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Abstract—A method to generate non-white noise is proposed.
Using this method, a model accurately describing the amplified
spontaneous emission noise in systems with distributed Raman
gain is presented. Numerical simulations for the amplified spon-
taneous emission noise power spectrum were corroborated with
experimental results.

Index Terms—Amplified spontaneous emission, non-white
noise, optical noise, Raman amplification.

I. INTRODUCTION

IN the recent years, telecommunications transport networks
capacity has been continuously increased. This has been

achieved by increasing the bit rate per channel and by in-
creasing the number of optical channels per fiber [1]. In
order to support those systems, broadband optical amplifiers
are required. In this context, Raman amplification presents
some attractive features when compared with other optical
amplification solutions [2], [3].

Optical amplification is an intrinsic source of noise due to
the amplified spontaneous emission (ASE) [1]. The noise has
direct and multiple implications on the performance of optical
communication systems: it degrades the signal-to-noise ratio
[1] and induces timing jitter and frequency fluctuations [4],
[5], [6]. Therefore an accurate description of the ASE noise
is crucial to assess optical fiber communication systems.

In general, simulation, analysis, design and optimization of
optical Raman amplification systems are done through the
resolution of a system of coupled differential equations for
the mean powers of all involved pumps and signals [7], [8],
[9]. Nevertheless, even for moderate intensity fields, Kerr
effect should also be considered in order to account for the
nonlinear fiber response. However, this requires the resolution
of the coupled nonlinear Schrödinger equations (NLSEs) for
the pump and Stokes fields [10], [11]. The modeling of the
spontaneous Raman scattering can be done with the inclusion
of a Langevin noise term into the wave equation [10], [12].
Headley and Agrawal have shown that this effect can be con-
sidered including a noise term into the third-order nonlinear
polarization. Alternative approaches can be used to include the
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optical noise. For instance, Marcuse has studied the problem
adding the ASE noise at the end of each optical amplifier sec-
tion [13]. After amplification, independent Gaussian random
variables are added to each spectral component. However, the
noise shape and nonlinear noise-to-noise and noise-to-signal
interaction inside the amplifier are ignored in these approaches.

In this work, we present a method to generate frequency-
shaped noise and, using that method, we analyze the ASE
noise induced by spontaneous Raman scattering in broadband
systems. The generalized NLSE is solved through the well-
known split-step Fourier method (SSFM) [11] with a non-
white noise term added to account for the gain profile [14].
The numerical simulations of our ASE noise model are cor-
roborated with experimental results.

This paper is organized in four sections. In Section II,
we present a method to generate non-white noise, which is
used in the proposed model for the simulation of the optical
noise originated by Raman amplification in optical fibers.
Subsequently, we validate experimentally the noise model in
Section III. In section IV, the main conclusions are presented.

II. ASE MODELING

A. Wave Equation

Considering the simplest scheme of Raman amplification
in optical fibers, based on a single signal and a single pump,
with frequencies ωs and ωp, respectively, the evolution of the
optical field As(z, t), which includes signal and noise, can be
described by the following equation [15], [16],

∂As(z, t)
∂z

=
(
−iβ2

2
∂2

∂t2
− 1

2
αs

)
As(z, t)

+ iγ[|As(t, z)|2 + (2− fR)Pp(z)]As(z, t)

+ iγfRPp(z)

+∞∫
−∞

hR(t− t′)As(t′, z) exp(−iΩR(t− t′))dt′

+ fn(z, t), (1)

where αs is the fiber loss at the frequency ω, |As(z, t)|2
is the field power, β2 = ∂2β/∂ω2 is the group velocity
dispersion coefficient, Pp(z) is the pump average power, γ is
the nonlinear coefficient, fR is the fraction of nonlinearity that
arises from the delayed Raman response, ΩR is the vibrational



frequency of the molecules, which is assumed to be at peak of
the Raman gain curve, hR(t) is the Raman response function,
and fn(z, t) is a Langevin noise source [3]. The linear part of
(1) includes dispersion and fiber losses, whereas the nonlinear
part accounts for signal self-phase modulation, cross-phase
modulation and Raman scattering. Note that the Raman gain,
gR(Ω), is proportional to the imaginary part of the Raman
response function, and is defined as gR(Ω) = 2fRγIm[h̃(Ω)],
where Ω = ωp − ω, h̃R(Ω) is the Fourier transform of hR(t)
and Im[ ] stands for the imaginary part [11]. The last term
in (1), fn(z, t), represents mathematically the optical noise
continuously added through spontaneous scattering.

The noise associated with the spontaneous Raman scattering
processes is usually modeled as a white noise process with
Gaussian statistics [3]. Using this approximation, the noise
represented by fn(z, t) vanishes on average, 〈fn(z, t)〉 = 0,
and its autocorrelation function is given by [3]

〈fn(z, t)f∗n(z′, t′)〉 =
nsp~ω0gR(Ω0)Pp(z)δ(z − z′)δ(t− t′), (2)

where ω0 is the central frequency, ~ω0 is the mean photon
energy, Ω0 = ωp − ω0 represents the Raman shift, i.e. the
difference between pump and central frequencies, and nsp is
the spontaneous-scattering factor, described by

nsp(Ω0) =
1

1− exp(−~Ω0
kBT )

, (3)

where kB is the Boltzmann constant and T is the absolute
temperature of the fiber. The delta functions in (2) indicate
that, at different positions and times, independent noise events
occur.

