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We investigate theoretically and experimentally a self-polarization attraction process occurring in telecommunication optical fibers for which two replicas of an arbitrary polarized incident signal (up to a rotation or a reflection
through a plane of the state of polarization) are injected simultaneously at both ends of an optical fiber.
This polarization effect is based on a counter-propagating four-wave mixing process also called nonlinear
cross-polarization interaction. In this configuration, the spatio-temporal dynamics relaxes towards a stationary
trajectory, which is characterized by a well-defined state of polarization (point or line) in the middle point of the
fiber. We show that the structure and the position of this state can be controlled through the boundary conditions
at both ends of the fiber. Moreover, we discuss the efficiency of the attraction process as a function of the fiber
length and the power ratio of the two beams. © 2019 Optical Society of America
https://doi.org/10.1364/JOSAB.36.002360

1. INTRODUCTION
The ability to control and stabilize the state-of-polarization
(SOP) of an optical wave without loss of energy is a fundamental physical issue that could find important applications in
optical telecommunications [1–5]. As opposed to traditional
polarizers, which are known to waste 50% of unpolarized light
and by essence provide dramatic polarization-dependent losses,
Heebner et al. proposed in 2000 a “universal polarizer”
performing polarization of unpolarized light with 100% efficiency [6]. Subsequently, this phenomenon of “polarization
attraction” has been the subject of a growing interest in optical
fiber systems, exploiting different nonlinear effects such as
Raman pulling, Brillouin scattering, parametric amplification
as well as counter-propagating four-wave mixing interactions
[7–33,36–38]. Moreover, it has been shown that this concept
can be extended to other spatio-temporal dynamics, thus
underlining its general interest [37,39].
In this study, we specifically consider the four-wave-mixingbased counter-propagating interaction of two optical beams injected simultaneously at opposite sides of an optical fiber
[16–33,36–38]. In this framework, it has already been shown
from both the theoretical and experimental points of views that
the SOP of an arbitrary polarized incident signal is attracted
towards a specific polarization state, which is fully determined
by the fixed SOP of the counter-propagating pump beam injected at the opposite end of the fiber under study [16–18].
Since these pioneering studies, different forms of this
0740-3224/19/092360-09 Journal © 2019 Optical Society of America

phenomenon of polarization attraction have been identified
in various types of optical fibers, e.g., isotropic fibers [16–19],
highly birefringent spun fibers [20,21], or randomly birefringent fibers [22–29]. Such studies are based on the idea that the
injection of a pump beam with a fixed SOP at the fiber output
is a prerequisite for the existence of the phenomenon of polarization attraction. The basic concept is that the fully polarized
pump beam serves as a SOP reference for the signal beam and
thus plays the role of natural attractor for any arbitrary polarized incoming signal. More recent works have demonstrated
that polarization attraction can also take place in the absence
of any SOP reference owing to a mirror-induced feedback
mechanism [30–33]. In this experimental configuration, the
signal beam interacts with its own counter-propagating replica,
which is produced by means of a back-reflection (Bragg) mirror
or a reflective feedback loop localized at the fiber output
[30–33]. In this device, called omnipolarizer, an incident light
beam is able to self-organize its own state of polarization
upon propagation in an optical fiber into a universal and
environmentally robust SOP.
In this contribution, we propose to investigate another type
of self-polarization phenomenon in which an arbitrary polarized incident signal is injected simultaneously at both sides
of a standard telecommunication (randomly birefringent) optical fiber. It is important to note that, at variance with the previous studies, here there is no external SOP pump reference,
nor a mirror-induced feedback mechanism. In this configuration, the polarization process occurs just in the middle point of
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the optical fiber, in a way similar to a recent study in isotropic
optical fibers [40]. However, at variance with this previous study,
here it is the same arbitrarily polarized beam that is injected at
both ends of the fiber, which significantly enriches the phenomenology of polarization attraction. For instance, our theory reveals that when the SOP of one of the backward beams is
subject to a rotation or a reflection through a plane, then the
polarization effect unexpectedly occurs either in two specific
SOP attractor points or toward an ensemble of SOPs located
on a great circle of the Poincaré sphere. Interestingly, the attraction in the mid-point of the fiber can be viewed as an unfolded
version of the omnipolarizer, although our results go well beyond
those obtained in such a mirror-induced feedback configuration.
The theoretical analysis based on a geometrical description of the
stationary states provides a general physical understanding of the
system dynamics, which has been found in good qualitative
agreement with the experimental measurements.
The paper is organized as follows. The model system is presented in Section 2. We investigate in Section 3 the simplest
self-polarization process in which the signal beam interacts with
itself. The polarization attraction phenomenon is demonstrated
numerically. Its origin and its stability are discussed through the
analysis of the stationary states of the system. We generalize this
phenomenon in Section 4. Section 5 is dedicated to an experimental demonstration. A conclusion and prospective views are
given in Section 6.
2. MODEL SYSTEM
Telecommunication optical fibers are known to be characterized by random fluctuations of the birefringence all along the
fiber length as a consequence of external factors such as bending, twisting, or core-size variations in the process of fabrication
of the fiber. In the limit where the correlation length Lc of such
fluctuations is much smaller than the nonlinear length LNL (or
the fiber length L), random birefringence fluctuations can be
averaged out in the theoretical description [35], and the evolution of the polarization components of the counter-propagating beams take the deterministic form [22]
( ~
∂S
∂S~
~ ~
∂τ  ∂ξ  DJ × S,
(1)
∂J~ ∂J~
~ × J,
~
−
 DS
∂τ
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perturbation or at most a rescaling of the problem. We consider
here the following configuration for which a single beam is simultaneously injected at both ends of the fiber, i.e., in ξ  0
and ξ  L. The boundary conditions of Eq. (1) thus read
~  0, τ and Jξ
~  0, τ, where ρ≃1
~  L, τ  ρT Sξ
Sξ
denotes a possible power ratio between the two propagating
beams and T a rotation or a reflection through a plane of
the initial SOP of the forward beam. The role of the transformation T on the polarization attraction phenomenon will be
discussed in Sec. 4. We finally note that Eqs. (1) have been
integrated numerically by using the scheme based on the
method of the characteristics [34].
3. ANALYSIS OF THE SELF-POLARIZATION
PROCESS
A. Numerical Simulations

