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Abstract—Raman amplification is a solution for broadband
wavelength-division multiplexed (WDM) systems that require fine
and reconfigurable gain tuning. However, as the fiber nonlinearity
ultimately limits the performance of fiber-optic communication
systems, accurate models of the nonlinear interference affecting
signal propagation in the presence of multiple Raman pumps are
critical for system design. In this study, we propose an extension
of the time-domain nonlinear interference noise (NLIN) model for
analyzing Raman-amplified polarization multiplexed WDM links.
Our proposed model enables the evaluation of the NLIN power
and inter-channel power transfer induced by stimulated Raman
scattering (SRS) in systems with Raman-gain equalization. It also
accounts for the evolution of the average signal power along the
link, which varies from channel to channel. To compute the noise
contributions efficiently, we employ a method that enables us to ap-
ply the model in three relevant pumping scenarios: co-propagating,
counter-propagating, and bidirectional pumping. Using the model,
we evaluate the differences in NLIN power over all the channels.
Additionally, we can estimate the amplified stimulated emission
power, which can be used to optimize the optical signal-to-noise
ratio with respect to the input signal and pump powers.

Index Terms—Fiber nonlinear optics, nonlinear interference,
optical fiber communication, Raman amplification, WDM.

1. INTRODUCTION

ANY aspects of nonlinear impairments in optical com-
munication systems have been thoroughly studied in
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recent years, and various mitigation methods have been pro-
posed. The majority of these methods leverage the digital sig-
nal processing (DSP) capabilities, that are readily available in
modern digital coherent receiver [1], for compensating physical
impairments. The performance of fiber-optic systems is known
to be ultimately bounded by the fiber nonlinearity, and this limit
is often referred to as the nonlinear Shannon limit [2], [3], [4].

In practical systems, the nonlinear interference between fre-
quency channels induced by the fiber Kerr effect can be conve-
niently modeled in the form of additive noise, referred to as the
nonlinear interference noise (NLIN) [5], [6]. The NLIN has been
well described by a modulation-format dependent non-linear
phase noise (NLPN), plus a residual noise [5], [7]. In long-haul
dispersion-uncompensated systems, the NLPN exhibits long
auto-correlation times, that allow for efficient filtering of this
noise contribution. This effect has been characterized in recent
experiments [8],[9], [10], and filtering techniques based on auto-
regressive and Kalman filtering have been investigated [11].

The direct calculation of the NLIN through split-step simu-
lations is computationally time-consuming, so it is preferable
to refer to simpler analytical or semi-analytical models. Many
of them have been developed in the frequency-domain (FD)
under the assumption of Gaussian noise and signals, as in the
well-known Gaussian noise (GN) model [12], [13]. Inits original
formulation, the GN model does not account for the modulation
format-dependence of NLIN, but it was rapidly expanded in
subsequent works, under the name of enhanced Gaussian noise
(EGN) model [14], [15].

In parallel to the development of FD models derived from
the GN, a time-domain (TD) approach accounting also for
the dependence of the NLIN on the modulation format of the
transmitted signal, has been proposed in [4], [7], [16]. This
model treats the Kerr nonlinearity as a perturbation in the
nonlinear Schrédinger equation (NLSE), and assumes a matched
filter-based coherent reception scheme in chromatic-dispersion
uncompensated systems.

In this work we focus on the evaluation of the NLIN in Raman
amplified links (RALSs), whose typical span reach is in the range
of 100 km. To this end, we use the TD model introduced in [16]
and its extension to the case of polarization-multiplexed trans-
mission [5], [17], and generalize it to account for the dependence
of the gain/loss profile on propagation distance determined by
the Raman amplification, as well as for its channel-to-channel
variations. Indeed, in RALSs the signal power evolution is not, in
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general, the same for all the channels, and depends on the other
channels and pumps evolution in a nonlinear way. The present
extension of the NLIN model addresses the scenario of RALSs
in which an optimization of the total link gain is performed. In
particular, for Raman amplification equalization, we will exploit
the method introduced in [18] that is also extended to treat
three relevant pumping schemes [19]: co-propagating, counter-
propagating and bidirectional pumping. In this work we focus
on the analysis of cross-phase modulation (XPM), which is the
predominant nonlinear distortion mechanism, and derive an ex-
pression for the NLIN variance extending the approach of [16].
The presented model also accounts for the accumulation of
modulation-format-dependent noise produced by inter-channel
stimulated Raman scattering noise (SRSN), a problem that was
addressed in [20], [21], [22].

