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In ultrawideband transmission, the overall noise comes from
the amplification, fiber properties at different wavelengths,
and stimulated Raman scattering, and its impact on chan-
nels across transmission bands is different. This requires a
range of methods to mitigate the noise impact. Performing
channel-wise power pre-emphasis and constellation shaping,
one can compensate for the noise tilt and attain maximum
throughput. In this work, we study the trade-off between
the goals of maximizing the total throughput and leveling
the transmission quality for different channels. We use an
analytical model for multi-variable optimization and iden-
tify the penalty from constraining the mutual information
variation.
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Introduction. Increasing the transmission bandwidth in optical
fiber communications is a promising and cost-efficient way of
increasing throughput to meet the growing data demands [1,2].
There are numerous studies of communication systems, covering
conventional (C-) and long-wavelength (L-) bands, including
commercially available amplification and transceiver devices.
However, increasing bandwidth beyond the C+L wavelength
ranges is still at the research stage [3]. The main obstacles in
achieving ultrawideband transmission come from the frequency-
dependent properties of channel parameters and inter-channel
interactions.

In an optical transmission system, different channels may be
designated for different users, so that any significant difference
in the quality of transmission (QoT) across the bandwidth is
undesirable. For a larger number of channels, the accumulated
nonlinear channel interference dominates among other factors
impacting the QoT degradation. Therefore, the currently applied
nonlinearity mitigation methodologies are no longer valid. To
maximize total throughput, these effects must be carefully

estimated and taken into account. Given the considerable vari-
ation in link parameters across wavelength, equalizing the
transmission quality is achievable only through the channel-wise
manipulation of modulation parameters [4,5]. Optimal resource
allocation, aiming at a flat QoT profile, is a computationally
heavy multi-variable optimization task.

In ultrawideband scenarios, when more densely spaced chan-
nels are used, the QoT metrics can vary significantly from
channel to channel. Therefore, these two tasks—achieving max-
imum throughput and maintaining a flat transmission quality
profile—are in competition. Typically, when mutual informa-
tion (MI) varies noticeably between channels (up to 3 dB in
our simulations), it leads to a better total MI than in the case
of uniform MI distribution. This trade-off is exacerbated in the
ultrawideband scenario, and therefore, is the focus of this Letter.

Because of the nature of the optimization problem, given the
variation in parameters over the transmission bandwidth and
modulation parameters tuning, numerical simulations are not
suitable because of their computational complexity. Instead, for
the performance evaluation and monitoring, numerically inte-
grable or closed-form analytical models must be used to estimate
the impact of impairments [6,7]. Such models link the input
system parameters and output communication quality. We note
here that for the analysis in this work, the conventional analyti-
cal models (i.e., those not accounting for channel interaction via
Raman scattering and modulation format [6]) are not applicable,
as they cannot capture these effects crucial for the ultrawideband
scenario [7].

To compensate for the variation in fiber properties over the
bandwidth, different types of adjustments, such as power pre-
emphasis and constellation shaping, are widely used, see [5,8].
Power pre-emphasis aims to reduce penalties coming from the
uneven noise distribution, caused by the amplification and link
impairments. When power manipulation is not sufficient, or
noise becomes power-dependent, constellation shaping of indi-
vidual channels is applied to make better use of the less distorted
carriers.

The Gaussian noise (GN) model approach is an effective tool
for estimating the signal-to-noise ratio (SNR) at the receiver [6].
The conventional GN model [6] can be expanded to account for
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non-uniform fiber attenuation, dispersion, and interchannel stim-
ulated Raman scattering (ISRS) [7,9]. These effects are the main
sources of impairment in the case of ultrawideband transmis-
sion, especially when channels in the S-band are also occupied
[3,4,10].

Through the combination of numerical fitting of the solutions
of Raman equations, the ISRS GN model and non-convex prob-
lem optimization, we can confidently analyze and optimize the
transmission system with full occupancy of S-, C-, and L-bands
(20 THz in total), for an arbitrary launch power and modulation
format. The conventional approach to this type of optimiza-
tion is to maximize the total information rate metric, while the
importance of equalizing and maintaining the capacity of the
individual channels is often ignored [4,5].