We consider in this section the simplest scenario in which the
same arbitrarily polarized wave is injected simultaneously at
both ends of the fiber. In this configuration, the transformation
T is the identity. We first consider the case of a perfect symmetric power ratio where ρ  1. The phenomenon of selfpolarization manifests itself by the spontaneous organization
of the SOP of both waves around two pools of attraction in
the middle point of the optical fiber at ξ  L∕2. This is illustrated by the results of the numerical simulations of the spatiotemporal Eq. (1) reported in Fig. 1. In this computation,
64 different initial SOPs of the signal, and thus of its
~  0, t  Jξ
~  L, t], have
counter-propagating replica [Sξ
been uniformly distributed over the surface of the Poincaré
sphere (see Fig. 1). The boundary conditions are kept fixed
in time, and we report in Fig. 1 the stationary states of the
SOP, which are reached after a sufficiently long and complex
spatiotemporal transient. The simulations reveal that the system relaxes towards a different stationary state for each injected
~  0 and Jξ
~  0. These sta~  L  Sξ
polarization Sξ
tionary states have the property that all the resulting SOPs
are close to a circular polarization state in the middle of the
fiber, i.e., in ξ  L∕2, for large enough L. More precisely, if
~  0 lays in the
the corresponding injected polarization Sξ
south (north) hemisphere, the SOP of the optical beam is

∂ξ

where S~ and J~ denote the Stokes vectors of the forward and
backward beams, respectively, while D  diag1, 1, −1 denotes a diagonal matrix, and × denotes the vector product.
We thus recall that Eqs. (1) are valid in the regime
minL, Lnl  ≫ Lc . Such a separation of scales between Lc
and LNL is rather well verified in our experiments, and its validity will be discussed later. In this paper, we use the convention
in which the north and south poles of the Poincaré sphere correspond respectively to the left and right circular SOP.
Equations (1) are normalized with respect to the nonlinear interaction time τ0  1∕γvS 0  and length LNL  vτ0 , where γ
is the nonlinear Kerr coefficient, v the group velocity of the
waves, and S 0 the power of the forward beam. We point
out that chromatic dispersion is neglected in this model, since
only continuous waves are considered in this study. Moreover,
fiber losses are also neglected since they provide a minor