The article is organized as follows. In Section II, we review the
Raman model for pump optimization and present the extended
model for NLIN, which is the main contribution of this work.
Following a similar argument as in the model for NLIN, we
present also a method for computing SRSN. In Section III,
we present extensive numerical results on the evaluation of all
the noise contributions, that are NLIN, SRSN, and amplified
spontaneous emission (ASE), for three different Raman pump-
ing schemes, namely, co-propagating, counter-propagating, and
bidirectional pumping. We analyze the results by comparing
different signal input powers and channel wavelengths inside
the WDM spectrum. The optimal signal input power is found
for each pumping scheme.

II. NLIN AND SRSN MODEL
A. Raman Model

In this work, we leverage on an optimization routine for pump
placement based on a machine learning algorithm that was devel-
oped for Ramam gain equalization in few-mode fibers [18]. One
of the remarkable features of that scheme is that it is based on
the physical model of the Raman interaction, i.e. it includes the
depletion of the pumps and the signal-to-signal amplification.
Hence, our work is different from [21], where approximated
solutions were used for the pump and signal evolution to derive a
closed formula. The physical model underlying the optimization
routine is the system of differential equation of the average
wave powers [19], [23] as briefly reviewed in the following.
Let the total number of pumps and signals be denoted by
M = Mg + Mp, of which Mg are signals and M p are pumps.
Let P;(z), with i € {1, ..., M} be the power of the i-th wave,
and use the superscript 4+ or — to denote waves co-propagating
or counter-propagating with the signals. Let Cr(A;, A;) be the
Raman gain coefficient between waves 7 and j, which depends on
the Raman gain spectrum of silica gz and the effective area A 5.
Finally, let «; be the fiber attenuation coefficient at wavelength
Ai. A steady-state profile for the power of the waves must satisfy
the following system of equations:

de
dz

= —a,P + Zc;.,j [P+ Pr]| P
J#i
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with the Raman coefficient defined by

o - {Cf‘(x“xj) i3> 2y o

’ _)T;CR ()\.j’)\.i) ifx; < )\.j
Eq. (1) allow us to describe the interaction between all waves
in the same way, therefore, as stressed before, the model in-
cludes effects such as signal-to-signal and pump-to-pump power
exchange, so it is suitable to describe higher-order pumping
schemes. The system of (1) does not describe amplified spon-
taneous emission (ASE), that can be modeled as in [19], [23],
where ASE-induced depletion of pumps and signals is neglected
as it is usually done for realistic systems. This leads to a set of
Mg equations for the ASE noise power N; that accumulates in
the band of channel ::

dN;
dz

= -~ Ni+ ZCZ{J[P;—FPJ'_] Ni
Jj#i

+ [ misCly [P+ Py | 2hwiBer,  (3)
JF#i
where £ is the reduced Planck constant, w denotes frequency,
B,es is the channel bandwidth, and #; ; is the distribution of
phonons at thermal equilibrium
1
Nij = )
Jisg exp [ (w; —w;) /kpl] — 1

“)

with kg the Boltzmann constant and 6 the absolute temperature.
Note that (3) can be solved after the computation of the power
evolution from (1).

In this work, the optimization algorithm is set to obtain the
optimal pump configuration to achieve a total link gain of —3 dB
for all the channels in the C-band, corresponding to approxi-
mately 17 dB Raman on-off gain for a 100 km typical fiber link,
assuming an attenuation value of 0.2dB/km ™! in the center of
the C-band. The input data of the optimization routine are the
number of channels and their input powers, the band occupa-
tion, and the number of co-propagating and counter-propagating
pumps, whose wavelength and powers are to be optimized. In
particular, the optimization procedure aims at minimizing the
average value of the absolute difference between the output
channel power and a target power value, where the average is per-
formed over all the wavelength-division multiplexing (WDM)
channels. The target power value is assumed to be 3 dB smaller
than the launch signal power, a choice that relies on the notion
that hybrid amplification, where distributed Raman amplifier
(DRA) is followed by an erbium-doped fiber amplifier (EDFA),
is in most cases optimal in terms of optical signal-to-noise ratio
(OSNR) [24], [25]. In Section III, we calculate the OSNR for
several hybrid-configuration settings, and show that full DRA is
mildly optimal in terms of NLIN.