In this work, we use the ISRS GN model to study the
trade-off between maximization and flattening of the trans-
mission throughput for the S+C+L transmission, to quantify
the gain–penalty balance for different optimization strategies.
The launch power and constellation shape (both on a channel-
by-channel basis) are varied and the optimization results for
different link lengths are analyzed. These two optimization tech-
niques are widely applied to design ultrawideband systems [5,8].
We use mutual information as a measure for the channel through-
put and consider both the total MI for all channels and how the
per-channel MI varies over the transmission bandwidth. This
allows quantifying the available margins in the design of trans-
mission systems with a high total information rate, yet sufficient
QoT for individual users/channels.

QoT estimation via the ISRS GN model. Employing SNR
as a metric for QoT and for further estimation of data through-
put, we use the ISRS GN model, adapted to account for an
arbitrary power profile and constellation shape [7]. The conven-
tional GN model is based on the first-order perturbation method
with respect to the fiber nonlinearity. The GN model determines
the contribution of nonlinear impairments to ith channel total
SNR, defined as

SNR−1
i = SNR−1

ASE + SNR−1
TRx + SNR−1

SPM,i +

Nch∑︂
k≠i

SNR−1
NLI,ik. (1)

The GN model provides an estimate for both self- and cross-
phase modulation (SPM and XPM, respectively) effects [6,7].
ISRS leads to channel power transfer and to a tilted SNR profile
across the transmission window. The contribution from ISRS
using the system of Raman equations to describe the power
transfer between channels during the propagation in the fiber
can be added using the approach from [7,9].

In this work, we focus on the interaction between the constel-
lation distribution and launch power within the ISRS GN model.
The SPM contribution to the SNR can be expressed as

SNR−1
SPM,i = ηSPMP2

i , (2)

while the XPM contribution can be given as

SNR−1
NLI,ik = (ηGN + ηcorrΦ)P2

k . (3)

The ηSPM, ηGN, and ηcorr are the nonlinear coefficients for SPM,
XPM, and the XPM modulation format correction, respectively.
In this work, we used the expressions found in Ref. [7, Eq. (16)]
for the results presented. The second term in Eq. (3) accounts
for the impact of shaped constellations via its statistical char-
acteristics called (excess) kurtosis Φ—its central normalized

Table 1. Transmission Parameters for ISRS GN Model-
ing and SNR Calculation

SNRTRx 23 dB spacing ∆f 50 GHz
Lspan 80 km dispersion D 18 ps/km/nm
dispersion
slope S

0.067 ps/km/nm2 nonlinearity γ 1.3 1/W/km

S band λ
range

1465–1520 nm S band NF 7 dB

C band λ
range

1530–1565 nm C band NF 4 dB

L band λ
range

1570–1623 nm L band NF 6 dB

fourth-order moment. It measures the deviation of a given
constellation from the Gaussian one, assumed by default in the
GN model, for which Φ = 0. Another extreme is the QPSK
constellation, for which Φ = −1, for all variety of practically
possible constellation probabilities Φ stays within this range.

To extend the accuracy of these expressions for the transmis-
sion bandwidth beyond 15 THz, one has to fit the numerical
solution of the Raman equations for a given launch power pro-
file [7,9]. Therefore, the per-channel power is not completely
factorizable in the SNR expressions above, and the nonlinear
coefficients η are functions of the launch power, as well as other
signal properties (e.g., per-channel bandwidth), and other fiber
properties, like attenuation and nonlinearity [7].

Although the perturbation method in the GN model provides
explicit expressions for the nonlinearity contribution to the SNR
[6,7], efficient optimization of system performance is difficult
because it is a non-convex optimization problem with a large
number of system parameters.

In this study, we use the experimental amplification scheme
parameters, taken from [3,10], in particular, the value of the
noise figure (NF). In the S-band, the noise performance is worse
than in the C- and L-bands (Table 1). For optimization purposes,
we represent the launch power as a smoothly varying polynomial
function in each band separately. Having this polynomial func-
tion allows for a wide range of power values to compensate for
possible impairments, while keeping the number of parameters
low (since the number of coefficients is much smaller than the
number of channels).