Fig. 1. Numerical simulations of the spatiotemporal system on the
Poincaré sphere with L  15. The red (gray), green (light gray), and
blue (dark gray) dots denote respectively the initial (ξ  0), middle
~ upper panels)
ξ  L∕2), and final (ξ  L) SOPs of the signal (S,
~ lower panels).
as well as its counter-propagating replica (J,
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attracted at ξ  L∕2 to the right (left) circularly polarized state
(see Fig. 1). Note that the initial SOPs initially localized on the
equatorial plane are not attracted towards a circular polarization. These numerical results show the remarkable efficiency
of this self-polarization process. Note also the symmetric behavior of the forward and backward beams. After propagation, it is
also remarkable that both propagating replicas recover their
random nature at their respective outputs, just as if this spontaneous phenomenon of self-organization was hidden in the
middle point of the fiber and was undetectable from its ends.
The efficiency of the attraction process increases with the
normalized fiber length (which is equivalent to an increase
of the injected power). This property is illustrated in
Fig. 2(a). The efficiency is measured through the spreading
of the signal SOPs on the Poincaré sphere in the middle of
~  L∕2. For each initial SOP, we compute
the fiber, Sξ
the distance on the sphere to the ideal polarization (here, left
or right circular SOP), and we define the amount of spreading
as the average value of the different distances
d

N
1X
jθ − θc j,
N k1 k

(2)

(a)

(b)

(c)

(d)

Fig. 2. Evolution of the distance d defined in Eq. (2) as a function
of (a,c) the fiber length L and (b,d) of the power ratio ρ (for L  15).
Solid black lines in panels (a) and (c) help showing the algebraic decrease of the distance as a function of L (see the text for details). This
algebraic dependence can be seen in panel (c) with the log–log scale,
where the power-law scaling d ≃ L−1 is evidenced. The three Poincaré
spheres above the panels (a) and (b) represent configurations in the
middle point of the fiber for different fiber lengths (a) and power ratio
(b). The corresponding lengths and power ratios are indicated by red,
green, and purple dots in panels (a) and (b). In panel (b), the dashed
black line shows the linear evolution of the distance d with respect to ρ
in the range [1,0.93]. A more complex behavior is observed in panel
(d) for significant smaller values of the power ratio.
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where θ is the polar angle on the sphere, and the indexes c and k
refer to the circular SOPs and to the one in the middle of the
fiber, respectively. Note that the index k runs over all the initial
SOPs of the signal beam, which effectively relax towards the
circular polarization under consideration.
The quantity d appears more appropriate to quantify the
attraction efficiency than the classical degree of polarization
[33], since d is taken into account not only for the averaging
of the Stokes parameters but also for the ordered nature of
the ensemble of SOPs. Indeed, a small value of the distance
d reflects an efficient attraction process toward both the two
poles of the Poincaré sphere, while the conventional degree
of polarization would be zero in this case. A systematic numerical study of the attraction process for different fiber lengths
reveals that the distance d decreases rapidly to 0 as L increases.
An efficient self-attraction process is already obtained for
L  5. As can be seen in Fig. 2(c), we observe an algebraic
decrease of d as a function of L, i.e., more precisely d ≃ L−1.
This dependence will be described analytically in Section 3.B.
The impact of the power ratio ρ is also analyzed in Figs. 2(b)
and 2(d). We observe that the amount of spreading of the SOPs
increases almost linearly when ρ is close to one. This analysis
reveals the crucial role of the beam power ratio in this
self-polarization process. Indeed, a power imbalance of only
10% between the two incoming replicas is sufficient to increase
the distance d from almost 0–0.5. Figure 2(d) illustrates the
complex behavior of the distance d when ρ is smaller than
0.8. Note that the evolution of d is symmetric with respect
to ρ  1. A maximum distance is achieved for ρ ≃ 0.7, which
corresponds to SOPs located near the equatorial plane. For
smaller values of ρ, d tends to a constant of the order of
π∕4 ≃ 0.78, i.e., a uniform distribution of the SOPs over
the Poincaré sphere.
B. Analysis of the Stationary States

According to the numerical simulations, a general physical
understanding of this polarization phenomenon can be
obtained through the analysis of the stationary states of the system. The role of such stationary states has already been discussed
in different works for the analysis of the conventional process of
polarization attraction involving two distinct injected beams at
both ends of the fiber [19,36]. It was shown that such systems
exhibit Hamiltonian singularities, which play the role of attractors for the spatiotemporal dynamics [37]. We will see in the
following that, at variance with isotropic fibers [37], the specific
form of Eq. (1) for telecommunication fibers does not exhibit
genuine Hamiltonian singularities, a distinguished feature that
modifies the efficiency of the process of polarization attraction.
We give below a complete description of the stationary states in
the case ρ  1, which will be used to study their stability. Due to
the complexity of analytical computations, we do not manage to
generalize this analysis to a power ratio different from 1.
The stationary system associated to Eq. (1) reads
∂S~
~
~ × S;
 DJ
∂ξ