B. ASE Simulation Using de Split-Step Fourier Method

Without the noise term, equation (1) can be numerically
solved using the SSFM [11], which requires the division of the
fiber into small steps. For each step, the approximated solution
is calculated assuming that the linear and nonlinear effects act
independently. Then, in the case of noiseless propagation, we
can write

∂As(z, t)
∂z

=
(
D̂ + N̂

)
As(z, t), (4)

where D̂ and N̂ are, respectively, the linear and nonlinear
operators. Assuming that As(z, t) varies little when compared
with the time scale of the Raman response, and that near the
gain peak the real part of h̃R(Ω) vanishes, then the term con-
taining the integral on (1) can be written as 1/2 gR(Ω)PpAs

[16]. Therefore, since the linear part of (1) is solved in the
frequency domain, we can include the Raman gain term on
D̂, accounting in this way for the frequency dependence of
the gain. The dispersive term of (1) can be written in the
frequency domain by replacing the operator ∂/∂t by −iω,
and therefore the operator D̂ becomes

D̂(ω, z) = i
β2

2
ω2 +

1
2
gR(Ω)Pp(z)− 1

2
αs. (5)

The operator N̂ is given by

N̂(t, z) = iγ
[
|As(z, t)|2 + (2− fR)PP (z)

]
, (6)

and operates in the time domain. Assuming a step ∆z, the
optical field at the position z + ∆z can be approximated by

As(z+∆z, t) ∼= exp(
∆z
2
D̂)

× exp

 z+∆z∫
z

N̂(z′)dz′

 exp(
∆z
2
D̂)As(z, t). (7)

This solution is a second-order approximation, also called
symmetrized SSFM, and has an error proportional to ∆z3 [11].

In order to include the noise term, we add the noise
discretely to the field. This means that the noise that is
continuously created along a real fiber is approximated by a
certain amount of noise that is added to the field at each step of
the SSFM. This approximation is reasonable providing that the
step ∆z is small. For small steps the integral present in (7) can
also be approximated by exp(∆zN̂). Using these approaches,
the total optical field at the position z+ ∆z can be written as

As(z + ∆z, t) ∼= exp(
∆z
2
D̂)

× exp(∆zN̂) exp(
∆z
2
D̂)As(z, t) + f(z, t). (8)

However, the inclusion of the noise term in (8) reduces the
computational efficiency of the SSFM. This occurs because
when (8) is applied iteratively, the operation exp(∆z

2 D̂) do
not appear consecutively, therefore only the operator N̂ can be
applied over the whole step [11]. In order to make the method
faster, the position where the noise is added was changed; we
start by applying the operator D̂ to As(z, t) over a distance
∆z/2, after we apply the operator N̂ over the whole segment
length ∆z and, before applying again the operator D̂, we
add the ASE noise fn(z, t). Equation (8) is finally written
as follows

As(z + ∆z, t) ∼= exp(
∆z
2
D̂)

×
[
exp(∆zN̂) exp(

∆z
2
D̂)As(z, t) + fn(z, t)

]
. (9)

Note that if (9) is applied iteratively, the two consecutive
operations exp(∆z

2 D̂) can now be simply replaced by the
single operation exp(∆zD̂). With this solution we are able
to include the noise term on the SSFM, without reducing the
numerical efficiency of the SSFM.

C. Non-White Noise Generation

Each spontaneous emission event can be considered in-
dependent, therefore fn(z, t) can be considered as a white
Gaussian stochastic process. This means that both real and
imaginary components of the field are Gaussian random vari-
ables, with variance given by (2). This model are quite suitable
if the bandwidth of the simulation is small when compared
with the amplifier bandwidth. Note that this approximation
ignores the frequency dependence of gR(Ω), since the delta
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Fig. 1. Autocorrelation function for a white (dashed line) and non-
white noise (solid line) distributions. The colorized noise presents a broader
autocorrelation function, which indicates an increased correlation between
samples of such distribution. The sample period used in the simulations was
0.1 ps.

function δ(t − t′) on (2) implies a flat spectrum over all
the considered bandwidth [17]. Nevertheless, if the gR(Ω)
dependence on the frequency is considered, then fn(z, t)
cannot be defined as a white Gaussian noise process. In
fact, this consideration becomes relevant for broad bandwidth
simulations, where multiple signals at various frequencies are
analyzed.

The noise added at each step is z dependent, due to the
dependence on the pump power Pp(z), and, at each position,
it will be frequency shaped, due to the dependence on the gain
profile gR(Ω). In our method, the generation of this kind of
noise follows three stages:

1) We start by generating a white Gaussian distribution of
points, fw

n (z, t), with mean equal to zero, 〈fn(z, t)〉=0, and
variance given by (2) (the superscript w indicates ”white”
noise). Assuming a finite bandwidth and a small step, the
variance is calculated from the following expression

σ2
0(z) = nsp(Ω0)~ω0gR(Ω0)Pp(z)∆zBop, (10)

where gR(Ω0) is the Raman gain at the central signal fre-
quency ω0, ∆z is the step used in the SSFM, and Bop is the
optical bandwidth of our simulation.

