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Polarization control for fiber systems and devices
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Nulling the birefringence effect of a light signal traveling through a single-mode fiber when the fiber behaves as an elliptical retarder can be
achieved by winding the fiber as a double-helix. We present a resume of the theory and procedures developed at CICESE to demonstrate this
polarization control in fiber systems.
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1. Introduction

Due to the unwanted residual birefringence introduced dur-
ing the manufacturing process, actual circularly symmetric
optical fibers are not perfect. Therefore, they do not main-
tain the polarization state of the guided light. To reduce the
deleterious contributions of light polarization in heterodyne
or homodyne optical fiber communications systems [1] and
interferometric fiber sensors [2], instead of standard single-
mode fibers, polarization-maintaining fibers (PM) or high-
birefringence fibers (HiBi) are used. In many of these appli-
cations, the output state of polarization (SOP) must remain
stable, but PM fibers maintain polarization only when the in-
put polarization is horizontal or vertical. Otherwise, the rel-
ative phase of horizontal and vertical components varies in a
non-predictable way. Although in HiBi fibers, the coupling
between the two modes is much lower, the same limitation
is observed. Therefore, sophisticated detection techniques
are used. Moreover, since each polarization mode presents a
different propagation constant, polarization mode dispersion
(PMD) limits their operation bandwidth.

Among the strategies applied to build fiber devices such
as lasers, superluminescent light sources, interferometric
and polarimetric sensors using single-mode fibers, we can
mention the introduction of various polarization controllers
[3,4,5]. Another alternative has been assuming the fiber ex-
hibits a dominant linear birefringence [6] that can be min-
imized by applying bending or twist [7]. It was necessary
to develop a polarimetric method to characterize a straight
untwisted single-mode fiber, to understand birefringence in-
duced by mechanical deformations [8,9,10]. Since the re-
ported scientific models did not reproduce the observed ex-
perimental results, we evaluated twist-induced birefringence
[11]. We found these effects are different for standard and
erbium-doped fibers [12,13,14] and determined the methods
required to identify residual torsion [15]. These theoretical

and experimental results allowed us to analyze the possibility
of using a combination of bending and twist (helical wind-
ing) to control the output state of polarization emerging from
a fiber device [16,17].

2. Birefringence evaluation of single-mode
fibers

Long-distance communication systems are built with single-
mode fibers whose length exceeds several hundreds of kilo-
meters. Therefore, many authors assume that their unwanted
birefringence varies randomly. Using PM, HiBi, or stan-
dard fibers, since information is encoded using light pulses,
birefringence is characterized by polarization mode disper-
sion or polarization beat length. The proper method for bire-
fringence evaluation depends on the application. For fiber
lengths shorter than 100 m, single-mode fiber’s birefringence
is described using two orthogonal polarization modes whose
phase retardation can present a uniform variation [18]. Since
the characterization of the ellipticity change of a known state
of polarization of light having traveled along the fiber does
not supply enough information on the birefringence param-
eters of the sample [19], researchers have devised several
methods based on modulation [20,21,22] and polarimetric
techniques [23].

The model we proposed to describe the birefringence of
single-mode fibers assumes that absorption is negligible. Un-
der this hypothesis, the Mueller matrices describing birefrin-
gence and the Stokes vectors representing the state of light
polarization are unitary. Mueller matrice’s use simplifies un-
derstanding the fiber polarization properties because geomet-
ric transformations represent birefringence. A homogeneous
retarder model uses a rotation transformation whose axis of
rotation intersects the Poincaré sphere at their polarization
eigenmodes. The fiber behaves as a linear, circular, or ellip-
tical retarder (general case).
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FIGURE 1. An elliptical phase difference between the polarization
eigenmodes. It is equal to the geometrical sum of the linear and
circular phase differences.

whereµ is the ellipticity angle of the retarder, while the de-
lay angle between the polarization eigenmodesδE (elliptical
phase difference) is related to the linear and circular phase
difference components byδ2

E = δ2
L + δ2

c (Fig. 1).

According to these models, we can follow the evolution
of a known input SOP as it propagates through the fiber to
identify the type of retarder that describes the fiber birefrin-
gence. Although the apparent solution relies on using the cut-
off technique, to avoid fiber destruction we can apply wave-
length scanning. The method’s ability to follow the phase
retardation (δE) between the polarization eigenmodes can be
understood considering the following relation

γE =
(

2π

λ

)
∆NL, (2)

whereλ is the signal wavelength,∆N the birefringence, and
L the fiber length. We obtain a similar behavior for the phase
retardationδE when the wavelength of a probe signal with
a fixed input SOP launched in a fiber with a fixed length is
scanned. For simplicity, we selected the known input SOP

as linear and considering accuracy, it should be monochro-
matic [24].

Equation (3) shows the Stokes vector of a linear input
SOP with azimuth angleφ (the superindex t indicates trans-
pose),

Sin = (cos[2ϕ] sin[2ϕ] 0)t. (3)

The fiber must be straight and untwisted, keeping the
same axial elongation (Fig. 2). We use fiber lengths shorter
than 2 m. This limitation comes from the longitudinal span
of our optical table.