∂J~
~ × J:
~
 −DS
∂ξ

(3)

The system has a Hamiltonian structure defined by the
Hamiltonian H [36] as
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~
H  S x J x  S y J y − S z J z  S~ · DJ:

(4)

The system has three constants of motion given by the three
~ The stationary solution can be
coordinates of K~  S~  DJ.
~
expressed in terms of K~ and S0
as follows:
~  M ξS0,
~
Sξ
where the matrix M ∈ SO3 can be expressed as
0
M

K 2y K 2z  cosK ξK 2x
B
K2
B −K x K y cosK ξK z K sinK ξK x K y
B
K2
@
−K x K z cosK ξ−K y K sinK ξK x K z
K2

(5)



~  DJL
~
K~  SL
~
~
~
H  SDJ  −1  K~ · SL:

(15)

which shows that the component S z L∕2 only depends on K
and S z 0. The constant K can be determined from the following system of equations:

−K x K y cosK ξ−K z K sinK ξK x K y
K2
K 2z K 2x  cosK ξK 2y
K2
−K y K z cosK ξK x K sinK ξK y K z
K2

The stationary trajectories are π∕K - periodic functions with
K  jK~ j. Since the same signal is used at both ends of the fiber,
~
~  S0.
we first analyze the stationary states for which JL
We should note that, due to the symmetry of rotation of
the stationary system in Eq. (3) around the z axis, any rotation
~  0 will induce the same rotation on
of the input SOP Sξ
~
the output SL, which restricts the study to the components of
S~ along the z direction. Our first goal is to express S z L2 as a
function of the boundary conditions S z 0 and K . The
computation goes as follows.
At ξ  0 and ξ  L, we have

~  DJ0,
~
K~  S0
(7)
~
~
~
H  SDJ  −1  K~ · S0
and

In the middle point of the fiber, we have
 
 
L
KL
Sz
 S z 0∕ cos
,
2
2
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−K x K z cosK ξK y K sinK ξK x K z
K2
−K y K z cosK ξ−K x K sinK ξK y K z
K2
K 2x K 2y  cosK ξK 2z
K2

K x S y 0 − K y S x 0  αK ,

1
C
C
C:
A

(6)

K y S y 0  K x S x 0  K 2 ∕2,

which leads to
K2
 1 − S z 02 :
(16)
4
Therefore, the component S z L∕2 can be plotted as a function
of S z 0 by using the following relations:

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
K  2 1 − S z L∕22 ,
(17)
S z 0  S z L∕2 cosK L∕2:
α2 

The results are presented in Fig. 3 for different fiber lengths.
As illustrated in Fig. 3, starting from a given value
S z 0 ∈ −1, 1, we can compute the corresponding ellipticity
at ξ  L∕2. The curve S z L∕2 versus S z 0 is obviously a
straight line for L  0. This line is just slightly modified for

(8)

We deduce that

(a)

(b)

(c)

(d)

~
~  K~ · SL:
(9)
K~ · S0
~
~
~
~
~
Using the relation SL  K − DJL  K − DS0, we arrive
at
~  DS0
~
K~ · S0
 K 2,

(10)

which leads to
~ − DS0
~
~ · DS0
~ − 1:
~ · S0
DJ0
 S0

(11)

Finally, we obtain that
J z 0S z 0  S z 02 :

(12)

If S z 0 ≠ 0, then J z 0  S z 0, which involves that
K z  S z 0 − J z 0  0. We can now study the evolution
of the SOP along the z axis. Using Eq. (6) and the relations
~
~
K z  0 and SL
 K~ − DS0,
we get
S z L  S z 0 cosK L  α sinK L  S z 0,
where α 
that

K x S y 0−K y S x 0
.
K

(13)

It is then straightforward to show


KL
α  S z 0 tan
:
2


(14)

Fig. 3. Evolution of S z L∕2 as a function of S z 0 for the fiber
lengths (a) L  1, (b) L  3, (c) L  5 and (d) L  15. The red
or gray (blue or dark gray) solid line corresponds to the stable (unstable) points where L is shorter than half of the period, i.e., L < Kπ (see
the text for details).

