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A New Frequency Model for Pump-to-Signal RIN
Transfer in Brillouin Fiber Amplifiers

Junhe Zhou, Jianping Chen, Yves Jaouén, Lilin Yi, Xinwan Li, Hervé Petit, and Philippe Gallion

Abstract—In this letter, we propose a novel frequency model to
evaluate the pump-to-signal relative intensity noise (RIN) transfer
in stimulated Brillouin scattering (SBS). For the first time, the RIN
transfer in Brillouin fiber amplifiers has been numerically deter-
mined in the pump depletion regime both in the time and frequency
domains. Moreover, an analytical expression of RIN transfer has
been derived from the well-known SBS coupling equations when
pump depletion is ignored. Experimental results are found to be in
good agreement with the theoretical analysis.

Index Terms—Amplifier noise, Brillouin scattering, optical fiber.

I. INTRODUCTION

HE stimulated Brillouin scattering (SBS) process in op-
T tical fibers is an attractive phenomenon. It can be applied
in the case of Brillouin lasers [1], [2], optical sensors, or narrow
bandpass filters [3]. Furthermore, Brillouin fiber amplifiers can
induce slow light, which has been paid significant attention
to recently [4]. Pump-to-signal relative intensity noise (RIN)
transfer in Raman amplification [5] and parametric amplifi-
cation [6] has been thoroughly studied. RIN transfer is weak
at high frequency, especially for the counterpumping scheme.
In the SBS process, the pump wave counterpropagates with
the signal wave. However, the Brillouin gain coefficient is
three orders larger than the Raman one and requires shorter
fiber as the gain medium, which results in the reduction of the
walkoff effect. Moreover, since the pump is usually broadened
to achieve wider amplification bandwidth [7], the RIN transfer
spectrum will also be broadened. The RIN transfer has been
investigated in the case of Brillouin fiber lasers [1], [2]. How-
ever, no complete expression of RIN transfer function has been
proposed in the case of Brillouin fiber amplifiers.

Theoretical studies on the dynamics and the noise of Bril-
louin lasers are usually performed in the time domain because
the fiber lengths are generally short [1]. However, the method is
very computer-time-consuming if the fiber length is long (which
is usually the case in SBS induced slow light experiments) and
the pump modulation frequency is high. In this letter, we pro-
pose a frequency model, which is based on perturbation theory,
to study the pump-to-signal RIN transfer in Brillouin amplifiers.
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Comparison between the results obtained by the classical time
domain model and our method illustrates its validity and effi-
ciency. Analytical expressions can be derived from this model
neglecting the pump depletion. Detailed numerical simulations
are provided along with experimental measurements afterwards.

II. MATHEMATICAL MODELING

The amplitudes of the pump and the Stokes waves obey the
following equations during the propagation in fibers [8]:
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where E,, and E are the amplitudes of the pump and the Stokes
waves, () is the amplitude of the acoustic wave, gp is the Bril-
louin peak gain coefficient, Aw is the detuning of the Stokes
wave from the Brillouin peak gain wavelength, A is the effec-
tive area, I',, is the phonon decay rate, ag is the attenuation co-
efficient, and n, is the group refractive index.

We treat the noise term on the pump as a small perturba-
tion and the resulting amplitude fluctuations are denoted as
AE,(z,t), AEy(z,t), and AQ(z,t). The fluctuations are small
as compared with the corresponding steady state amplitudes
E,(z), Es(z), and Q(z). Substituting them into (1) and taking
the Fourier transform on the both sides, we have
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where AFE(z,w) and AE*(z, —w) are the Fourier transforma-
tions of AF(z,t) and AE*(z,t). Equation (2) is a set of ordi-
nary differential equations. It can be integrated by the numerical
methods such as the Runge—Kutta method.

We use typical parameters of a nonzero dispersion-shifted
fiber for modeling: A = 50pum?, gg = 5 x 107! m/W,
and T'g/2r = 40 MHz. For the sake of simplicity, the
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Fig. 1. Comparison of RIN transfer with different fiber length obtained by tem-
poral and frequency methods (the pump power is 100 mW).

signal detuning from the gain peak Aw is 0. The pump RIN
r, = (AP/P)? is fixed to —100 dB, and the input signal
power is —20 dBm. The RIN transfer function is defined as
10log(rs/7p).

Fig. 1 presents comparison of RIN transfer based on the tem-
poral and the frequency models for 10- and 500-m fiber. The
pump power is 100 mW. The results show very good agreement,
especially in the case of 10-m fiber, whose curves are identical.
The numerical solutions of both temporal and frequency models
take into account pump depletion. Calculation of RIN transfer
functions requires about 6 h in the time domain for the 500-m
fiber, whereas only 2 min in the frequency domain. The effi-
ciency is caused by the transformation of the two-dimensional
partial differential equations into one-dimensional ordinary dif-
ferential equations. Fig. 2 displays the results of RIN transfer
with different pump powers with the 50-m fiber. The results
show that when the gain is not saturated, the RIN transfer in-
creases with pump power, which is consistent with the analyt-
ical expression presented in Section III. When the gain is fully
saturated, the RIN transfer experiences reduction due to the sat-
uration of the pump power.