Let us stress that including all Raman interactions is critical,
in particular in the co-propagating pump regime. Referring to a
system composed of 100 km of standard fiber with 50 channels,
spaced by 100 GHz in the C-band (5 THz optical bandwidth),
and using 4 co-propagating pumps, we obtain the evolution of
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Fig. 1. Evolution of the signal powers of 3 channels for the case of 4 co-

propagating pumps (CO) and 4 counter-propagating pumps (CT), for an input
power of —10 dBm per channel. The WDM grid occupies a bandwidth of ~
5 THz. Channel 50 is at 1558 nm, and channel 1 is at 1600 nm. The evolution
of the individual pump powers for the CO case is shown in Fig. (3). The target
output power is set to —13 dBm.
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Fig. 2. Evolution of the signal powers of the same 3 channels of Fig. 1, for
the case of 4 co-propagating pumps and for an input power of —2dBm per
channel. Pump power evolution shown in Fig. (4). Target output power is set to
—5dBm).
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Fig.3. Evolution of the power of the 4 co-propagating pumps for signal input

power of —10 dBm per channel.

the power of signals plotted in Fig. 1 for —10 dBm input power,
and in Fig. 2 for —2dBm input power. The power evolution
of three representative channels (longest, shortest, and middle
wavelength) is shown. In Figs. 3 and 4, the power evolution of
the pumps for the same cases are represented for comparison. In
the —2 dBm case, Fig. 2 shows that shorter wavelength channels
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Fig. 4. Evolution of the power of the 4 co-propagating pumps for signal input

power of —2 dBm per channel.
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Fig. 5. Pump power as a result of the optimization routine, as a function

of signal input power per channel. All target output gains are set to —3 dB.
The CO scheme makes use of 4 co-propagating pumps, the CT scheme makes
use of 4 counter-propagating pumps, and the BI scheme makes use of 2 co-
propagating and 4 counter-propagating pumps. The interpolating lines connect
pumps ordered with the same criterion for each input power level.

are amplified to reach powers of the same order of magnitude of
the pumps (about 15 dBm) but then are depleted in the middle
of the link; in fact, it can be observed that the negative slope
(e.g. channel 50) is greater than that due to fiber attenuation.
This suggests that lower wavelength channels contribute to the
total gain of longer wavelength channels, through a cascaded
Raman amplification. Cascaded Raman amplification is also
clearly affecting the evolution of the pumps as shown in Fig. 4.
This effect can be so relevant that the optimization algorithm
practically switches off the longest wavelength pump (red curve
of Fig. 4 at 1.509 pm) which could be in principle eliminated
with little changes in the final results. Instead, for the case of
—10 dBm input power per channel (Fig. 1), the power dynamics
are similar in all the channels and cascading effects are also less
pronounced in the pump evolution shown in Fig. 3.

In Fig. 5 we present the values of the input powers of the
pumps, as a function of the signal input power per channel, ob-
tained by the optimization for three different pumping schemes,
CO, CT, and BI, that correspond respectively to 4 co-propagating
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pumps, 4 counter-propagating pumps, and the bidirectional case
with 2 co- and 4 counter-propagating pumps. For CT and BI
pumping the input pump powers of the pumps need to be changed
very little as a function of the signal input power (there is a little
increase for signal input powers larger than —5 dBm). Similar
behavior is observed for the CO scheme up to about —8 dBm;
beyond that threshold the power dynamics among pumps and
signals, as previously remarked, becomes highly nonlinear, and
the optimization procedure, in order to achieve gain equaliza-
tion, must resort to cascading effects. The high sensitivity to
signal input powers and the increase in the total pump power
required for the equalization through cascading effects make
the high-power CO pumping scheme not convenient. Moreover,
as it will be shown in Section III, the OSNR is also very low in
this regime.

B. NLIN Model

The channel model consists of coupled equations derived from
the Manakov equation [26], yielding expressions for the NLIN
that are similar to those derived in [5]. The main difference is
in the fact the power loss profile is channel-specific and follows
from the solution of (1).