2364

Vol. 36, No. 9 / September 2019 / Journal of the Optical Society of America B

small values of L, which shows that a unique SOP output exists
for each given input SOP. We note here that the normalized
length L can be increased by enhancing the injected beam
power S 0. Interestingly, for a critical fiber length Lc  π∕4,
the curve exhibits a vertical tangent at S z 0  0, so that
for L slightly larger than Lc , the curve becomes multi-valued
[see Fig. 3(b)]. This property indicates a possible bistable
behavior of the system, which is the basis of this attraction process. Extensive numerical simulations of the spatiotemporal
Eq. (1) show that the system relaxes to a particular type of stable
stationary solutions, which will be called “non-oscillatory” as
opposed to oscillatory periodic solutions [31,37,38]. For a
given stationary state, we conjecture that if the length of the
fiber L is shorter than a half of the period, then this solution
should be stable, while it should be unstable if L is longer than a
given threshold depending on L. In the intermediate cases, the
solution is expected to be meta-stable, i.e., stable only under a
small perturbation. As shown in Fig. 3, it is straightforward to
compute the position of the different regions of stability or instability. In particular, starting from S z 0  1, the last stable
point corresponds to S z 0  0 in Fig. 3(b). This point is associated with trajectories whose quarter of the period coincides
with the fiber length, i.e., L  Lc . The first unstable point
roughly corresponds to the first vertical derivative of the diagram S z L∕2 versus S z 0. We underline that the numerical
simulations of the spatiotemporal Eq. (1) have confirmed the
validity of our stability criterion for different values of the
normalized fiber length L.
In addition, using Eq. (17), we can explain the algebraic
decrease of S z L∕2 as a function of L. Introducing the small
parameter ε ≪ 1 defined by S z L∕2  1 − ε, the relation
at the first order in ε and
S z 0  S z L∕2 cosK L∕2 leads
2
in the limit L ≫ 1 to ε  arccos2LS2 z 0. From this approximation, we deduce that d ≃ L−1 , which is in good agreement with
the spatiotemporal simulations displayed in Fig. 2(c). It is important to note that this algebraic decay is in contrast with the
exponential decay that characterizes polarization attraction in
isotropic fibers, whose governing equations exhibit a genuine
singularity (singular torus); see Ref. [37].
To conclude this part, these numerical results describe the
main properties of this self-polarization process for which the
bistable behavior drives the SOP toward the circular SOPs.
Note that, considering the boundary conditions imposed to
the optical fiber, the middle point of the fiber plays a role analogous to the mirror-induced feedback mechanism in the omnipolarizer [30], so that the phenomenology of polarization
attraction described here can be viewed as an unfolded version
of the omnipolarizer. In particular, from this point of view, the
hysteresis behavior of the stationary states is responsible for the
self-organization process of its output SOP [30].
4. GENERALIZATION OF THE SELFPOLARIZATION PROCESS
A. Case of a Reflection through a Plane

We consider in this paragraph the self-polarization process in
ξ  L∕2 with a boundary condition imposing a reflection
through a plane of the initial SOP of the forward beam as
follows:

Research Article
~
~  T S0,
JL

(18)

where T is a reflection of R . Using the same approach as in
Section 3, we have
3

~  K~ · SL,
~
K~ · S0
~  DJL,
~
and with K~  SL
we obtain
~  K~ 2 ,
K~ · 1  DT S0

(19)
(20)

which leads to
~ − DT S0
~
~ · T DS0
~ − 1:
~ · S0
DJ0
 S0
(21)
−1 ~
~
~
~
From the relation DJ0 · DT S0  DT DJ0 · S0,
Eq. (21) becomes
~ · DT − 1S0
~  DT −1 − 1DJ0
~
 0:
S0

(22)

We introduce the matrices D1  diag−1, 1, 1, D2 
diag−1, 1, 1, and D3  diag1, 1, −1. To simplify the discussion, we consider a specific reflection with respect to the
(y–z) plane, i.e., T  D1 . Using D3 T  −D2 , Eq. (21) can
be written as
~ − 1  D3 J0
~
~ · D2 S0
~  D2 S0,
~ · S0
−S0

(23)

which leads to
S x 0K x  S z 0K z  0:

(24)

With the relation (20), we get
2K y S y 0  K 2 ,

(25)

and in ξ  L, we have
K 2 − K 2y
S y 0 cosK L
K2
Ky
−S 0K x  K z S x 0
:
sinK L 
 z
2
K
The system is finally described by
8
>
S 0K x  S z 0K z  0,
>
>
< x
2K y S y 0  K 2 ,
>
>
> K 2 − K 2  2K y K 2 −K 2y S y 0 cosK L  2K y α sinK L,
:
y
K
K2
S y L 

