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A simple theoretical formalism is developed to describe the effect of transmission on linearly polarized
light through a fiber with random fluctuations of birefringence. We conclude that, for any optical fiber
that does not experience polarization-dependent gain or loss, there exist two orientations for linearly
polarized light input into the optical fiber that will also exit the fiber linearly polarized. We report
experimental results that verify this prediction and also investigate its practical implications and limi-
tations; in particular we investigate the stability of these linearly polarized output states in laboratory
conditions. © 1999 Optical Society of America
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1. Introduction

When one works with fiber-optic systems in the lab-
oratory, it is often desirable to couple linearly polar-
ized light into a fiber and to obtain linearly polarized
light at the output as well. One way to accomplish
this is to use polarization-maintaining fibers. The
high birefringence of these fibers allows for linearly
polarized light launched along the proper axis to
travel long distances without change of polarization
state. In ordinary single-mode fiber, however, the
polarization state evolves rapidly as the light propa-
gates. The output polarization will appear uncorre-
lated to the input polarization after only a few meters
of propagation. However, it can be shown that un-
perturbed single-mode fiber can perform the same
function as polarization-maintaining fiber in certain
situations. In this paper we predict theoretically
and demonstrate experimentally that, for any ordi-
nary single-mode optical fiber, two orientations of
linearly polarized quasi-monochromatic input light
will also exit the fiber linearly polarized. When the
ordinary single-mode fiber is not perturbed by exter-
nal stresses or temperature changes, these states are
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reasonably stable for hours—especially for shorter
fiber lengths ~100 m or less!.

Earlier researchers1–4 have also observed linearly
polarized input and output of light through a fiber.
In Refs. 1 and 2 it is noted that linear light input into
a fiber can be output linearly polarized as well, but no
theoretical explanation is provided. In Refs. 3 and 4
the observations of linearly polarized input and out-
put of light through a fiber were explained with a
model that treats the birefringence of the optical fiber
as constant in magnitude and orientation throughout
the length of the fiber. This assumption is not, in
general, correct. Much of the research into the prop-
agation of polarized light in optical fiber has been in
the context of polarization-mode dispersion,5,6 a sub-
ject that is not addressed in this paper.

Here the birefringence fluctuations along a fiber
are treated as a concatenation of wave plates with
each wave plate possessing an arbitrary birefrin-
gence. The simple Jones matrix formalism used to
analyze such a concatenation provides a framework
for understanding many polarization phenomena ob-
served in optical fiber, including polarization-mode
dispersion5 and four-wave mixing in single-mode fi-
ber.7 The formalism can be used to show that the
operation of randomly fluctuating birefringences in
an optical fiber is the same as the operation of only
one constant birefringence for the whole fiber, as was
assumed in Refs. 3 and 4. The formalism provides a
simple way of mathematically determining the par-
ticular orientation of linearly polarized input light
that will also exit a fiber linearly polarized. It
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clearly indicates that only two such orientations can
exist, that they are orthogonal, and that in general
they are not eigenpolarizations. In fact, this formal-
ism shows that the polarization state of eigenpolar-
ized light can evolve as it propagates through the
fiber. Finally, the framework offers a way of under-
standing the effects of polarization-dependent gain or
loss in an optical fiber. Experiments verifying these
predictions and demonstrating their usefulness in a
laboratory setting are performed and the results
given in Sections 3 and 4.

2. Theory

At any point along a single-mode fiber the local bire-
fringence is typically of the order of 1027 , ~n1 2
n2!y=n1n2 , 1025.8 Even such a small birefrin-
gence can lead to large changes in the polarization
state of light over 1 m. In real fibers the magnitude
of the birefringence is never constant throughout a
length of fiber. Instead, it fluctuates according to
whatever local stresses, internal or external, exist in
the fiber. To complicate matters further, the orien-
tation of the index ellipsoid rotates unpredictably
from one point to the next in fiber and is sensitive to
movement of the fiber or to changes in temperature.
The birefringence in an optical fiber is also a function
of wavelength, but this wavelength dependence is not
accounted for in the analysis given. Consequently,
the results from the analysis presented in this paper
are valid only in situations in which this wavelength
dependence can be neglected. This condition is often
well satisfied in laboratory settings where the band-
widths of the optical sources are typically 1 nm or less
and the lengths of fiber are less than a few kilome-
ters.