We consider two WDM channels, and denote by A and B
the channel of interest and the interfering channel respectively.
The quantities w4 (z,t) and up(z,t) are the corresponding
slowly-varying complex envelopes, where we use the underline
to denote complex-valued two-dimensional column vectors. At
the fiber input, they can be expressed as

t) = ngg(oat - kT)v
k

)= bg(0,t — kT), )
k

where by a; and b, we denote the k-th symbols transmitted in
the = and y polarizations of the two WDM channels respectively,
and where T is the symbol time duration. The propagated
fundamental pulse waveform g(z,t), is normalized such that

+o0
/ |g(z,t)[?dt = 1. (6)
Under the assumption of an ideal coherent receiver with matched
filtering and dispersion compensation, within the perturbation
approach the NLIN affecting the symbol @ can be expressed as
follows [16], [17],

.8
Agy = 7’§7 Z ShA,k’mQLQm ap,
h,k,m

igy 3 X (0T 4 0,0L) @ (D

h,k,m

where I is the identity matrix, ~y is the fiber nonlinearity coeffi-
cient, and by the dagger we denote the Hermitian conjugate. The
terms involving the coefficients S}, 1, ., result from intra-channel
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nonlinear interference, which is typically assumed to be compen-
sated at the receiver by means of ideal back-propagation or pre-
distortion, and therefore are neglected in what follows [16]. The
terms involving the coefficients X}, ;, ,,, describe inter-channel
nonlinear interference and, among them, the ones with h = 0 and
k = m are dominant. According to jargon introduced in [17],
these terms describe collisions between two pulses, one propa-
gating in the channel of interest and the other in the interfering
channel [16]. By restricting ourselves to the considaration of
these terms only, the NLIN expression simplifies to

4
AQO ~ 275@) Z ||bmH2XO,m,m- (8)

The evaluation of the coefficients X ,, ,, starts from the Man-
akov equation
ou & — 7 ﬁg 0?U

9, 7 Ui oz T ||UH u, (€))
where the effects of attenuation and Raman pumping are de-
scribed by means of the operators & and 7, respectively. By
expressing U as the sum of two signals frequency-spaced by
Q, namely U = U 4 + exp(—iQt)U g, the Manakov equation
can be recast in a set of coupled equations for U 4 and Uy,
where the operators & and # reduce to frequency-dependent
scalar functions of z. In particular, by defining the function f;(2)
as

fi(z) =exp [—/0 (aj — rj)dz'} j=A B, (10)

and by introducing the normalized field vectors w;, defined
through U; = \/ f;(2)u;, one finds

Oup _ P2 0%uy
0z 2 ot?
+ igv [J”A(Z)II@AII2 + f(2)(lug? +QBQTB):| Uy,
(11)
dug _ , Oup 523 Up
5.~ PR T e

8
gy 15 sl + fa() (lual? +uauly)] ugy
(12)

The coupled equations yield the following expression for the
pulse-collision coefficients,

L “+o00
XO,m,m = / deB(Z) / dt
0 —00

<190 (2. P19 (2t = mT = B222) P, (13)

which can be seen to be real-valued therefore suggesting that
the NLIN can be expressed in the form of NLPN, that is Ag ~
iAf ay. Its variance can be obtained as detailed in [16],

{1Boll*) )Zxomm, (14)

(@62 = (ol -
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where by the symbol (-) we denote ensemble averaging with
respect to the distribution of the constellation symbols, and by
||| the norm of vector u. The NLPN variance can also be
expressed as

16
(A0%) = 2 (PooT)1 ) XGpmmr  (15)

where P o = {||by||?)/T is the average channel transmit power,
and where by 1 we denote the constellation kurtosis given by

o Aol

(llolI%)?
Note that p vanishes for pure phase-modulated signals, such
as M —PSK, whereas in the case of QAM signals it increases
with the modulation order [16]. In the case of multiple WDM
channels, the total NLPN variance is obtained by summing
the individual contributions, assuming statistical independence
between symbols transmitted in different WDM channels.

It is worth noting that the time correlation of the NLPN
can be exploited for devising NLPN mitigation schemes based
on phase-recovery algorithms [27], [28]. Previous works have
shown that the removal of this noise component can be highly
effective in long-haul systems, where the NLPN remains cor-
related over long time intervals, and various phase recovery
algorithms, such as the Viterbi and Viterbi algorithm and some
of its variants [29], or more sophisticated algorithms [30] have
been demonstrated. The situation is different in the case of
RALSs whose lengths is in the order of 100 km. In these systems
the NLPN correlation time is much shorter [5], and therefore
effective NLPN compensation is considerably more challenging.