(26)
with α  K z S x 0 − K x S z 0, which can be expressed in the
following form:
8
2K y S y 0  K 2 ,
>
>
<
S z 0A
K x  − 1−S
2 ,
(27)
y 0
>
>
: K  S x 0A ,
z
1−S 02
y

with
A




K y K K 3 K 2 − K 2y
S y 0 cosK L ∕ sinK L:
−
−
2K y
K
2

Knowing S y 0, we deduce the value of K and then S y L∕2
with the following relation:
S y L∕2 

1−K2
α
K2
cosK L∕2 
,
sinK L∕2 
4S y 0
4S y 0
K
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(a)
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(b)

Fig. 6. Same as Fig. 5 but for a boundary condition at ξ  L
~
~  R v~θS0
with
associated with a rotation defined by JL
v~  cosϕ, sinϕ, 0, θ  70°, and ϕ  25°.
(c)

(d)
B. Case of a Rotation

Fig. 4. Evolution of S y L∕2 as a function of S y 0 for the fiber
lengths (a) L  1, (b) L  3, (c) L  5, and (d) L  15. The red
or gray (blue or dark gray) solid lines correspond to the stable (unstable) states where L is shorter than half of the period, i.e., L < Kπ .

the parameter α being given by
α

K 2 − K 2y
K
K y ∕2 − S y 0 −
S y 0 cosK L:
K2
sinK L

It is now possible to compute S y L∕2 as a function of S y 0 for
different fiber lengths. Results are plotted in Fig. 4 and show
that the stable stationary solutions in ξ  L∕2 are attracted towards a circle contained in the (x–z) plane. The role played by
this circle on the spatiotemporal system is reported in Fig. 5.
We can clearly observe the efficiency of the polarization attraction phenomenon in ξ  L∕2 around a circle on the Poincaré
sphere. The same analysis can be done for other planes that
contain the z axis. If we denote by w the direction orthogonal
to the plane, then an attraction towards a circle in the plane
(w–z) can be shown. Note that there is no attraction if the reflection plane is orthogonal to the z axis, and an intermediate
situation is observed if the angle between the axis and the plane
belongs to 0, π∕2.

We now consider the case where the transformation T is a
rotation. We first investigate a rotation R y θ of angle θ around
˜
the y axis. In the new variables S~  R y θ∕2S~ and
˜
~ we recover the stationary dynamics from
J~  R y −θ∕2J,
~˜
~˜
Eq. (3) and the boundary condition JL
 S0.
We deduce
that the SOPs are attracted towards the points  sinθ∕2,
0,  cosθ∕2 and  sinθ∕2, 0,  cosθ∕2 for the forward and backward beams, respectively. The same analysis can
be conducted for a rotation axis in the (x–y) plane. The vector
v~ along the rotation axis has the coordinates cos ϕ,
sin ϕ, 0. The components of the two points of attraction
are  sinθ∕2 sin ϕ, sinθ∕2 cos ϕ,  cosθ∕2 and
 sinθ∕2 sin ϕ,  sinθ∕2 cos ϕ,  cosθ∕2. Note that
there is no attraction for a rotation along the z direction, and
intermediate situations are found if the rotation axis has a
non-zero component along z. The investigation of the stationary dynamics is confirmed by numerical simulations of the
spatio-temporal system as shown in Fig. 6.
C. General Case

We consider in this paragraph a more general situation in
which the transformation T can be expressed as the product
of a reflection through a plane and a rotation. In order to
simplify the presentation of the different cases, we assume that
the reflection is made with respect to the (x–z) plane. We first
analyze the effect of a rotation of angle θ about the y axis
˜
orthogonal to the reflection plane. The change of variables S~ 
˜
R y θ∕2S~ and J~  R y −θ∕2J~ leads to the original system from
~˜
~˜
Eq. (3) with the boundary condition JL
In the
 D2 S0.
original variables, we deduce that the SOPs are attracted respectively for the forward and backward beams to a circle in a plane
rotated with respect to (y–z) of −θ∕2 and θ∕2 around the y axis.
This description can be generalized to the case of any rotation
around the axis v.
~ We denote by w~  −D2 v~ its symmetric with
respect to the (x–z) plane. In this situation, we come back to
the initial process by using the following change of variables:
˜
~
S~  R v~θ∕2S,

Fig. 5. Same as Fig. 1 but for a boundary condition corresponding
to a reflection with respect to the (y–z) plane. The fiber length is
L  20. The red (dark gray), green (light gray), and blue (black) dots
denote respectively the initial (ξ  0), middle ξ  L∕2), and final
~
(ξ  L) SOPs of the signal (S).

