For that, let us define the following
transmission-impairment magnitude (experimentally obtained),
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Fig. 10. Example of the WDM configuration to calculate Gwdm as a function
of the channel pre-emphasis (PE). Solid line is the experimental spectrum, and
dashed line is the mathematical representation used in (14).

SNRTI_E, as a function of the channel pre-emphasis (PE):

1

SNRTI_E (PE)
=

1

SNREXT (PE)
−

1

SNRASE (PE)
(12)

where SNREXT and SNRASE are the parameters defined
previously and they are both measured experimentally. Al-
ternatively, the same magnitude can be defined theoretically,
SNRTI_T, from the following expression:

1

SNRTI_T (PE)
=

1

SNRNLI_GN (PE)

+
1

SNRGAWBS
+

1

SNRi
(13)

SNRNLI_GN can be obtained from the GN model equa-
tions by using, as inputs, the transmitted spectrum (or a close
mathematical representation) and the nominal measured data of
the as-laid wet plant, such as number of spans, repeater total
output power, fiber attenuation, span loss, effective area, and
fiber dispersion. The magnitude, SNRGAWBS is known and
calculated from (7). Note that the contributionSNRi is assumed
to be independent of the power pre-emphasis, accounting for
transmission impairments such as CD, PMD and PDL penalties.

In practice, it is difficult to vary the repeater output power
and therefore it is common practice to vary the power of only a
few channels with the channel under test at the center of them.
Since this calculation needs to model the pre-emphasis of only
a few channels while keeping the total power constant, the full
integration of the GN is required for the channel under test, as
follows:

SNRNLI_GN ∝

∫∫ +∞

−∞

Gwdm (f1, PE)×Gwdm (f2, PE)

×Gwdm (f1 + f2 − 0, PE)× ρ× χ df1df2 (14)

Where PE denotes the pre-emphasis of the measured channel.
More details of this and the parameters therein can be found in
[28]. The spectral density function Gwdm is defined to match
the experimental conditions of the measurement. An example is
shown in the Fig. 10.

Once the theoretical value, SNRNLI_GN is obtained, both
expressions, SNRTI_E and SNRTI_T are compared and the
value of SNRi is obtained to best fit both curves as a function
of the channel pre-emphasis. Fig. 11 shows an example of this
fitting obtained experimentally in an approximately 7,000 km

Fig. 11. Example of the fitting between SNRTI_E and SNRTI_T after
Minimum Square fitting with the single parameter optimization of SNRi

straight-line transmission test with a 34 Gbaud QSPK transpon-
der. The agreement is good for a wide range of channel pre-
emphasis. This technique relies on the accurate representation
of the as-laid wet plant by the GN model, this can be verified by
the fitting error as a function of the deviation from the nominal
wet plant parameters that can be directly measured.

F. Avoiding SHB During the Measurement Procedure

As we saw previously, different SNRASE values can be
defined as Design, Nominal, or Commissioning, not all of which
can be measured. The accuracy that should be reached in the
measurement of SNRASE should be of the utmost importance
for a number of reasons. First, the acceptance of the submarine
cable is linked in part to the measurement of this value which
will in turn be compared to the values specified in the contract.
Second, in D+ subsea designs, SNRASE is the largest relative
SNR contribution to the end to end optical performance [37].

There are various methodologies employed for measurement
of SNRASE in subsea systems. A key concern, in particular in
the subsea environment with fixed TOP repeaters, is the impact
of SHB. A method was presented in [11] allowing to limit the
impact of SHB on the accuracy of the SNRASE measurements.
In one classical method to measure SNRASE , the power of
the channel is measured, and then with the channel removed,
the power of the noise is measured. In an experiment presented
in [11], doing this resulted in varying the number of channels
from 56 to 55, corresponding to an average power variation
below 0.1 dB. Nevertheless, this experiment showed that due
to SHB, after 11,000 km, local variation differs by 0.5 dB in the
measured noise floor. This error is not acceptable considering
the supplier margin taken previously. To improve the accuracy
of the measurement, the solution proposed in [11] was to replace
the channel under test by a depolarized laser that will be set at the
same power. This substitution was shown to allow an accurate
representation of the channel’s noise under full-fill conditions.
This is illustrated in Fig. 12, where we can see three different
spectra:



750 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 3, FEBRUARY 1, 2021

Fig. 12. Impact on the amplifier gain due to spectral hole burning over 11,000
km when a channel is removed and replaced by a laser source [11]

- the initial spectrum (black usually under the grey spectrum)
around 1536 nm with 56 channels

- the intermediate spectrum (black with circle) with 55 chan-
nels where the channel under test is removed

- the final spectrum with 55 channels + 1 laser (grey) when
the laser is added.

We can clearly see that after the laser has been added we are
recovering back the initial spectrum (grey spectrum overlaps
black spectrum).

IV. CAPACITY OF OPEN CABLES

In this section we change perspective shifting from defining
and measuring key metrics representing the optical performance
of the wet plant in isolation, to considering the noise contribu-
tions of the modem, and as such, the end to end system capacity.
We describe the evolution of per fiber pair (FP) performance
modeling and calculation to a whole cable approach. The fun-
damental paradigm shift brought by SDM in the submarine
industry is especially valuable when we can consider the whole
cable as an entity, instead of the individual FPs. With a whole
cable approach, we can improve the total cable capacity at
the expense of the individual FP capacity [19]. In the next
paragraphs we will give the equations to operate on whole cable
capacity and to cascade multiple segments (e.g. branches) of a
cable system.

A. Evaluation of SNRTOT

The total signal-to-noise ratio SNRTOT affecting the signal
at the decoder input, within the modem DSP, is a superposition of
all noise terms: NLI, ASE, GAWBS, signal droop, and modem
related contributions including relevant receiver scaling factors.
Real-time SNRTOT is a computed performance metric, using
an empirical relationship between SNRTOT and the Q-factor.
Assuming Gray encoding and high SNRTOT so that off-axis
bit error probabilities are negligible [38]–[40], Table I provides
examples of closed form solutions for this relationship. As noted
in Section I, in this paper, we use Q to represent Q2 factor.

Recent advancements in coherent optical technologies em-
brace higher constellation cardinality, stronger FEC engines
that operate at very low SNRTOT , and novel bit-to-symbol

TABLE I
CLOSED-FORM SNR AND Q RELATIONSHIPS

Fig. 13 Monte-Carlo calculation of the SNRTOT to Q relationship

encoding formats [41], [42] which no longer hold a closed form
analytical solution for Q as a function of SNRTOT . Subse-
quently, the Q for each modulation format at a givenSNRTOT is
achieved through widely used numerical techniques such as
the Monte-Carlo method [43]. The technique passes many data
symbols through a model of the modem and the SNRTOT is
varied by injecting additive white Gaussian noise along the data
path. The symbols are decoded by the simulator and the bit errors
counted to estimate the Q using the inverse complementary error
function Q =

√
2erfc−1(2BER), thus forming a relationship

between SNRTOT and Q.
Fig. 13 shows an example of the relationship between Q and

SNRTOT for three different modulation formats; QPSK, 16-
QAM, and a modern eight-dimensional 32-QAM format. The
QPSK and 16QAM curves follow the relationships in Table I,
however modern formats may require a piecewise curve fit.