As mentioned above, a length of single-mode opti-
cal fiber is modeled here as a concatenation of differ-
ential elements, each element a wave plate
possessing a birefringence of arbitrary orientation
and magnitude. After passing through one element,
the light passes into a second element, and so on,
until it reaches the end of the fiber. In a Jones ma-
trix representation9 this process can be described a
series of phase-shift and rotation matrices10,11:

A phase shift of d is described by the matrix

C~d! 5 Fexp~idy2! 0
0 exp~2idy2!G . (1)

In the model the phase shift is given by d 5 2pL~n1 2
n2!yl, where L is the length of the differential ele-
ment and n1 and n2 are the indices of refraction along
the fast and slow axes, respectively. A rotation of
the index ellipsoid by an angle u is represented by the
matrix

R~u! 5 Fcos u 2sin u
sin u cos u G . (2)
The polarization properties of a length of fiber, then,
can be represented as a product of many unknown
phase-shift matrices and rotation matrices:

M 5 C~d!R~u!C~e!R~f!. . . . (3)

The product of a phase-shift matrix and a rotation
matrix can produce any arbitrary unitary matrix.
Consequently, the form of M is also the most general
form of a unitary matrix:

M 5 F a b
2b* a*G , (4)

where ua2u 1 ub2u 5 1. The unitary nature of the
matrix M allows for it to be decomposed into only one
ppropriate phase-shift matrix C multiplied by one
otation matrix R. Interestingly, this suggests that
ny fiber’s net effect on the polarization state of light
s identical to the effect of one particular wave plate
ith a constant phase shift and orientation of its
xes.
A proof for the form of M can be given quickly11

with the Pauli matrix

S 5 F 0 1
21 0G .

Now S has the following properties:

S2 5 2I,

where I is the identity matrix,

SR~u!S 5 2R~u!, (5)

SCS 5 2C# ,

where the elements of C# are the complex conjugates
of the elements of C. If a general matrix form for M
is assumed, then

M 5 Fa b
c dG ,

where the elements are all complex. Performing the
matrix multiplication gives

SMS 5 2 F d 2c
2b a G . (6)

From Eq. ~3! it is also true that

SMS 5 SC~d!R~u!C~e!R~f!. . .C~g!R~c!S

5 2SC~d!S2R~u!S2. . .S2C~g!S2R~c!S

5 2C# ~d!R~u!C# ~e!R~f!. . .C# ~g!R~c!

5 2C# ~d!R# ~u!C# ~e!R# ~f!. . .C# ~g!R# ~c!

5 2M# 5 2 Fa* b*
c* d*G . (7)

When we take the results from Eqs. ~6! and ~7!, it is
lear that d 5 a* and c 5 2b* and that the form of M

given in Eq. ~4! has been proved.
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Light in a fiber has electric-field components along
two orthogonal transverse axes. These axes are cho-
sen arbitrarily and denoted here as x and y. In the
Jones matrix representation these complex compo-
nents are represented as a vector jin 5 ~Ex, Ey!. The
output fields are represented by jout 5 ~E9x, E9y!. The
ransformation of light as it propagates through the
ength of the fiber is thus given by

jout 5 M z jin. (8)

To obtain linearly polarized output from the fiber,
the ratio E9xyE9y must be real, though both compo-

ents are in general complex. In other words, the
nput electric-field components Ex and Ey must sat-
sfy the condition

ImSE9x
E9y
D 5 0 5

aEx 1 bEy

2b*Ex 1 a*Ey
2 c.c., (9)

here c.c. is the complex conjugate.
The ratio of the input electric-field components

xyEy is also real, because the input light is linearly
polarized. Rewriting Eq. ~9! in terms of the ratio r 5
ExyEy and rationalizing gives

r2 2
Im~a2 2 b2!

Im~ab!
r 2 1 5 0. (10)

he two solutions for r given by Eq. ~10! correspond to
rientations of linearly polarized input light that will
lso exit the fiber linearly polarized. By using these
olutions for r to construct the vectors jin1 and jin2

and then taking the dot product, we can show that
the two solutions, and thus their corresponding input
orientations, are orthogonal. Finally, solving Eq. ~8!
for jout1 and jout2, we can show that the output ori-
entations are also orthogonal. It should be noted
that the polarization states of these solutions are not
maintained as they propagate; instead, they evolve
continuously. The evolution of these particular ori-
entations, however, is precisely such that the light
exits the fiber linearly polarized. It is also impor-
tant to note that neither jin1 nor jin2 is an eigenvalue.
Although both the input and the output are linearly
polarized, the angular orientation is not necessarily
the same.