When a polarized signal is launched at the fiber input and
its output state of polarization is measured at the fiber end
[Eq. (4)], different traces of the simulated evolution are ob-
tained.

Sout = M Sin. (4)

However, the azimuth angle of the fast birefringence axis
of the retarder forms aθ angle with the measurement refer-
ence frame, to compensate for this rotation Eq. (4) is rewrit-
ten as

Ṡout = R(−θ)MR(θ)Sin, (5)

whereR is a rotation matrix represented mathematically as
Eq. (6),

R(θ) =




cos[2θ] sin[2θ] 0
− sin[2θ] cos[2θ] 0

0 0 1


 (6)

Applying Eqs. (3) and (1) in Eq. (5), we obtained the
Stokes vector shown in Eq. (7). Mapping the evolution of
the output SOP on the Poincaré sphere for different values
of the input azimuth angle (10, 20, 30, and 40 degrees), we
obtained the traces shown in Fig. 3 for an elliptical retarder,

FIGURE 2. A polarimetric set up used to measure the input and output SOPs. The isolator, polarization controller, as well as the input and
output couplers C1 and C4, remain fixed. To preserve alignment while the reference frame is created for each signal wavelength, the prism
polarizer P and the fiber input coupler (C2) are mounted on automatic translation stages. Coupler C3 is repositioned manually and applies
the same elongation to the fiber using the pulley and the weight.
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FIGURE 3. SOP evolution along a with fiber whose birefringence
corresponds to an elliptical retarder.

whereς = (1− 2 sin2[δE/2] sin2[2µ]).
Mapping on the Poincaré sphere, the output Stokes pa-

rameters measured for the same input linear polarization state
(same azimuth angle) allows identifying the type of retarder
associated with the fiber’s birefringence under evaluation. As
an example of these results, see Figs. 6 and 9 in Ref. [9].

After verifying that the fiber behaves as a homoge-
neous retarder, a linearly polarized monochromatic signal is
launched at the fiber input. Varying its azimuth angle from
0◦to 180◦, the evolution of the output SOP is measured, and
we can determine the ellipticity (µ), and azimuth (θ) angles
characterizing the polarization eigenmodes, as well as the to-
tal retardation angle (δE) modulus-π. It is essential to empha-
size that we use a single azimuth scanning experiment [10].

3. Twist-induced birefringence

In an anisotropic medium that twists about the advancing
wave’s direction, the output SOP rotates with the twist. This
behavior is associated with optically active materials; there-
fore, several authors concluded that torsion induces circular
birefringence [7,11]. However, for a fiber that behaves as an
elliptical retarder, using the wavelength scanning method, the
traces obtained after twisting, shown in Fig. 4, indicate that
the fiber no longer behaves as a homogeneous retarder [24].

To understand twist-induced birefringence, we consid-
ered that the elastic twisting of fibers in the cold condition
causes two effects: a geometrical rotation of the fiber’s bire-
fringence axes with the twist rate, and torsional stress. As-
suming the fiber is formed by thin slices with a plane and
parallel faces and using matrix calculus, we have that the to-
tal birefringence of the fiber is given by [12].

FIGURE 4. Evolution of the state of polarization of a twisted
fiber (58.5 rad/m) determined using the wavelength scanning
method. Traces were elaborated for SOP azimuth angles from 0◦to
80◦(10◦increment). Each trace was elaborated using wavelengths
between 1517 and 1569 nm.

Mgτ = R(τ)M(δE), (8)

whereτ is the total angle of twist andM(δE) is the original
fiber birefringence.

Working within the elastic limit, for standard fibers, the
output SOP of the signal presents a variation of the Stokes
parameters similar to that shown in Fig. 5a). We can see that
the Stokes parameter S3 oscillates, keeping a constant ampli-
tude, around a fixed horizontal line. We have shown that in
this case, the birefringence matrix is [13]

M(τ, δE(τ),θ, µ) = R(−θ)

× (R[bτ + β]M τ [δE{τ}, µ])R(θ), (9)

whereR(θ) andR(−θ) describe the orientation of the fiber
birefringence matrix with respect to the reference system of
the laboratory,R(bτ) corresponds to the geometric rotation
R(τ) of Eq. 8,β is a fixed rotation angle used to match the
theoretical reference frame with that of the polarization an-
alyzer. Hereb is a constant for each fiber sample (not de-
pending on the wavelength) whose value is close to 1. The
ellipticity angleµ was constant for this standard fiber. After
analyzing several options, we proposed that phase retardation
δE varies linearly with the applied twist

δE(τ) = δE(0) + cτ, (10)
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FIGURE 5. Output Stokes parameters measured for a) a stan-
dard fiber (SMF28) varying the twist angle from 0 to 25 rad (0◦to
1432◦). S3 oscillates around a horizontal line keeping a fixed am-
plitude, b) an erbium-doped fiber (INO 402K5) varying the twist
angle from 0◦to 1400◦. S3 oscillates with a non-fixed amplitude
around an inclined line.

wherec is a constant for each fiber sample, not depending on
the wavelength. The numerical simulation allows the deter-
mination of its value from experimental data.