In the presence of optical noise loading, the ASE noise is
varied which in turn varies the Q-factor reported by the modem.
For a back-to-back configuration, the total SNR is directly
proportional to 1/SNRASE :

1

SNRb2b
TOT

=
1

SNRb2b
ASE

+
1

SNRm

(15)
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Fig. 14. Full description of SNRTOT

Where, SNRm is a back-to-back implementation noise due
to the coherent modem. Under propagation the total SNR of the
optical link is described by:

1

SNRTOT
=

1

GSNR
+

1

SNRm

+
1

SNRi

(16)

It is important to discuss the relationship between SNRTOT

and SNREXT , as defined in the previous section. Due to the
nature of the inverse back-to-back method described in Sec-
tion III-B, the SNRm contribution is directly removed, leaving
the following relationship:

1

SNREXT
=

1

SNRTOT
−

1

SNRm
(17)

Now that all SNRs have been defined, we can summarize the
complete relationship with SNRTOT as shown in Fig. 14.

B. From GSNR and SNRTOT to Cable Capacity

Shannon’s equation for capacity in AWGN channel would
apply perfectly to our case in the absence of nonlinearities, i.e.,
with ASE as the only noise source. In such a case we could write:

C = 2Blog2 (1 + SNRASE) (18)

where B is the optical bandwidth over which we have a signal-
to-noise ratio of SNR. The factor of 2 comes from the degen-
erate spatial dimension in the optical channels: the orthogonal
polarizations.

In a submarine cable having NFP fiber pairs we could mea-
sure the GSNRi(f) on the ith FP, as a function of the optical
frequency f . In that case, the total theoretical cable capacity C
can be calculated as:

C = 2

NFP
∑

i

∫ +Bi/2

−Bi/2

log2 [1 +GSNRi (f)] df (19)

where Bi is the size of the bandwidth on which the GSNR is
calculated. This equation implies that now linear and nonlinear
effects, under the GN model, with the addition of GAWBS can
be used to determine the theoretical capacity of the submarine
system. Future modem implementations designed with strong

nonlinear compensation capabilities might even exceed this
capacity, which is not an upper bound like (18). In the case
whereBi are all identical across all FPs and small enough so that
GSNRi(f) is constant in the jth frequency bin, then we could
consider a simplified version of (19) which calculates capacity
as:

C = 2B

NFP
∑

i

∑

j

log2 (1 +GSNRi,j) (20)

where B is the total repeater bandwidth. So far, the cable
capacity returned by the equations is a theoretical cable capacity.
In a more practical case, we might want to know the actual
capacity that we could get with a specific modem. For instance,
a previously characterized modem, not necessarily the same used
for the GSNR measurement of the wetplant. We assume that
the modem is modeled knowing the parameters from (16) which
allows us to express the capacity in terms of SNRTOT:

Cmodem = 2χB

NFP
∑

i

∑

j

log2

(

1 +
SNRTOT i,j

ηM

)

(21)

where η is a gap-to-Shannon value expressing the non-ideal
characteristic of a linecard (e.g. finite length FEC limiting its
performance) to be characterized for every modem, M is a
system margin that the cable operator might find appropriate
and χ accounts for the spectral occupancy with a given modem.

In this context one can appreciate the great value of GSNR
as a universal metric. In the previous sections we discussed how
to measure the GSNR of a FP with any modem; in this second
step we discover that from such a GSNR we can determine
the potential capacity with any other kind of modem (e.g. we
are considering an upgrade for our cable system) under the
same power pre-emphasis conditions. Of course, this equation
is convenient for system design because it presents a continuous
behavior, but it still misses one important aspect of modems, the
line rate quantization. Even though such quantization proved to
be an important aspect in the selection of a modem [36], we
consider that those considerations are beyond the scope of this
paper.
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C. Multi-Segment Considerations

There are some instances in which an all-optical intercon-
nection of multiple segments may be desired. In this section,
we discuss a method for assessing this kind of interconnection,
noting that it can only be used where the characteristics of each
segment are such that they ensure the validity of the GN model.

As outlined in II-A the formula for determining the Design
OSNR assumes the same average gain and noise figure for
amplifiers in a system with a constant amplifier output power.
In multi-segment systems the assumptions of the system having
constant TOP, amplifier spacing and fiber composition across
all segments typically cannot always be made. As a result, in
multi-segment systems the SNR for each segment, SNRk, must
be determined for the same channel loading and added together
to calculate the end to end SNR, SNRE2E .