(16)

C. SRSN Evaluation

The perturbation theory for computing NLIN [16] has been
generalized in the previous section, to account for the different
channel power evolution, which is a peculiarity of RALs. In
this section, we show how the same approach can be applied
to account also for channel-to-channel SRS noise. We remark
that the set of equations for the pump and signal steady-state
powers (1) can be used also within a time-dependent framework.
This is because the wave powers are almost instantaneously
affected by the Raman effect since the Raman response is
sufficiently broadband with respect to typical single channel
bandwidth [26]. In particular, all signal average powers can
be substituted with instantaneous powers. Since the signals are
always co-propagating, we drop the superscript +, and define
the instantaneous power as:

Pi(z,t) = Py(2) + ni(2, 1),
where the P;(z) are the average powers, i.e. the steady-state pro-
files utilized in (1), and ; (z, t) is the time-dependent fluctuation.
It is required for the fluctuation to satisfy

(ni(z, t)>t =0,

where (-); denotes the time average, which can be converted
to the statistical average for the symbol constellation. Since
the channels have independent symbols, one can compute the

A7)

(18)
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stimulated Raman scattering (SRS) noise variance in the special
case of only two interacting channels A and B, as done before,
for NLIN. The propagation equation for U 4, accounting for the
(depolarized) pumps effect, reads

8QA _ ap — fA(Zat>
0z 2

S (ITAl2 + (1T + U ) U (19

+igy (ICall” + (IUsl° + UplUp ) ) Ua (19)

where we introduced the SRS gain coefficient 7 4 (z, t), which

is now time-dependent. Let P4 g be the set of all pumps and all

signals except A and B. If we denote 7 4 (z) as the time-averaged
Raman contribution due to all channels and pumps, we can write

Fa(zt) = Y Cu,[Pf(2)+ P (2)]

Jj€PA.B
+ C g [PB(2) +nB(2,1)]
=ra(2) +C pnn(z,t).

The expression for 77 can be obtained by combining results from
the steady state analysis, and from the 0*" order expression for
the propagated field. After the optimization, from the numerical
integration of the steady-state (1) it is possible to obtain r4(z),
and also the term C’y 5 Pp(z) separately. The instantaneous
power of the channel B can be scaled using the function fz(2),

Pp(z,t) = f5(2)llup (2 0)|

= fB(2) ZQLQ,”g*(z7t —kT)g(z,t —mT). (21)

k,m

B2 9°U 4
2 02

Ug—i

(20)

The zero-th order fluctuation term 77530)(2, t) can be obtained

from (17) and (21) in the following form

m (z1) = fp ()l (2 DI~ Pa(z),  (22)
and its use in the propagation equation of u 4 yields
a@i‘l) B Z& 32QE41)
oz 2 0t?
.8
+iga| PGNP
0 0), (0 0
+ 70 (1P + ) [
C/
+ =57 (2 u. (23)

The expression for the NLIN is then readily evaluated as follows,

8 r
Agg =igy > Shkmh, apt
h,k,m

2

8
[igv Xneom (bl + bub}) @
h,k,m

Chp L
Bpo / dzf5(2) a,
0

+ Rh,k,mb};me ah:| - B
(24)
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Fig. 6. Magnitude of the maximum SRSN coefficient relative to the sum of
& and R, as a function of the WDM bandwidth, for two channels at the ends
of the considered WDM optical band.

where the relation Pp(z) = Ppofp(z) has been used in the
last integral. Note that the last term on the right-hand side of the
equality is responsible for a deterministic gain/loss, which turns
out to be negligible and therefore is dropped in the analysis that
follows. The terms R}, 1, describe the Raman contribution to
the NLIN, and here too we restrict ourselves to the consideration
of two pulse collisions only, which corresponds to the terms with
h =0, and k = m, whose expression is given by

C’/ L +o00
RO,m,m - I;B / deB(Z) / dt
0 —00

x |9z, 0)P19 0 (z,t = mT = BQ2) 7. (25)

As expected, the SRS contribution to the NLIN is in quadrature
with the NLPN. The noise variance due to NLPN and SRSN is
therefore given by

2
2 : 2
XO,m,'m’
m

(26)

4 Ch

(1Aao|*) = (PaoT)p(PpoT)?

or equivalently

(18a0]1?) = (En +€r) (PaoT)u(PEoT)* Y X m:

27
where we defined £y = 16/972 and {g = C'f /4. In order
to estimate the magnitude of SRSN, a comparison between the
coefficients £ and £i can be made. The SRSN coefficient £
depends on the frequency shift between channels A and B. In
Fig. 6, the strength of the Raman contribution is evaluated for
various values of the WDM bandwidth, that sets the maximum
frequency shift. An important implication of Fig. 6 is that in the
case of C-band transmission (5 THz) considered in this work this
noise contribution is negligible, in agreement with the findings
of [21].