A less idealized model for a length of optical fiber
would have to include effects such as gain or loss.
For long fibers, loss may be significant. Gain and
loss can be incorporated into the description given
above by simple inclusion of an appropriate Jones
matrix for a polarization-dependent gain or loss,

G~c, d! 5 Fc 0
0 dG , (11)

where c and d are real.
The gain or loss need not be oriented along the

same direction as the birefringence, but an extra ro-
890 APPLIED OPTICS y Vol. 38, No. 18 y 20 June 1999
tation matrix in each differential element would com-
pensate for this. Thus

M 5 C~d!R~u!G~c, d!R~f!C~e!R~c!G~e, f !R~z!. . . .

(12)

By applying G to the framework developed above, we
can show that if c 5 d then the effect of such a loss or
gain is simply to multiply M by a constant value. In
this case the discussion above is unaffected. How-
ever, if the elements of G are not identical, c Þ d, in
each differential element, the proof given above no
longer holds. Stated another way, if a fiber has
polarization-dependent gain or loss, M will not have
the same form as in Eq. ~4!, and the treatment given
above will no longer apply.

3. Experiment

Birefringences in a fiber, and thus the matrix M for
that fiber, are highly sensitive to movement and to
other environmental perturbations. It is important,
therefore, to verify that the theory’s predictions can
be demonstrated experimentally and to investigate
the conditions in which the theory applies.

Figure 1 shows the basic setup. A tunable diode
laser is used to produce 4 mW of light with a wave-
length of 1550 nm and a 150-kHz linewidth. The
light propagates down a fiber and is coupled to free
space with a graded-index ~GRIN! lens where it
passes through a sequence of three wave plates ~ly2,
ly4, ly2!. These three wave plates operate on the
light from the tunable diode laser to ensure that the
light is roughly circularly polarized when incident on
the polarizer so that roughly equal power is trans-
mitted through the polarizer as it is rotated. An-
other GRIN lens couples the light that passes
through the polarizer into the test fiber.

In the first set of experiments the light transmitted
by the first polarizer is launched into the test fiber

Fig. 1. Experimental setup for measuring polarization of a test
fiber. The extinction ratio results were obtained with the second
polarizer and the power meter. The results shown in Figs. 2–4
were obtained with the polarization analyzer after the test fiber.
P.C., polarization controller.
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and propagates until it reaches a second polarizer.
The light that passes through the second polarizer is
then input into an optical power meter. The two
polarizers are adjusted to achieve maximum extinc-
tion as measured by the power meter. Experimen-
tally, two orientations of the first polarizer were
found, which allowed for maximum extinction.
Thus the experiment demonstrates that two orienta-
tions of linearly polarized input light gave linearly
polarized light at the output of the test fiber. This
was true for both the short, 8-m, and the long, 35-km,
lengths of fiber that were tested. For both lengths it
was also observed that the orientations of the two
linearly polarized inputs were orthogonal to within a
measurement error of 60.5°. The linearly polarized
output, to within the same error, was also orthogonal.
All of this is as predicted by the proof developed
above. The extinction ratio for the short test fiber
was .45 dB, whereas for the 35-km sample it had
fallen to 35 dB. In all cases the ratio is large enough
to accurately determine the location of the extinction
maxima. The decrease in the extinction ratio is
most probably due to scattering phenomena that de-
polarize the propagating light.

As a measure of the wavelength dependence of this
result, amplified spontaneous emission light from an
erbium-doped fiber amplifier ~EDFA! was used as the
source. The amplified spontaneous emission light is
very broadband, possessing a 3-dB bandwidth of ap-
proximately 5 nm centered at 1532 nm. Even with
such broadband light, a .15-dB extinction ratio was
obtained after propagation through an approximately
1.5-km optical fiber.

Another set of experiments was performed with a
polarization analyzer. For the 8-m and the 35-km
test fibers mentioned above, a series of measure-
ments were made in which the input polarizer was
rotated, and the resulting polarization states were
tracked on the Poincaré sphere. As can be seen in
Fig. 2, rotating the polarizer through 180° causes

Fig. 2. Polarization state paths ~thicker curves! traced at the
utput of the fiber as the polarizer at the input is rotated through
80°. ~a! 8-m test fiber. ~b! 35-km test fiber.
great-circle paths to be traced out on the Poincaré
phere. The paths intersect the equator twice, and
n opposite sides of the sphere. Because the equator
f a Poincaré sphere represents linear polarization ~s3

5 0!, these paths indicate that two orientations of the
input polarizer will result in linearly polarized light
output from the fiber. The fact that the intersec-
tions with the equator occur on opposite sides of the
sphere demonstrates that the two linearly polarized
output states are orthogonal, as predicted by the the-
ory. The different paths traced around the Poincaré
sphere shown in Fig. 2 for the same fiber are the
result of simple rearrangement of the way the fiber
lay on the experimental table. This is simply a man-
ifestation of the fact that the polarization properties
of fiber are sensitive to changes in external stresses.

