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Estimation of the Brillouin scattering threshold in few mode fibers
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An accurate derivation of the power threshold of spontaneous Brillouin scattering in few mode fibers is presented. The
key role played by the acousto-optic interactions in determining the threshold is demonstrated. © Anita Publications.
All rights reserved.
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1 Introduction

As single-mode fibers (SMFs) are rapidly approaching their fundamental capacity limit [1], spatial
division multiplexing (SDM) [2] has been proposed as a solution for overcoming SMFs limitation. With
multimode fibers mode coupling is a feature to consider in system design and two main strategies can be
conceived: multiple-input-multiple-output processing when mode coupling is strong, or independent parallel
mode selection if mode coupling is weak [3]. Few mode fibers (FMFs) have been manufactured [4] with
large differences between mode effective indices to decouple the modes, and have been applied in both core
[3] and access networks [5]. FMFs can be also considered for SDM high-power fiber amplifiers [6] including
Raman ones [7,8]. In fiber access networks and fiber amplifiers, continuous waves (CWs) are launched at
the fiber input (respectively to act as upstream data carriers and pump waves) and the spontaneous Brillouin
scattering (SpBS) becomes a highly impairing process, causing wave depletion and unwanted reflections.
SpBS is characterized by a power threshold which specifies the maximum input power such that SpBS signal
remains below a prefixed value [9,10]. In [11] the SpBS threshold of the first four families of LP modes
was evaluated based on the simplified formulation obtained in [9] which was valid only for the intra-mode
scattering, i.e. when all optical waves are on the same mode, but it did not account for Brilloun scattering
occuring between waves on different modes. However, as shown in [10], the SpBS threshold determination
actually requires the accurate calculation of the Brillouin gain spectra, that highly depends on the interaction
between optical and acoustic modes of the fiber structure [10]. In fact, the Brillouin gain spectra measured
for both step- [12] and graded-index [13] FMFs, show the importance of the acousto-optic interaction, as
scattering can occur also between different optical modes (inter-mode scattering). Finally, SpBS thresholds
in FMFs have been also evaluated through numerical integrations of the equations governing the Brillouin
interaction in short (8m) FMFs, so neglecting losses [14] however, this is a fundamental parameter that
cannot be neglected in long fibers, because the loss coefficient also determines the SpBS threshold, as shown
[10]. Here, by extending the SMF approach [10] to FMFs, accounting for the acousto-optic interaction, we
estimate the intra- and inter-mode SpBS thresholds for the modes of a lossy FMF. This case is expected to
be of practical interest when long fibers are used and losses cannot be neglected. This is the case of access
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networks, in particular the fronthaul network segment that appears in centralized radio access network
(C-RAN) architecture; in such systems unwanted reflections, like those due to SpBS, are the main source
of signal distortions [15]. As well this effect must be accounted in Raman amplified long-haul systems, to
avoid pump depletion [7,8].

2 Theoretical calculation of spontaneous Brilluoin scattering

We assume to launch a CW at frequency v, in one of the modes of the FMF from the fiber input (z
= 0) and that mode coupling is small enough to be neglected [4]. The SpBS threshold power Py, is defined
by the condition Pg;,, (z = 0) = 1Py, We select 4 = 0.01 [10], so that the undepleted pump approximation
is well satisfied and the pump power in mode p simply decays exponentially along the fiber: P,(z) = P,
exp(—az). The loss coefficient is equal for all modes [4] (a3 = 0.2 dB/km). Let us remark, however, that
large mode dependent losses can affect the SpBS thresholds.

If the previous assumptions are satisfied, the calculation of the SpBS power that was carried out for
a SMF [9] can be straightforwardly extended to FMFs; in fact, mode orthogonality, as shown in [9] enables
to obtain the total spontaneous Stokes power as a sum of spontaneous scattering powers over all propagating
modes. Therefore:

Pooies(z=0)=KTS [ v G, (v)dv (1)

where K is the Boltzmann constant, 7 is the temperature, the summation is made over all propagating modes.
In this study, we consider the first four families, i.e, s = [LPy;, LPy1, LP;;, LPy], and the functions G,  are
then given by:
M,
Gy ()= 2,7y Vo exp L ) (1= FIIL, )+ F1-1- L)), ()} @)
where, F' = exp(— al) is the total fiber loss of the fiber of length L. The summation in Eq (2) is made over all
the acoustic modes M, , that enable an effective interaction between a pump wave in the optical mode p and

a Stokes wave in optical mode s. Each interaction term is modelled through Lorenztian functions:
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The parameters needed to determine the Lorentzian functions are defined as follows. The peak
Brillouin gain coefficients are defined by:
xn® P122 (n, + ns)2
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where 7 is the core refractive index, n, and n, are the effective indices of the pump and Stokes modes at
wavelengths 4, and Z, c is the speed of light, ¢, is the vacuum permittivity and p;, is a component of the
electrostriction tensor. The acusto-optics area (AOA) is the fundamental parameter that defines the strength
of the Brillouin scattering interaction [10]. In FMFs, it may enable the interaction of optical and acoustic
waves among various combinations of modes and it can be defined by:

o LD UL AP

A s,m P 5
s, f P ©)

where, (...) stands for integration on the transverse plane, f,, f;,&, are the modal distributions respectively
of the pump, the Stokes waves and of the m™ acoustic wave. The full-width at half maximum (FWHM)
linewidth of each resonance is:
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where [ is the acoustic wave damping factor. Finally, the resonant frequencies (Brillouin frequency shifts)
are given by:

Tp s

j'P +)~s

where, V' ,, is the velocity of m™ longitudinal acoustic mode interacting with the optical modes p and s.

ac
Vo.som = Vpsm

(7

The FMF considered here as an example for the calculations is a Germanium doped core, pure
silica-cladding, step-index fiber, with a core radius » = 5 um, a core-cladding refractive index difference A
= 1.48 % and an optical number V' = 5.1. Refractive indices were calculated through Sellmeier formulas.
Through a finite element method, the optical and acoustic modes were determined and the parameters of Eqs
(4-7) were all calculated. This FMF guides four families of optical modes at 4 = 1550 nm and the computed
values of the effective indices at that wavelength for the modes are neﬁfm = 1.4624 neff” = 1,4573, neffz' =
1.4509, and neﬂoz = 1.4491 (respectively, for LPy;, LPy;, LP,, LPy,). The differences between effective

indices of the modes are larger than those reported in ref [4] (1.3 - 107), where a distributed mode coupling

of 18.2 dB was measured for L = 500 m. This makes valid the assumption of negligible mode coupling among
modes. The computation yields very similar values of the gain coefficients, the frequency shifts and the

FWHM linewidths for the interaction with all acoustic modes : g, s m=~ 1.96.10 'mW™, y, =~ 10.2GHz,

W, s m = 40MHz. The only parameters which highly depend on the specific interaction are the AOAs [6], as
shown in Table 1.

Table 1. Calculated AOAs (in pm?) for all relevant interactions. Multiple values for the same couple of optical modes
refer to different acoustic modes. The missing elements of the table are simply given by the symmetry relation A4, ; ,*’
=4 ao

s,p,m

LPy, LP, LP,, LPy,
LP,, 55.6
LP;, 84.6 109.7
164.3
272.1
LP,, 263.2 419.2 204.8
225.9 4345 188.1
196.7 185.0
235.1 1663.4
LPy, 3442 4714.0 1176.6 111.7
96.9 161.9 1011.0 630.1
2775 153.6

In Fig 1 an example of the computed gain spectra for all the relevant resonances of intramodal
scattering for mode LPy; is shown.

As it can be observed in Table 1, there is a large difference among the values of the AOAs; this will
imply, as it will better explained below, that there exists a large difference among the threshold powers of
the various interactions. So, as typical of spontanecous phenomena, it might be expected that the generated
Stokes power of the lowest threshold resonance will prevail. This remark is confirmed by calculating all the
terms deriving from all relevant intra- and intermodal interactions that contribute to the Stokes power given
by Eq (1). An example, calculated for mode LP;;, is presented in Fig 2. It is clear that the SpBS threshold
in this case will be solely determined by the contribution of the inter-modal scattering between the pump
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mode LP;,, and the Stokes mode LP,;, because when this contribution is at threshold (P, =~ 7.5 dBm) all
other terms are at least one order of magnitude smaller. Let’s remark again that this behavior is essentially
dictated by the large difference between the AOAs.
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Fig 1. Intramodal Brillouin gain resonances for mode LP;.
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Fig 2. Stokes power at fiber input of all relevant terms of Brillouin interaction as a function of the
power injected in mode LP,;. The dashed line is the threshold condition pPy.

To calculate the SpBS threshold for each pumping mode, the term with smallest AOA must be
selected from the column of Table 1. In fact, in these conditions, the threshold evaluation can be realized
by using the same approach of SMF [10], that finally yields the following approximated solution for the
selected interaction term {p, s, m} for a fully polarization scrambled pump:

A0 1+ 15y
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For the FMF under study the thresholds are presented in Fig 3 as a function of the fiber length L.
Pumping in modes LPy,, LP;;, and LPy, causes the spontaneous generation of a Stokes wave in mode LPy,,
in fact, the interaction presenting the smallest AOA value is in all such cases that with mode LP,;. Therefore,
the mode LP,; present the smallest threshold. Pumping in mode LP,; presents the highest threshold and
moreover, the Stokes wave grows in the same mode. This might be caused by the particular mode profile
of LP,,.
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Fig 3. Estimated SpBS thresholds in different modes as a function of the fiber length L.

4 Conclusion

An accurate estimation of the power threshold of spontaneous Brillouin scattering in few mode fibers
is presented. Spontaneous Brillouin scattering can impact the design of access networks and fiber amplifiers
based on spatial multiplexing. The key role played by the acousto-optic effective area in determining the
threshold is remarked.
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