˜
~
J~  R w~ −θ∕2J:

˜
The boundary condition becomes JL
 D2 S̃0. The signal
is then attracted to a circle image of a circle in the (y–z) plane by
a rotation along v~ of angle −θ∕2. For the pump, we consider for
the same circle a rotation along w~ of angle θ∕2.
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Fig. 7. Same as Fig. 5 but for a boundary condition at ξ  L associated with the product of a reflection through the (x–z) plane and a
rotation around the vector v~ with v~  sinΦ cosϕ, cosΦ
cosϕ, sinϕ, θ  70°, ϕ  55°, Φ  30°.

As illustrated in Fig. 7, numerical simulations of the
spatiotemporal system show the efficiency of this process of
polarization attraction along a tilted circle.
5. EXPERIMENTAL DEMONSTRATION
To demonstrate experimentally the polarization attraction
occurring at the middle point of an optical fiber, we have
implemented the experimental setup depicted in Fig. 8. A
10 km long optical fiber is used as a nonlinear Kerr medium.
The fiber is a TrueWave HD fiber characterized by a chromatic
dispersion parameter D  −14.5 ps∕km∕nm, a nonlinear Kerr
coefficient γ  2.5 W −1 · km−1 , and linear losses of 0.2 dB/
km. Furthermore, in order to enable a direct monitoring of
both SOPs of the backward waves at ξ  L∕2, a 99:1 tap
coupler was spliced at the middle point of the fiber (5 km).
The fiber under test is then put in between two optical circulators, which allow us to inject and extract both signal replicas at
each side of the system. Both counter-propagating signal
replicas S and J are generated from the same erbium-based
spontaneous noise source (ASE) sliced into its spectrum
domain by means of a 100 GHz optical band-pass filter and
polarized by an in-line polarizer. The generated spectral linewidth enables us to avoid the deleterious effect induced by
stimulated Brillouin back-scattering in the fiber. Then, after
a first stage of amplification (EDFA 1 ), the polarization of
the incident signal is scrambled with a polarization scrambler
and split into two identical replicas with a 50:50 coupler. The
polarization of each replica (and the initial rotation between the
two waves) can be adjusted by means of a polarization controller before the second stage of amplification (EDFA 2 and
EDFA 3 ). Finally, a four-port optical switch associated to a commercial polarimeter unit is used to characterize the output

Fig. 8. Experimental setup. ASE, amplified spontaneous noise emission; Pol, polarizer; OBPF, optical band-pass filter; EDFA, erbiumdoped fiber amplifier; PS, polarization scrambler; PC: polarization
controller.
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SOPs at ξ  L∕2 and ξ  0, L for both counter-propagating
waves. It is important to notice that due to the different paths of
fiber pigtails in between each system inputs and outputs, the
resulting measurements of the Poincaré spheres are not absolute
but only relative to each other, i.e., there is an arbitrary
polarization rotation between the two signal replicas.
Figure 9 displays the experimental recording of the resulting
Poincaré spheres of both S and J when the two waves are injected at opposite ends of the fiber with an average power of
27 dBm. Two hundred and fifty-six randomly distributed
polarization states are used as input signals as illustrated in
Fig. 9. The initial polarization rotation between both replicas
of the signal is then adjusted with the polarization controllers so
as to maximize the efficiency of the attraction process. Indeed,
as discussed in the theoretical part in Section 4.B, the efficiency
of the attraction is strongly enhanced when there is no rotation
along the z axis. The self-polarization effect is experimentally
observed for only a limited range of input rotations. When we
observe the SOPs at the middle point of the fiber for both S and
J replicas (see Fig. 9), an aggregate appears around two pools of
attraction as predicted by the numerical simulations of Fig. 1
(here arbitrarily oriented along the z axis). These spheres
demonstrate a powerful self-organization process of the two polarized waves during their propagation as well as an efficient
attraction of their SOPs in ξ  L∕2, in good qualitative agreement with theoretical predictions. In contrast, when monitoring the output Poincaré spheres, the mutual attraction process
is no longer observable, and both waves recover their respective
random polarization distributions, as expected from the theory.
Figure 10(a) shows the efficiency of the attraction process as
a function of the fiber length (normalized by the nonlinear
length) and for a symmetric configuration of the system in
which the same power is injected at both ends of the fiber.
As discussed through Fig. 2(a), the efficiency of this phenomenon increases significantly as the effective nonlinear length LNL
increases as revealed by the reductions of the average spreading
of the SOPs on the Poincaré sphere in Fig. 10(a). For a fiber
length larger than L  15, the distance d remains almost constant, which corresponds to the lower limit of the attraction
process. Figure 10(b) shows how the system evolves when a
power imbalance is introduced between the two beams. In this
case, the power of the signal replica under study remains fixed