Twisting an erbium-doped fiber, the results obtained for
the output Stokes parameters present a different behavior. In
this case, parameter S3 oscillates around an inclined line, and
its oscillation amplitude is not constant. To understand the re-
lations between the parameters describing the twisted fiber’s
birefringence, we used the differential description of bire-
fringence matrices developed by R. C. Jones [25]. We ob-
tained a more robust modification of polarization properties
in erbium-doped fibers (EDFs) than in undoped single-mode
fibers. Its description requires a model that, in addition to a
linear component at 0◦, includes a linear birefringence com-
ponent at 45◦(Jones birefringence) and a circular component.
All these birefringence components are twist dependent.

We should mention that for erbium-doped fibers behaving
as homogeneous retarders, ellipticity and azimuth birefrin-
gence components present spectral behaviors that resemble
the EDFs fluorescence emission curve [9]. Since Kramers-
Krönig relations tie the frequency response of the material’s
absorption coefficient to its refractive index chromatic dis-
persion, we hypothesize this behavior might be linked to ab-
sorption. Further work must verify if it presents the same

performance for different gain media (Ho, Tm, Yb).
We found that most fibers exhibit a different response to

right- and left-handed twists. This behavior, explained for
standard fibers [15], was also observed for EDFs. We should
mention that a procedure for the identification of residual tor-
sion using a null polarimeter and the Jones formalism has
been reported in Sec. 2.2.2 of Ref. [26]. Regarding the wave-
length scanning technique, it was reported for a Corning EDF
(Fig. 4c, Ref. [9]), and also corresponds to the SOP evolution
traces shown in Fig. 4 for a twisted fiber.

4. Polarization control using helices

Using single-mode fibers in the construction of some fiber
systems, residual birefringence has led the designers to use
polarization controllers (PC) to adjust the light signal’s state
of polarization. However, PCs are built with three non-
regular fiber windings. Thus its output polarization cannot
be predicted. To optimize polarization control, two or more
PCs are used and adjusted by trial and error. In what follows,
we describe a more precise alternative to control the polar-
ization performance of fiber systems and devices based on
the use of helically wound fibers.

The polarization properties of a helical coil include a ge-
ometrical contribution due to the out-of-plane trajectory de-
scribed by the light beam traveling along with the fiber and
bend- and twist-induced birefringence. About the topological
contribution introduced by the helical trajectory followed by
light along with the fiber, if the photoelastic contribution is
neglected, it is described as [27]

MH = R(Ω)M , (11)

where,Ω = n2π(1+sin ξ); heren is the number of full turns
around the helix axis, andξ is the helix pitch angle. We can
see that equal and opposite rotations are canceled out. Hence
the topological rotation of a double helix with equal but op-
posite gyrations is null.

On the one hand, since the birefringence resulting from
bending is linear [28], for an optical fiber behaving as an
elliptical retarder, we can see from Fig. 1 that by adding a
linear birefringence component, the new elliptic retarder will
exhibit higher linear retardation. On the other hand, regard-
ing torsion, the twist-induced birefringence of an elliptical re-
tarder is described with Eq. (9). Furthermore, when helically
induced birefringence is the dominant effect, the curvature’s
normal vector defines the fiber’s fast birefringence axis ori-
entation [29]. Therefore, aligning the helices with the fiber
system is easy.

We showed that for two identical helical windings with
opposite handedness, built with standard optical fiber, the
birefringence can be canceled out [17]. Therefore, a double
helix can control the polarization of the light beam traveling
along with the fiber system. If required, this polarization con-
trol can be accomplished at each system’s components and
the sensing or gain fiber. The experimental methodology used
to build these double helices has been reported in Ref. [17].
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Based on our ability to control the effect of fiber birefrin-
gence on the output state of polarization, we currently study
the physical phenomena involved in the fluorescent emis-
sion of superluminescent fiber sources and the polarization-
dependent gain in erbium-doped fiber amplifiers.

5. Conclusion

In this work, we present a method allowing the control of the
polarization performance of fiber systems. Since the control
is based on the use of two helical windings, to demonstrate
its ability for this purpose, it was necessary to obtain the bire-
fringence matrix of a helical coil.

A helical coil presents two mechanical deformations
(bending and twist) and a topological contribution. We men-
tioned previous results showing that for helices with opposite
winding, the topological and the photoelastic contributions
can be canceled out. We cited the birefringence’s mathe-
matical description induced by a helical coil, which we de-
duced from the results reported for bend- and twist-induced
birefringence. We developed the matrix description of twist-
induced birefringence. To apply the matrix model developed
for twist-induced birefringence, we must verify the birefrin-
gence of the fibers that will be used corresponds to that of an
elliptical retarder. Therefore we presented the methods we
developed to perform this characterization.
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