2) In the second stage, we perform the Fourier transform of
fw

n , in order to obtain the spectrum of the previously generated
distribution,

f̃w(z, ω) = FT {fw
n (z, t)}, (11)

where FT { } denotes the Fourier-transform operation. At this
point, the obtained spectrum is flat in the considered band-
width. After that, the spectrum is multiplied by σN (z, ω), in
order to obtain the desired spectrum profile, i.e. the gR(Ω)
profile,

f̃nw
n (z, ω) = σN (z, ω)f̃w

n (z, ω) (12)
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Fig. 2. Experimental setup used to perform the Raman gain coefficient and
ASE noise measurements. The inset shows the spectrum of the pump laser
used in the setup.

where σN (z, ω), the normalized standard deviation, is just the
ratio between the variances calculated at the frequency ω and
central frequency, ω0,

σ2
N (z, ω) =

nsp(Ω)~ω gR(Ω)Pp(z)∆zBop

σ2
0

(13)

=
nsp(Ω)
nsp(Ω0)

ω gR(Ω)
ω0gR(Ω0)

. (14)

In (12) the superscript nw indicates ”non-white” noise.
3) Finally, in the third stage, the inverse Fourier transform

is performed and a non-white noise, fnw
n (z, t), is obtained in

the time domain,

fnw
n (z, t) = F−1

T {f̃
nw
n (z, ω)}, (15)

where F−1
T { } denotes the inverse Fourier-transform operation.

The non-white noise method presented above only changes
the ”color” of the noise. This means that the colored noise
represented by (15) should present the initial distribution,
i.e. a Gaussian distribution. On the other hand, changes in
the spectral shape induce broadening in the autocorrelation
function [18], and therefore (2) is no more verified.

Fig. 1 shows the autocorrelation function for an ensemble
of noise samples generated by this method. The autocor-
relation function of a standard white noise distribution is
also represented in the same figure. The comparison between
the two curves shows a broader autocorrelation function of
the colorized noise, which indicates an increased correlation
between samples of such distribution.

III. EXPERIMENTAL VALIDATION

In order to validate our model, a comparison between simu-
lated and experimental results was performed. The simulation
of the ASE noise was based on the numerically resolution
of (1), using the modified SSFM and the non-white noise
method presented in section II.
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Fig. 3. Experimental and simulated ASE power spectra for a fiber length
equal to 40 km and input pump power equal to 203 mW. The Raman pump
was centered at 1470 nm and propagated in the forward direction.

The parameters used in the simulations were the following:
fiber length equal to 40 km, simulation step size equal to
80 m, nonlinear coefficient of 1.5 W−1km−1, group velocity
dispersion of -21.4 ps2/km, fiber losses of 0.23 dB/km, fR

equal to 0.18. We used for gR(Ω) a curve resulting from
the fit of 14 Gaussian curves to experimental Raman gain
values, obtained through on/off gain measurements using the
experimental setup depicted in Fig. 2, following the procedure
presented in [9] and [14]. Our simulation was centered around
the maximum of the gain curve and As(z = 0, t) = 0 and
Pp(z=0, t) = 203 mW. The ASE noise power spectral density
was obtained from the signal at the fiber output

S(ω) =
Ãs(ω)Ã∗s(ω)

TW
, (16)

where Ãs(ω) is the Fourier transform of the output signal
As(t) and TW is the time window considered in the simula-
tion, which was 12.8 ns. The curve for the ASE noise power
was obtained from the convolution of the ASE noise power
density spectrum through an ideal filter with bandwidth equal
to 15 GHz, and is represented in Fig. 3 as a solid line.

The setup used to perform the experimental ASE noise
measurements comprises a semiconductor laser pump, a 40 km
single-mode fiber (SMF), and an optical spectrum analyzer
(OSA), as schematically represented in Fig. 2. The laser
pump was centered at 1470 nm and was propagated in the
forward direction with an input power equal to 203 mW. The
ASE noise was analyzed at the fiber end in the OSA, and
its power spectrum is represented in Fig. 3 as circles. The
comparison between the data depicted in Fig. 3 shows a good
agreement between simulated and experimental results for the
ASE noise. This agreement covers a range of almost 70 nm of
the spectrum, i.e., all the simulated bandwidth, which allows
us to validate the model.

Since the model presented in this paper accounts for the
interaction between signal and ASE noise mediated by the

fiber nonlinearities, it can be used, for instance, to assess the
changes on the statistics of the ASE noise originated by Raman
amplification in optical fiber communication systems.

IV. CONCLUSION

We have proposed in this paper a method to generate non-
white noise, which accounts for the frequency Raman gain
profile. Using this method, a non-white noise term was added
to the NLSE and a numerical model that accurately describes
the ASE noise in optical fiber systems with distributed Raman
amplification was presented. The numerical results for the
ASE noise power spectrum were validated by results obtained
experimentally.
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