1

SNRE2E
=

Nsegments
∑

k

1

SNRk
(22)

GSNR can be measured across the multi-segment system or,
much like SNR, GSNR of each segment can be concatenated
to calculate the GSNR of an end to end system.

1

GSNRE2E
=

Nsegments
∑

k

1

GSNRk
(23)

For GSNR values to be valid the system must have enough
dispersion in each segment to ensure the GN model applies.
Short network segments or terrestrial segments with non-D+
fiber (e.g. LEAF, DSF, etc.) may not have enough dispersion for
the GN model to apply.

In networks such as this an end to end measurement of
GSNR may not align to the expected values from mathematical
concatenation of per segment GSNR.

V. OPEN CABLE SPECIFICATION TABLES

Implementation of the Open Cable concept for cable design,
acceptance and TTE deployment requires clear specification of
key system parameters and performance metrics at all stages
of a subsea cable project. These specifications should allow
for capacity estimation prior to TTE deployment, both during
the design phase and following cable commissioning and ac-
ceptance with the highest degrees of accuracy possible at the
time. To address this goal, we discuss recommended tables
to describe and record key parameters of the wet plant and
introduce SNR-based optical performance budget tables for the
key disaggregated elements of an Open Cable system: the wet
plant and the TTE.

A. Key Parameter Table

The Key Parameter Table (KPT) is a table which contains
important metrics and parameters that define the optical perfor-
mance and the underlying system characteristics that contribute
to it, allowing for the computation of nominal performance
metrics. These parameters are essential to an Open Cable pur-
chaser in understanding the asset they are purchasing. This
table also serves the critical function of capturing some of

the fundamental optical specifications required for end to end
capacity estimation by a TTE vendor, using their specific modem
technology, in advance of the completion of the system. The
KPT is most commonly used during the design phase of an
Open Cable project, however it is customary for this table to be
updated over the course of the project construction to reflect any
system design changes that occur, such as additional repeaters.
A recommendation for a KPT is presented in [12].

Many of the parameters within the KPT are defined as average
values, without specific reference to frequency, temperature, or
manufacturing variations. Some values can be an average with
respect to a system component as determined from manufactur-
ing distributions, as well as an average with respect to frequency,
such as repeater noise figure. It is not until system completion
that detailed measurements are made to capture the frequency
and pre-emphasis dependencies of the key performance metrics,
such as SNRASE and GSNR. It is important for such detailed
frequency-dependent data to be collected, even though it is cus-
tomary that only the average values of a few key parameters are
compared against agreed minimum performance targets, or the
commissioning targets, and used for commercial acceptance of
the system. These detailed measurements, reported with respect
to specific test conditions, are highly critical to accurate capacity
modeling of a given optical path within an Open Cable system
and can only be collected once the system is constructed. An
example table to guide the capture of critical system data to be
collected is provided in [12].

While the KPT has traditionally contained the final agreed
commissioning values, it does not detail the various SNR con-
tributions and margins used to reach these performance targets.
The SNR-based optical performance budgets in the following
sections are provided to capture these details.

B. SNR Budget Table for Wet Plant

The proposed SNR Budget Table summarizes the various
noise sources that contribute to the final SNR-based com-
missioning targets of the Open Cable. It is typical that the
Beginning-Of-Life (BOL) Average and Worst Case SNR targets
for SNRASE and GSNR are agreed as commissioning targets
under specific pre-emphasis conditions. These values have tra-
ditionally been defined in the corresponding KPT, and demon-
strated during cable commissioning. With the introduction of
Table II, we propose that the agreed commissioning parameters
no longer need to be specified in a KPT, as they can be agreed
and more clearly represented within Table II. Only select line
items in Table II are measurable quantities, and as such many
of the SNR values listed are treated as informational and are
primarily requested for the purposes of design evaluation. The
table displays both absolute SNR quantities as well as the dB
difference between line items as an ‘SNR Change’. Example
values for a representative modern subsea open cable are pro-
vided to illustrate both the application of the proposed tables and
approximate order of magnitude that may be expected. While
both SNR and SNR Change can be provided for each line, only
the form for which a given line is most commonly discussed is
listed for simplicity. All values listed will vary according to the
particular system design and vendor specifics.
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TABLE II
WET PLANT SNR BUDGET TABLE

Line 1.0: The design SNRASE of the submarine portion,
averaged across the band.