Atop of the launch power pre-emphasis, we apply proba-
bilistic shaping to reach higher MI values. As in the case of
probabilistic shaping, we keep the coordinates from the square
256-QAM modulation format and match its points with the prob-
ability determined by the distance to that point from the origin.
To try various constellation shapes, we use the probabilistic
shaping with two turning parameters ν1,2. The probability of a
constellation point is then

p(xi) =
exp(−ν1 |xi |

2 − ν2 |xi |
4)∑︁

j p(xj)
, (4)

where the denominator is used for the normalization purposes
[8]. This choice allows the operation over the desired range of
−1<Φ<0, with a feasible number of parameters. The variation
of kurtosis Φ across the ν1,2 plane is plotted in Fig. 1.

For the given values of ν1,2 and launch power distribution, we
use the closed-form ISRS GN model, Eqs. (1–3), to estimate
the received signal SNR. Then, for a given constellation shape
and SNR, we calculate MI over the transmission bandwidth.
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Fig. 1. Values of the constellation’s kurtosisΦ, calculated for the
landscape of probabilistic shaping parameters ν1,2.

Fig. 2. Schematics of the analyzed transmission system and MI
maximization procedure.

The schematic of the transmission scheme and optimization
procedure are given in Fig. 2.

To study the trade-off between global MI maximization and
maintain a flat MI profile (characterized by the MI variation
∆MI), we set the constrained optimization problem. Its cost
function is the total throughput

∑︁
i MIi, while the maximum vari-

ation of the MI values ∆MI= maxi,j |MIi − MIj | is limited. For
smaller ∆MI, so for a stronger constraint, power pre-emphasis
can provide a smaller gain in terms of achievable total MI. In
other words, flattening of the MI comes at the penalty in total
MI. In this work, we quantify how constraint strength impacts
the achievable total MI.

Results and discussion. For the throughput optimization, we
modeled a state-of-the-art transmission system, with probabilis-
tically shaped 256-QAM modulation of Nch = 401 WDM chan-
nels. The combined EDFA/TDFA amplification was included to
cover the S, C, and L bands. The total number of channels was
assumed to be 401, with 363 of them modulated, the remainder
falling within spectral gaps of the amplification scheme. Fiber
attenuation was modeled to be frequency-dependent and taken
from the measurement of a Corning SMF-28 ULL fiber. In this
work, we carried out the optimization for the different num-
ber of fiber spans, with all the spans assumed to be identical,
recreating the optimal launch power profile at the beginning
of each span by the gain flattening filter. This is done to show
how maximization-flattening trade-off changes for different link
lengths. Other relevant transmission parameters used in the sim-
ulations are listed in Table 1. For reference, the total data rate at
the 1300 km link length, assumed to use polarization multiplex-
ing, is 170 Tbps prior to the optimization, mainly extending the
system from [11] to longer distances. The optimization allowed

achieving up to 10% gain in terms of data rate. At shorter
distances, the achievable data rate is larger and in reasonable
accordance with the experimental advances, e.g., of 107 Tbps
transmission at 300 km link length and 60% narrower total
bandwidth [2].

The optimization was performed using the trust-region
method [12], aiming for the maximization of the total MI with
or without additional constraint. Therefore, we refrain from lev-
eling the received power spectral distribution and focus on the
actual objective, which is the total data throughput of the system.
The trust region method can deal with nonlinear and non-convex
functions, as required for the dependence between the coeffi-
cients of the launch power profile and the total MI. However,
it requires seed values for input parameters. To apply it fairly,
we use the outcomes of previous modeling studies in Ref. [10]
when initiating optimization for ν1 = ν2 = 0. For the nonzero
shaping parameters, we seed the optimizer with an outcome of
the already computed optimal point for neighboring ν1,2.

First, we analyzed the difference between constrained and
unconstrained MI maximization. Figure 3 shows the results for
n=10 spans, this value is chosen for illustration purposes, the
conclusions below are qualitatively the same for at least up to 20
spans where we performed the optimization. MI maximization
is performed independently for each ν1,2 pair across the plane
for a range of practical probability distributions: 0 ≤ ν1 ≤ 2,
|ν2 | ≤ 0.2. Note that extreme cases of ν2 ≤ 0, |ν2 |>ν1, according
to Eq. (4), yields a noticeable preference to outer constellation
points.