Fig. 9. Experimental Poincaré spheres recorded for S and J at the
input (red dots), output (blue dots), and in the middle point of
the fiber (green dots). The power of each wave is set to 27 dBm,
and the number of points is 256.
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different values of the α parameter. The corresponding results
are displayed in Fig. 11. Due to the fiber losses, we observe that
a distance d of the order of 0.4 is predicted for α 
0.2 dB∕km, in agreement with the experimental measurements
of Fig. 10.
(a)

(b)

Fig. 10. Experimental evolution of the distance d defined in Eq. (2)
as a function of the (a) fiber length L (normalized by the nonlinear
length) and of the (b) power ratio ρ. In panel (b), the state of polarization of S (resp. J) is measured at fixed power, by varying the power of
J (resp. S).

to 28 dBm, while the power of the counter-propagative beam
varies from 18–28 dBm. Note that the results for S and J are
obtained with two different runs of measurements. In qualitative agreement with the numerical simulations discussed
through Fig. 2(b), we can observe here the detrimental effect
of power imbalance on the polarization effect. Indeed, we see
that for a power imbalance higher than 40%, the polarization
attraction process vanishes completely and thus confirms the
strong sensitivity of repolarization on power imbalance.
Note that the discrepancy between the numerical simulations and the experimental results can also be ascribed to
the limited validity of the model defined in Eq. (1). Indeed,
as already discussed, the model assumes a large separation of
scales between the correlation length of birefringence fluctuations of the fiber and the nonlinear length, Lc ≪ LNL . In the
experiments we have LNL ≃ 800 m, while the correlation length
is usually estimated in the range of a hundred of meters, so that
some residual detrimental impact of birefringence fluctuations
may play a role in the experiments. Another key factor at the
origin of this discrepancy is the fiber losses. The losses are
described by a linear term in the right-hand side of Eq. (1),
characterized by a parameter α of the order of 0.2 dB/km in
the experiment. Numerical simulations were performed for

Fig. 11. Theoretical evolution of the distance d as a function of the
loss parameter α. The red dashed lines indicate the losses of the fiber
used in the experiment and the distance d measured experimentally.

6. CONCLUSION
In summary, we have provided a theoretical, numerical, and
experimental investigation of a phenomenon of self-polarization effect based on a counter-propagative cross-polarization
interaction in which an arbitrary polarized beam is simultaneously injected at both ends of a telecommunication optical
fiber. We observe a polarization attraction process occurring
in the middle point of the fiber, which can be controlled by
the boundary condition at one end of the fiber. For a perfect
symmetric configuration, both counter-propagating replicas
self-organize their SOPs around two pools of attraction corresponding to the right and left circular polarization states.
Beyond this attraction point in the middle of the fiber, both
signal replicas recover their initial polarization distributions
at their corresponding fiber outputs, so that, in a loose sense,
the attraction effect remains “hidden” within the fiber. For
more complex boundary conditions (rotation, refection
through a plane or a combination of thereof ), the SOPs of
the forward and backward beams are attracted towards a point
or an equatorial circle on the Poincaré sphere in the mid-point
of the fiber. A detailed description of this attraction process has
been given through a general analysis of the trajectories of the
stationary system and reveals that this phenomenon originates
from the bistable nature of the setup. At variance with the exponential law that characterizes polarization attraction in isotropic fibers, we have shown that in telecommunication
fibers the attraction process is characterized by an algebraic
law due to the absence of a genuine Hamiltonian singularity
in the governing equations. Numerical simulations of the spatiotemporal system have also confirmed the conjectures made
about the stability of the stationary solutions. The experimental
observations have been found in good qualitative agreement
with theoretical and numerical predictions.
From a fundamental point of view, this study can be viewed
as a new example of the behavior of counter-propagating waves
in nonlinear media of finite spatial extension [36]. Indeed,
under rather general conditions, it has been shown that the
wave systems can exhibit a process of relaxation characterized
by an evolution towards a stationary state, which can be
identified and described through the analysis of the stationary
dynamics. The stable stationary trajectories play the role of
attractors for the spatiotemporal dynamics described by the partial differential equations. The properties of these trajectories
are at the origin of the self-organization of the state of
polarization observed in this study. Note also that a mathematical description of this phenomenon of relaxation toward a stationary state was given in Ref. [39] in the limit of a linear
medium. Finally, we believe that this self-organization
phenomenon could find several applications and developments
in the field of fiber lasers, sensing or passive resonant cavities.
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