Line 1.1: Signal droop impairments inSNRASE due to noise
accumulation from ASE.

Line 1.2: The SNRASE impairment from any ROADMs in
the submarine portion.

Line 1.3: Impairments arising from the terrestrial extensions
and/or any unrepeatered branch, if applicable.

Line 1.4: The nominal SNRASE on Line 1.4 for the system
is the subtraction of Lines 1.1, 1.2 and 1.3 from Line 1.0.

Line 1.5: The supplier margin provides allocation for normal
product variations due to the manufacturing process, marine
operations and environmental conditions.

Line 1.6: This is the system average SNRASE under flat
launch conditions at BOL. Line 1.6 SNRASE is given by sub-
tracting Line 1.5 from Line 1.4.

Line 1.7: Represents the penalty experienced by the average
SNRASE due to pre-emphasis based equalization under non-
flat gain conditions, relative to the average SNRASE under

flat launch conditions. This form of equalization is typically
performed with the intent of improving the performance of the
worst case channel(s). There are various methods of equalization
which can be selected from with comparable merits [36].

Line 1.8: Represents the averageSNRASE after equalization
has been applied. Line 1.8SNRASE is calculated by subtracting
Line 1.7 from Line 1.6. This represents the commissioning limit
for the average equalized performance at BOL.

Line 1.9: This is the allowance for spectral variation of
performance across the band. The values correspond to the worst
case SNRASE across the band after equalization. This value
may be agreed as a commissioning target.

Line 1.10: Represents the SNRASE penalty due to repairs
and aging of the interoperable cable portion.

Line 1.11: Represents the average SNRASE after equal-
ization has been applied under End-Of-Life (EOL) conditions.
Line 1.11 SNRASE is calculated by subtracting Line 1.10 from
Line 1.8.

Line 1.12: This is the allowance for spectral variation of
performance across the band. The values correspond to the worst
case SNRASE across the band after equalization under EOL
conditions.

Line 2.0: The SNR impairment due to GAWBS.
Line 2.1: The noise contribution of optical nonlinearities or

SNRNLI .
Line 2.2: The nominal GSNR is calculated using the gener-

alized droop formula, as defined in Section II-D. The SNRASE

is referenced at Line 1.4, SNRGAWBS from Line 2.0, and
SNRNLI from Line 2.1.

Line 2.3: The supplier margin provides allocation for normal
product variations due to the manufacturing process, marine
operations and environmental conditions as they pertain to
GSNR.

Line 2.4: This is the system averageGSNR under flat launch
conditions at BOL. Line 2.4GSNR is given by subtracting Line
2.3 from Line 2.2.

Line 2.5: Represents the penalty experienced by the average
GSNR due to the pre-emphasis based equalization performed
to arrive at Line 1.7, relative to the average GSNR under flat
launch conditions.

Line 2.6: This represents the average GSNR performance
at BOL under the agreed equalized conditions per Line 1.7. It
is the subtraction of Line 2.5 from Line 2.4. This value may be
agreed as a commissioning target.

Line 2.7: This is the allowance for spectral variation of
performance across the band. The values correspond to the worst
case GSNR across the band after equalization. This value may
be agreed as a commissioning target.

Line 2.8: Represents the average GSNR after agreed equal-
ization has been applied under EOL conditions. The Line 2.8
GSNR is calculated using the generalized signal droop formula
using the Line 2.6, with the added SNRASE penalty due to
aging and repairs, Line 1.10.