III. ANALYTICAL SOLUTION FOR THE SMALL SIGNAL CASE

By substituting AQ expression in the second equation of (2),
and after some straightforward mathematical calculations, the
signal amplitude fluctuation A F is expressed as
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Fig. 2. Theoretical RIN transfer function for different pump powers (the fiber
length is 50 m).

Solving (3) gives the following analytical expression:
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where L is the fiber length, and z is the distance from the local
fiber point to the fiber input. Neglecting the pump depletion, (4)
can be expressed as

AE (L)

' kJ n * L%
D kG(L)/ <?AEPEP+EPAEP>
0

x G(z)exp (iwn—cg(L - z)) dz

G(z) = exp((k — k') Py Zost) 5)
where
Dot = 1- exp(—az).
a

Equation (5) can be used to derive the RIN transfer function
10log(rs/rp). It can be further simplified at low frequency (i.e.,
forw = 0G(z) = 1) as
AE(L) g £
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AP(L,0) = AE,(L,0)E}(L,0) + E,(L,0)AE?(L,0).
(6)
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Finally, the signal RIN 7 is expressed as
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Fig. 3. Comparison of RIN transfer between the numerical (depleted) and an-
alytical (undepleted) results (the pump power is 100 mW).

In Fig. 3, the numerical and the analytical results are compared.
The pump power is fixed to 100 mW and the fiber lengths are 10
and 100 m, respectively. The analytical expression gives results
in excellent agreement with the numerical ones in the case of
the 10-m fiber. In such short fiber, the pump is not depleted, so
the analytical and numerical RIN transfer functions are exactly
identical. Also, the fiber length can be viewed as the effective
length. From (7), the RIN transfer at low frequency can be di-
rectly calculated, which agrees well with the numerical model.
When the fiber is longer and the pump is depleted, the different
curves show an accuracy reduction, i.e., (5) and (7) are not valid
in the pump depletion regime. Gain saturation will cause the re-
duction of RIN transfer. However, in the broadened pump con-
figuration, the pump power is distributed over a wide spectrum.
So, the pump also works in the undepleted regime, where (5)
and (7) are valid. The figures also show that counterpropaga-
tion averages the noise over the fiber, creating the extinction of
20 dB per decade at high frequency, like an electrical low-pass
filter. The cutoff frequency results from the Brillouin gain and
the walkoff effect. The dip frequency shown in Fig. 3 can be
calculated using the formula (40) in [5].

IV. EXPERIMENTAL MEASUREMENT

We measure the RIN transfer in an SBS amplifier with a
monochromatic pump modulated with sinusoidal wave. A
300-m Truewave fiber is used as the gain medium. The pump
laser diode at 1548 nm is modulated using a Mach—Zehnder
modulator driven by the electrical sinusoidal wave generator in
anetwork analyzer (HP 4194 A ranging 0.1 Hz—100 MHz). It is
then amplified by a high-power erbium-doped fiber amplifier.
The pump power injected into the fiber is 14 dBm. A stable
tunable laser source with the power of —20 dBm is used as the
signal detuning from the pump wavelength for 10.764 GHz. An
optical circulator is placed at the fiber input to act as an isolator
for the injected signal. A second optical circulator is placed
at the fiber output to extract the signal that counterpropagates
with the pump. Two polarization controllers are placed after
the pump and signal laser sources to maximize the output
power. The output signal is detected by a photodetector and the
RIN transfer function is measured using the network analyzer.
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Fig. 4. Comparison of theoretical and measured RIN transfer (the fiber length
is 300 m, and the pump power is 14 dBm).

The experimental results are compared with the theoretical
predictions in Fig. 4. The two curves show nice agreement and
the discrepancy might result from the transfer function of the
modulator.

V. CONCLUSION

A novel efficient frequency model capable of deriving the
RIN transfer in the pump depletion regime has been proposed to
investigate the pump-to-signal RIN transfer in SBS. Analytical
expressions have been derived under undepleted pump as-
sumption. Detailed numerical simulations have been provided
afterwards, demonstrating the efficiency and validity of the
model. Experimental measurements have been performed to
further verify the theoretical predictions. Moreover, using the
derived analytical expressions and separating the pump source
into many discrete pumps, we will be able to characterize the
RIN transfer in the SBS process with broadband pump and
signal. The theoretical and experimental work on RIN transfer
in the SBS process with a broadened pump is under way.
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