In the section that follows we investigate the dependence of
the NLIN variance on the relevant parameters that characterize
a typical RAL, by neglecting the contribution of SRSN.
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TABLE I
SIMULATION PARAMETERS

Parameter Value

GVD (32) 23 ps? km™!
NL coefficient 1.3W 1 km™!
Effective area (Aqyf) 80 um?

Raman coefficient 7x 1074 mw-!
Attenuation (at band center) | 0.19dBkm™!
Fiber Length (L) 100 km

Baud rate 10 Gbaud
Modulation format 16-QAM
Channel spacing (£29) 27 x 100 GHz
Number of channels (V) 50

WDM optical band 187.5THz to 192.5 THz

III. NUMERICAL RESULTS

The simulation parameters are summarized in Table 1. We
considered a link of 100 km in which channels are spaced by
100 GHz and the WDM center frequency is 190 THz, so that
the channels’ frequencies span the range from 187.5 THz to
192.5 THz. The frequency dependence of the fiber attenuation
is modeled using a quadratic expansion of the attenuation coef-
ficient with respect to the band center, with typical parameters
of a standard standard single mode fiber (SMF) [18]. This corre-
sponds to a loss of 0.19 dB/km ™" at 190 THz. Here we present
the results only for 6 channels, uniformly distributed within the
WDM spectrum, which are enough to grasp the performance of
the entire WDM grid. The signal input power per channel spans
the range from —20dBm to 0 dBm and Nyquist pulses were
used. The numerical evaluation of the NLIN variance is based
on (15) and implies the computation of the Xg ,, ,, integrals
for all collisions occurring among the channel under test and
all the interfering channels. Note that this requires a three-step
procedure. First, the Raman gain optimization problem is solved
and the functions fp(z) are determined for all propagating
signals. To this end, only the fiber length, the Raman gain
coefficient, the WDM settings (i.e. the number and frequencies
of the WDM channels), and the number of pumps need to be
specified. The second step, the calculation of the time integrals
within (13), is the most time-consuming section. This can be
done once the input pulse shape, the frequency of the WDM
channels, and the fiber dispersion are fixed. Note that the first
and second steps are independent if the number and frequencies
of the WDM channels are fixed. Finally, the third step is the
integration over z of (13) to yield Xg ;.

The evaluation of the terms X ,, ,,, for a pair of adjacent
channels is shown in Fig. 7 for all pumping schemes (CO, CT,
and BI). The figure shows a great variation in the magnitude of
the pulse collisions at different orders; in particular, incomplete
collisions at the beginning and at the end of the fiber give
weak contributions to the total noise. Fig. 8 is a plot of the
ASE and NLIN powers as a function of the signal input power
per channel. The figure confirms that the CO scheme typically
presents a significantly lower ASE noise than the CT scheme,
while having a greater amount of NLIN [19]. The difference
in ASE performance is readily understood by considering the



LORENZI et al.: NONLINEAR INTERFERENCE NOISE IN RAMAN-AMPLIFIED WDM SYSTEMS

1014
E

=101
&
&1

1012

-5 0 5 10 15 20
Collision index m
Fig. 7. Value of X¢ ym,m versus the collision index m for channels 1 and 2,

for a signal input power per channel of —6 dBm. Values obtained by integration
of (13).The CO scheme makes use of 4 co-propagating pumps, the CT scheme
makes use of 4 counter-propagating pumps, and the BI scheme makes use of 2
co-propagating and 4 counter-propagating pumps.
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Fig. 8. Comparison between NLIN and ASE dependence on the signal input

power per channel. The plotted values are the average of the results obtained for 6
equally spaced WDM channels. The CO scheme makes use of 4 co-propagating
pumps, the CT scheme makes use of 4 counter-propagating pumps, and the BI
scheme makes use of 2 co-propagating and 4 counter-propagating pumps.

fact that in the CO scheme the highest gain is experienced by
the signal close to the beginning of the fiber link, which yields a
better ASE noise figure than in the CT scheme, where the highest
gain is experienced towards the end the fiber link. Conversely,
since the signal power along the fiber link on average is larger in
CO scheme, as shown in Fig. 1, the NLPN variance is larger in
the CO scheme than in the CT scheme. Fig. 8 shows the known
property of NLIN noise to increase with the cube of the signal
input power per channel for all pumping schemes. Note also that,
in the CO scheme, for large input power values, the NLIN and
ASE noises tend to be affected by the strong nonlinear dynamics
discussed in Section II-A.