Line 2.9: This is the allowance for spectral variation of
performance across the band. The values correspond to the worst
case GSNR across the band after agreed equalization under
EOL conditions.
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TABLE III
TTE OVER WET PLANT SNR BUDGET TABLE

C. SNR Budget Table for TTE Over Wet Plant

In this section we propose Table III , which can be used to
define SNR performance margins that can be achieved with
a particular vendor and mode of operation of TTE technol-
ogy, utilizing the SNR-based performance metrics specified in
Table II. While a traditional Q-based budget table can still be
generated from the same metrics, we believe an SNR-based TTE
performance budget better represents the SNR margin available
for conversion into fiber and cable capacity.

The information required from Table II should be passed on
by the system owner to the TTE vendor for use in producing
this table. The table can be generated both before and after the
characterization of the wet plant, using either pre-construction
design parameters or post-commissioning detailed data. The wet
plant parameters used should be selected in accordance to the
owners’ preferences, risk tolerances and available information.
A risk-adverse owner may provide the worst case commis-
sioning values to receive an estimate of the minimum capacity
expected during the design phase. Others may prefer capacity
estimations be performed assuming not all of the supplier margin
in Table II is consumed, using SNR values higher than the
commissioning values. The wet plant values provided to the
TTE vendor can also be the measured values, as collected during
the system commissioning, if that phase of the project is com-
pleted. In this case, the cable owner can provide the measured

TABLE IV
ACRONYM LIST
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frequency-dependent SNR performance data, as described in
Section V-A for the most accurate capacity estimation prior to
TTE deployment.

A line-by-line description of Table III is provided as follows:
Line 1.1: The SNRASE for the selected conditions of the

budget table produced for the DLS. This may include but is not
limited to Line 1.4 or Line 1.8 of Table II.

Line 1.2: The fiber nonlinearity as defined as the reciprocal
sum of Line 2.0 and Line 2.1 of Table II.

Line 2.1: Any improvements by the TTE due to the nonlin-
earity stated in Line 1.2 should be added or subtracted here.

Line 2.2: The back-to-back implementation noise of the TTE.
Line 2.3: All other implementation noises due to propagation

over the DLS. Examples ofSNRi are described in Section III-B.
Line 2.4: The back-to-back SNRTOT specified at the FEC

limit.
Line 3.1: The 5-sigma time-varying system penalty (TVSP)

as predicted or measured by the TTE on the DLS.
Line 3.2: The inverse reciprocal sum of all SNR terms in

Lines 1.1, 1.2, 2.2, and 2.3. Any nonlinear improvements from
Line 2.1 should be considered accordingly.

Line 4.1: This line may include any additional operating
margins requested by the customer.

Line 4.2: The minimum SNRTOT for the DLS including the
customer margin. It is the summation of Lines 2.4, 3.1 and 4.1.

Line 4.3: The final net system margin delivered by the TTE.
It is the difference between the total TTE’s Required SNR (Line
2.4) and the DLS’ Total SNR (Line 4.2). Line 4.3 should be
positive for error-free operation.

VI. CONCLUSION

This paper summarizes a cross-industry collaboration aiming
to consolidate the basic definitions and procedures for the design,
acceptance and capacity of subsea open cables. SNR definitions,
including fiber nonlinearity, GAWBS and signal droop are in-
troduced to comprehensively define the performance of subsea
systems. Capacity metrics for open cables are introduced using
the Shannon formulation as a vendor-agnostic framework. In
addition, guidelines for the estimation of capacity with modern
terminal equipment are proposed. Scaling rules to variants in
channel planning or multi-segment transmission are explained.
Finally, performance tables are proposed to define and com-
mission subsea open cables. This work sets the basis for an
efficient definition, deployment and operation of modern subsea
networks that support the backbone of global connectivity now
and in the years to come.
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