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Self-phase modulation and modal noise in optical fibers 
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The phase variations associated with the intensity-dependent part of the refractive index assume different values 
for the different propagation modes of an optical fiber. As a consequence, intensity fluctuations of the exciting 
source are converted into relative phase fluctuations, which give rise to an amplitude-dependent modal noise. 

INTRODUCTION 
The study of the influence of the intensity-dependent part of 
the refractive index on the propagation of an optical pulse 
reveals the existence of a self-focusing mechanism1 and of a 
self-phase modulation.2 The latter effect, consisting of a 
modulation of the phase of the field proportional to its in
stantaneous intensity, is particularly relevant in an optical 
fiber because of the long interaction length provided by the 
guiding structure and has actually been observed in single-
mode fibers.3 In a multimode fiber, the phase modulation of 
each modal field will depend on the spatial configuration of 
the mode itself, the effect being larger, for equal modal powers, 
for modes possessing a smaller effective area. Accordingly, 
the nonlinear contribution to the phases of different modes 
will be different, so that a fluctuation of the relative phase will 
arise between any pair of modes as a consequence of fluctua
tions present in the amplitude of the signal. 

In turn, this represents a nonlinear contribution to standard 
modal noise, which is a linear phenomenon usually associated 
with phase fluctuations that are due to frequency fluctuations 
of the input signal.4 We present in the following an analytical 
description of the effect. The analysis of propagation in a 
multimode optical fiber in the presence of an intensity-de
pendent refractive index shows that the dephasing of each 
mode is due to its nonlinear interaction both with itself 
(self-phase modulation) and with the other modes. The effect 
turns out to be appreciable for a multimode glass fiber 1 km 
long, when an input power corresponding to few milliwatts per 
mode is employed. 

ANALYTICAL DESCRIPTION 

The approach adopted in this section is closely related to the 
one already developed for describing soliton propagation in 
multimode optical fibers,5 which is essentially related to the 
mutual competition between self-phase modulation and 
chromatic dispersion.6,7 Our description is based on the 
coupled-mode formalism first introduced in the frame of fiber 
optics for treating linear propagation in the presence of mode 
coupling associated with fiber imperfections.8 In the present 
context, coupling is induced by the nonlinear contribution to 
the refractive index 

where n1 is the linear refractive index and Ê is the analytic 
signal of the electric field. The term n2| Ê|2 formally plays the 
role of fiber imperfection. Actually, the relation between the 
third-order nonlinear susceptibility x (3 ) and the electric field 
E 

(e0 being the vacuum permeability) implies Eq. (1) only if the 
field possesses an initial linear polarization preserved along 
the fiber. In general, the nonlinear effect is described by the 
following tensorial relation between the Fourier transforms 
at the angular frequency ω of the transverse part of the electric 
displacement vector D and of the electric vector E (the lon
gitudinal z components are negligible in weakly guiding fibers 
possessing a cylindrical symmetry around the z axis): 

where 

and ε1 = ε0n1
2. 

In actual multimode optical fibers, in which polarization 
is completely scrambled over few meters of length, the non-
diagonal terms of the matrix appearing in Eq. (4) can be as
sumed to be zero, and, one takes advantage of the relation 
|Êx|2 = |Ê y | 2 = 1/2|Êy|2, Eq. (1) still applies with n2 = 
5x (3)/16n1 [for a linearly polarized field one has n2 = 3x(3)] 
8n1]. 

The analytic signal of the field propagating inside the fiber 
can be expanded in the form 

where E m ( r ) and βm(ω) represent the spatial configuration 
and the propagation constant of the rath mode, respectively, 
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r = (x, y) is the transverse coordinate, and ω0 is the midfre-
quency of the field. 

According to the results of Ref. 5, the slowly varying am
plitudes Фm(z, t) obey (neglecting fiber chromatic dispersion) 
the set of nonlinear differential equations 

where Vm = (dβm /dω)ω = ω 0
– 1 is the group velocity of the mth 

mode and 

The set of Eqs. (6) can easily be integrated after introducing 
the new variables z' = z and tm' = t – z/Vm, if we observe that 
the structure of the set is such that 

By taking advantage of this fact, we obtain 

The set of Eqs. (9) shows that the phase of each mode con
tains nonlinear contributions proportional to the powers 
carried by the various modes and that will exhibit, as a con
sequence, temporal variations strictly connected to the ones 
undergone by the modal powers. Thus, if the amplitude of 
the input signal fluctuates, each mode field acquires, besides 
an obvious amplitude modulation, a phase modulation that 
adds to that induced by the frequency fluctuations of the 
source. 

NONLINEAR MODAL NOISE 

Modal noise is associated with the presence of interference 
among the various guided modes of the fiber, and its behavior 
will accordingly depend on the quantities ФmФl*. In order 
to give an estimate of the change induced by the nonlinearity 
on the phase of these quantities, let us assume that all the 
modes possess the same power, and let us neglect their relative 
mode delays. Under these assumptions, the typical nonlinear 
contribution ΓNL to the phase of ФmФi* is of the kind 

where |Ф|2 represents the common value of the |Фm |2 ' s . 
By recalling Eq. (7) and assuming that the modes are nor

malized, 

we have 

where k = ω0/c, P is the power carried by each mode, Z0 is the 
vacuum impedance, and Al is the effective area3 of the Ith 
mode. In order to evaluate Al, let us write 

with xl = (n1
2k2 – βl

2)1/2. One then has 

where 

If the gl's pertaining to different modes are not too dis
similar (gl = 1 if Fl is Gaussian), we can finally write 

where δβ = βl – βm. Assuming that the difference δβ be
tween the propagation constants to be the average one per
taining to the modes of a fiber possessing a normalized re
fractive-index difference Δ, one has δβ ≅ Δ1/2/α. By choosing, 
for example, λ = 0.8 µm, n2 ≅ 3 × 10– 2 2 m2/V2, Δ = 10–2, and 
z = 103/m, a nonlinear phase variation of the order of unity 
is obtained for P of the order of a few milliwatts and a, the 
fiber radius, of the order of a few micrometers. 

CONCLUSIONS 

We have evaluated the variation of the phase differences 
among the modes of an optical fiber induced by the presence 
of an intensity-dependent refractive index. More precisely, 
a variation of the signal amplitude affects the relative phase 
of the various modes and thus the configuration of the speckle 
pattern on a given fiber section. As a consequence, input-
power fluctuations give rise to a fluctuation of the speckle 
pattern, which can be interpreted9-10 as a kind of nonlinear 
modal noise. 

We wish finally to note that, although we have considered 
a case in which chromatic dispersion is negligible, the validity 
of our results extends in practice to all situations in which the 
pulse duration exceeds the chromatic delay.11 
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