Let us now focus on the spectral properties of the noise.
In [19], the possibility of spectral equalization of the OSNR in
the presence of ASE only, using a bidirectional pumping scheme,
has been shown. However, that approach is no longer valid as
soon as NLIN is taken into consideration in the equalization.
To demonstrate this we first set the conditions to achieve gain
equalization in the CO, CT, and BI pumping schemes, for an
input power of —14 dBm. The values of the input power and
wavelengths of the pumps calculated by the optimization routine
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TABLE II
PUMP POWERS AND WAVELENGTHS USED IN FIG. 9 AND FOR THE CASE OF
—14 dBm INPUT CHANNEL POWER OF FIG. 10

Wavelength [um] Power [dBm]

1.400 20.5
1.450 20.2
co 1.464 19.3
1.504 19.1
1.449 19.6
1.465 17.3
¢t 1.488 19.6
1.514 14.5
1.481 10.2
CO 1 1517 10.0
BI 1.449 20.3
CT 1.464 18.3
1.489 19.8
1.515 13.9
X
31.2 -
g X
~31.0
2
=
o ,X
H30.8
< -
py X
% 306
A - CT
3041y BI
1.558 1.566 1.575 1.583 1.591 1.599
Channel wavelength [pm]
Fig. 9.  OSNR due to ASE only is plotted as a function of the channel wave-

length for a signal input power per channel of —14 dBm. A weak dependence
of OSNR is observed in the case of bidirectional pumping. The CT scheme
makes use of 4 counter-propagating pumps, and the BI scheme makes use of 2
co-propagating and 4 counter-propagating pumps.

are reported in Table II. The calculation of ASE noise confirms
the noise flattening, as shown in Fig. 9, where the OSNR vari-
ation over the spectrum is reduced from about 0.8 dB to about
0.1 dB. However, we notice that, independently from the input
power, the total noise spectral profile is more heavily influenced
by NLIN as shown in Fig. 10, where we plot the NLIN variance
as a function of the channel wavelength for the three pumping
configurations considered here, and for the reference case of
an ideal distributed amplification (i.e. lossless propagation) as
it results from [16]. In Fig. 10 input powers of —14 dBm and
—6dBm are considered. For the BI pumping scheme, NLIN
dominates the spectral properties, with a variation over the spec-
trum of about 2 dB. It is known that the interference of adjacent
channels is more relevant than the one due to channels far apart
in frequency, and so the different power evolution of the mean
signal power due to DRA might affect the spectral distribution
of NLIN. In fact, from the plot, it can be also observed that
there is a symmetry in the NLIN noise amplitude with respect
to the center of the transmission band for all schemes with the
exception of the co-propagating pumping scheme, that in fact
present the larger asymmetry in the signal power evolutions.
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Fig. 10. NLIN variance is plotted as a function of the channel wavelength for

a signal input power per channel of —6 dBm (top set of lines) and —14 dBm
(bottom set of lines). The CO scheme makes use of 4 co-propagating pumps, the
CT scheme makes use of 4 counter-propagating pumps, the BI scheme makes
use of 2 co-propagating and 4 counter-propagating pumps. Light grey curves
(perf.) refer to the case of ideal Raman amplification, where the Raman gain
equals the fiber loss at all propagation distances.

Some intuition on the BI and CT spectral distribution can be
further obtained by considering the regime of large dispersion,
although it describes accurately only long-haul links. In that
approximation, assuming an ideal distributed amplification (i.e.
lossless propagation) [16], [31], the term X ,,, ,,, depends on the
channel frequency spacing X m,.m (k) >~ 1/(B280 k), because
Q = kQy where (g is the separation of two adjacent channels
in the spectral domain and the integer k is the channel index
difference. The total NLIN power is therefore proportional to
the sum

Pauy < YD X5 g (K)

kel m

=7 |52Q P Z P @Y

where [ is the set of all the interfering channels index differences
and m < |B2Q|L/T has been used to calculate the sum for the
index m. The last equation shows that the nearest channels have
a greater weight in the total noise evaluation.