Figure 3 highlights the general trend that limiting the MI
variation decreases the maximum achievable MI. For exam-
ple, ∆MI=0.5 bit/4D, the maximum drops from 12 bits/4D to
9 bit/4D. We also see the overall similarity in optimal MI land-
scape on the ν1,2 space. We also found that the location of the
extremum in the MI surface is unchanged for all studied ∆MI
and all studied numbers of spans, meaning that the optimal con-
stellation shape does not change with the transmission distance.
The optimum corresponds to ν1 ≈ 1.5, ν2 ≈ 0.

Fig. 3. Maximum total MI achievable for different constel-
lation shapes (parameterized by ν1,2) via channel-wise power
pre-emphasis. The results are given for different values of the con-
straint ∆MI, and for the unconstrained maximization. The results
are given for the 10 span link with 800 km total length.
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Fig. 4. Maximum achievable total MI as a function of fiber length
for different values of the MI variation constraint ∆MI. The gain
from pure probabilistic shaping (i.e., for constant launch power) is
given for comparison.

The penalty from limiting MI variation for different num-
bers of spans is given in Fig. 4. The difference between the
total achievable throughput with and without the MI constraint
is approximately constant for all studied link lengths. This
is not the case for the strongest constraint ∆MI=0.5 bit/4D,
where the penalty grows for a longer link. We also note that
there is no difference meaning that such a limit for MI limita-
tion is not significant. Expanding the window for MI variation
beyond ∆MI=1 bit/4D results in negligible gain in terms of MI
achievable by power optimization.

For comparison, we show the dependence of the total MI on
the number of spans achieved by a pure probabilistic shaping,
without varying the launch power. In this case, the launch power
is set spectrally uniform at the level maximizing the total MI, at
approximately 0.5 dBm similarly to the analysis reported in Ref.
[4]. For weaker constraints (∆MI≥1 bit/4D), the achievable MI is
higher than the values resulting from pure constellation shaping
and uniform launch power for shorter links. In contrast, for longer
links (1300 km and beyond), pure shaping outperforms con-
strained optimization. Having a tighter limit ∆MI=0.5 bit/4D,
the channel-wise optimization cannot reach the values of MI,
achievable by probabilistic shaping only.

The optimal launch power was sufficiently described by the
polynomials of degree 4, and increasing the power of the fitting
more brought marginal improvement only. Because of the ISRS
power depletion and a variation in NF, for the unconstrained
optimization, we receive a highly varying launch power per
band, namely, PS = 1 dBm, PC =-2.5 dBm, and PL=-4 dBm.
In contrast, for the constrained optimization, the power values
are closer, e.g., for ∆MI=0.5 bit/4D, the launch power varies
between -0.5 dBm and 0.5 dBm. For the pure shaping gain
presented in Fig. 4, we use the uniform launch power around
-1.5 dBm which maximizes the total MI.

Conclusions. The ISRS GN model and its modulation format
corrections provide an effective toolbox for ultrawideband trans-
mission system analysis and design. It was used for an extensive
optimization study to characterize the interplay between total
MI maximization and the necessity to keep the variation
of individual channel MI low. We applied the channel-wise

power pre-emphasis and probabilistic shaping as optimization
parameters. The results highlighted that aiming for less than
∆MI=1 bit/4D constraint for the transmission system with a total
throughput of 170 Tbps can appreciably decrease the achiev-
able MI below the shaping gain level. The penalty in terms
of the total MI increases with the transmission distance. This
effect is more noticeable for stronger constraint conditions (up
to∆MI=0.5 bit/4D). The constraint-caused MI gap tends to grow
for a larger number of spans, so we can expect the trend to be
maintained for longer links. Also, for larger distances and a tight
constraint, the balance between NLI and ASE noise shifts toward
the latter, slowing down the growth of the penalty from the con-
straint, as the descent of the ∆MI = 0.5 bit/4D line becomes
gentler. With this study, we have identified how the constraint
limits the achievable total throughput. This provides valuable
insight into how to design and optimize ultrawideband optical
fiber transmission systems.
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