For single-mode fiber to be useful in transmitting
linearly polarized light from one place to another, the
polarization state of the output light should be rela-
tively stable under laboratory conditions. The po-
larization state of light output from a fiber was
tracked over time by a polarization analyzer. As
seen in Fig. 2, the polarization state of the output
light is represented as a point on the Poincaré sphere.
Figure 3 shows the wandering of that point with time.
In Fig. 3~a!, the 8-m case, the fiber was coiled and lay
on an optical table. The data shown were obtained
over the course of 32 h. The relatively small excur-
sions show that the polarization state was fairly sta-

Fig. 3. Smear of points on the Poincaré sphere represent the
evolution of the output polarization from an 8-m length of optical
fiber during 32 h under typical laboratory conditions. ~b! Same
experiment showing the evolution of the output state of polariza-
tion of a 35-km length of fiber over only 4 h. Both experiments are
intended to give some practical indication of the stability of the
output polarization of a single-mode fiber when the input polar-
ization is held constant.

Fig. 4. ~a! Polarization path traced by output light after experi-
ence of a small polarization-dependent gain in an EDFA. ~b! Path
traced by output light experiencing polarization-dependent loss.
20 June 1999 y Vol. 38, No. 18 y APPLIED OPTICS 3891
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ble over that entire time. Figure 3~b! was obtained
ver a period of 4 h with a 35-km length of fiber
rapped around a spool in the same laboratory set-

ing. Not surprisingly, the length of the fiber seems
o have an effect on the stability of the polarization
tate over time.

4. Effects of Loss and Gain

Two more experiments were performed to test the
effect of polarization-dependent loss and gain on the
polarization properties of a fiber. In the first exper-
iment an EDFA was used as a source of polarization-
dependent gain. The amplifier’s specifications
suggest a polarization-dependent gain of ,0.3 dB,
which is consistent with the very small ~difficult to
measure! ;0.1 dB of polarization-dependent gain ob-
served in the laboratory for a small-signal gain of
;27 dB. Although the EDFA gives an almost
polarization-independent amplification of signals, it
seems plausible that the winding of the doped fiber
and the polarization of the pump lasers would con-
tribute to polarization-dependent gain within indi-
vidual elements along the fiber. This would result
in local differential element gain matrices, G~c, d!,
which have c Þ d. Although the total output power
might be almost polarization independent, the form
of M would be different from Eq. ~4!. This polariza-
tion gain dependence results in the deviation from a
great circle that is observed in Fig. 3~a!.

Another experiment was conducted to investigate
the effect of polarization-dependent loss. In the test
fiber portion of the experiment the light was coupled
to free space, again with a GRIN lens. From there it
passed through a birefringent calcite crystal that acts
as a polarizing beam splitter. When we controlled
the angle of a glass plate behind the crystal, the
amount of light from each polarization that was cou-
pled through a GRIN lens and back into the test fiber
could be controlled. Depending on the angle of the
glass plate, one polarization or the other could be
coupled preferentially back into the test fiber. This
device acts as a polarization-dependent loss. When
such a polarization-dependent loss is created, the
path on the Poincaré sphere that results from rota-
tion of the input polarizer is not a great circle, as is
evident in Fig. 3~b!.

5. Conclusion

Using the Jones matrix formalism, we have proved
that two orthogonal orientations of linearly polarized
light can be launched into any single-mode fiber such
that linearly polarized light is output from the fiber.
Experiments were performed that verified these pre-
dictions. They also revealed, in accordance with the
model, that these same predictions cannot be ex-
892 APPLIED OPTICS y Vol. 38, No. 18 y 20 June 1999
tended to the case of fiber with polarization-
dependent gain or loss.

Knowing that ordinary single-mode fiber can trans-
mit linearly polarized light may have some practical
applications in laboratory settings. As with
polarization-maintaining fiber, the proper axes for
input and output must be found before this property
can be used. Unlike with polarization-maintaining
fiber, when we obtain linearly polarized input and
output light with ordinary single-mode fiber, precau-
tions must be taken against perturbing the fiber once
these axes have been found. Although the particu-
lar orientation of linearly polarized input and output
light for an unperturbed length of fiber may drift on
a time scale of minutes or hours, it seems plausible
that a simple feedback algorithm could be developed
for maintaining the proper axes indefinitely.
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tial instrumentation.
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