Finally, the OSNR of the channel or index ¢ can be calculated
as OSNR; = P;(z = L)/(N; + Pauiv,i)- In Fig. 11 we present
the OSNR average over the 6 channels, as a function of the signal
input power per channel. Our approach enables us to evaluate
the optimal launching power regarding noise performance for
each different pumping scheme. In particular, for CO the op-
timal signal input power per channel must be very low (about
—16 dBm) while for the CT and BI cases, it is about the same
and an order of magnitude larger than for the CO case (about
—6 dBm). The input power values that optimize the generalized
OSNR are known to be such that the NLIN power is 3 dB lower
than ASE noise power [28]. They yield a maximum OSNR value
of approximately 35 dB for all pumping schemes.

Note that the present analysis does not account for pump-
to-signal relative intensity noise (RIN) transfer [19]. This noise
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Fig. 11.  Generalized OSNR versus channel input power. The plotted values
are the average of the results obtained for 6 equally spaced WDM channels. The
CO scheme makes use of 4 co-propagating pumps, the CT scheme makes use of
4 counter-propagating pumps, and the BI scheme makes use of 2 co-propagating
and 4 counter-propagating pumps.
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Fig. 12. OSNR plot for a hybrid amplification scenario. The DRA is set
using our gain flattening algorithm to a target gain, and it is followed by an
EDFA, which finalizes the loss compensation, and introduces additional ASE
noise. OSNR values are obtained by averaging the values over 6 equally spaced
channels. The CO scheme makes use of 4 co-propagating pumps, the CT scheme
makes use of 4 counter-propagating pumps.

contribution is known to be negligible in the CT scheme, but it
can be relevant in the CO and BI schemes, unless pump lasers
have negligible RIN. Therefore, our results apply to the case of
ultra-low RIN pump lasers, similar to [25].

Finally, we evaluate the generalized OSNR for hybrid am-
plification schemes that yield per-channel full compensation of
fiber losses. The contour plot in Fig. 12 shows the generalized
OSNR as a function of the DRA target gain ranging between
—6dB and 0 dB (where the value of 0 dB describes the case of
pure Raman amplification) and input powers ranging between
—20dBm and 0 dBm, for the CT (left) and CO (right) pumping
schemes. Best performance is achieved in both cases for pure
DRA, while no appreciable degradation is observed when the
residual EDFA gain is between 3 and 4 dB. Our findings are
somewhat consistent with previous studies based on GN models,
showing that in the case of a single Raman pump, pure DRA is
optimal in the CT scheme, and only slightly sub-optimal in the
CO scheme [25], [32]. There, full compensation through DRA
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was optimal for CT pumping and only slightly sub-optimal for
CO pumping.

IV. CONCLUSION

We presented an extension of the time-domain model for
the NLIN that accounts for channel-dependent attenuation and
gain in multi-pump Raman-amplified, polarization multiplexed
coherent transmission links with various pumping schemes:
co-propagating pumps, counter-propagating pumps, and bidi-
rectional pumping. The model is also extended to account for
signal-to-signal SRS interaction noise, which NLIN is found to
be practically negligible in the C-band. The numerical evaluation
of the derived nonlinear noise variance expression shows that
the NLIN has a spectral distribution similar to the case of ideal
distributed fiber loss compensation, with the channels in the
center of the grid more affected by nonlinear noise. The weak
frequency dependence of amplified spontaneous emission in the
presence of bidirectional pumping is shown to be overcome by
the spectral variations of NLIN, in the regimes where the latter
effect predominates. The counter-propagating and bi-directional
pumping schemes are shown to have similar performance, which
suggest that the latter should be preferred owing to its lower
complexity. In the co-propagating scheme NLIN can show asym-
metric variations with respect to the channel frequency position,
due to the larger differences in the evolution of the channel
signal powers. The co-propagating scheme, where the larget
contribution to the NLIN is generated close to the beginning
of the fiber link, is found to perform optimally at very low
channel input powers. However, the exploitation of such optimal
performance is hampered by other noise contributions, such as
pump-to-signal intensity noise. Hybrid amplification schemes
based on distributed Raman amplification and lumped EDFA
amplification do not lead to better performances in terms of
NLIN. Future development may involve the inclusion of NLIN
estimation in the Raman amplifier design optimization, along
with ASE noise. This may result in a comprehensive tool for
systems design.
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