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Polarization Mode Dispersion

in Birefringent Optical Fibers
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The paper discusses influence of polarization mode dispersion on per-
formance of polarimetric systems with highly birefringent fibers. It appeared
that polarization mode dispersion strongly influences a degree of polariza-
tion that depends on coherence of the light source used and simultaneously
diminishes dynamics of the output signal.
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1. Introduction

Polarization effects in optical fibers were recognized many years ago and have
been used in developing polarimetric sensors utilizing highly birefringent (HB)
polarization-maintaining (PM) fibers [1]. However, in telecommunication they have
initially played a minor role in the development of lightwave systems as long as
single channel bit-rates were below 2.5 Gbit/s. Due to enormous increase in optical
path lengths and also increase in bit rates in digital systems beyond 10 Gbit/s; it
appeared that a new obstacle, known as polarization mode dispersion (PMD), is
regarded as a major limitation in optical transmission systems in general and an
ultimate limitation for ultra-high speed single channel systems based on standard
single mode fibers.

The degree of polarization (DOP) of the light propagating in an HB optical
fiber diminishes along the propagating distance. This effect is of particular interest
since commonly used quasi-monochromatic semiconductor laser sources are not
perfectly coherent. It has been shown [2, 3] that the DOP measurement can be
used to determine the coherence characteristics of laser diodes. This issue is of
great interest not only in telecommunication applications but also in polarimetric
sensors with HB fibers.
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The paper discusses the importance of PMD in HB fibers in comparison
to single-mode telecom fibers and also addresses the problem of DOP fading in
polarimetric fiber optic systems with HB fibers. Some recent experimental results
of the measurements of different polarization characteristics for HB fibers with
intrinsic but also with dynamically controlled birefringence are also presented.

2. Origin of polarization mode dispersion in optical fibers

Polarization mode dispersion originates from the internal birefringence due
to either asymmetry of the fiber optic cross section or anisotropic stresses acting
on the core of the fiber. Asymmetry is caused by the fact that the fiber core 1s
slightly not round or elliptical. When the core of the fiber is asymmetrical, the light
polarized along a birefringence axis moves slower than the light polarized along
the orthogonal axis. In real single-mode fibers, which possess nonzero internal
birefringence, both orthogonally polarized modes have randomly different phase
velocities, causing fluctuations of the polarization state of the light guided in the
fiber. This effect can spread the pulse enough to make it overlap with other pulses
or change its own shape enough to make it undetectable at the receiver.

Since optical fibers allow very large propagation distances even very small
birefringence effects can cumulate along fiber and their random distribution over
the large lengths causes polarization properties of guided light generally difficult
to determine. It concerns both the state and the degree of polarization, and con-
sequently PMD is a stochastic process.

Polarization mode dispersion, usually expressed by differential group delay
(DGD) over the length of the fiber Ar/L and modal birefringence AJ are the
most important parameters characterizing birefringent fibers. Both parameters
are interrelated according to the following formula:

% — d(iﬁ) — % (Aneff‘i‘wdAdZeff) ’ (1)
where Ar/L is usually expressed in units of picoseconds per kilometer of fiber
length, Aneg is the differential effective index of refraction for the slow and fast
polarization modes, and w = 2me/ A is the angular frequency of light.

For the HB bow-tie fibers in which birefringence is caused by stress applying
parts introduced in cladding close to the core region of the fiber, An.g i1s nearly
wavelength independent and the chromatic dispersion of the modal birefringence
is negligible. Hence for this type of fibers measurements of birefringence and PMD
are equivalent

AT 1 A
— = —Aneg = —, 2
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where Lp is beat length expressed as

Ly = 277/|6y - 6x| (3)
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and responsible for phase difference changes along the HB fiber. The spatial period
Lp of these changes reflects the modulation in the polarization states along the
fiber [1]. Linearly polarized light coupled into the HB fiber with plane of polariza-
tion directed at the angle of 45 degrees between both axes of birefringence becomes
elliptical polarized and next circular, elliptical, linearly orthogonal, elliptical, cir-
cular, elliptical and finally the same linearly polarized and oriented as introduced
into fiber. Typical values of PMD for HB fibers are close to 1000 ps/km, that
is four orders of magnitude higher in comparison to 0.1 ps/km (typical values of
PMD for telecommunication fibers).

In optical fiber systems influence of PMD on the system performance can
be estimated by detecting changes in degree of polarization (DOP) of the light
passing through the fiber. In general, PMD diminishes DOP of light that depends
on coherence of the light source. Figure 1 presents schematically influence of PMD
in both: telecom and HB fibers.

Birefringence varies randomly

High Birefringence

At ~ 1000 ps/km

Y

Fig. 1. Schematic representation of DOP degradation by PMD; upper: single-mode
(SM) telecom fibers with low PMD, lower: HB fibers with high PMD.

According to Born and Wolf [4] the light in which the wavelength range AX
1s small compared to the mean wavelength

ANAK]T or Aw/w 1 (4)

is called the quasi monochromatic light. To describe and analyze polarization
phenomena in such a case the Stokes vector and the Mueller matrix formalism are
necessary.

In the Mueller-Stokes formalism, the Stokes parameters have a simple phys-
ical interpretation and are related to intensity measurements. It is thus useful to
gather these parameters in a four-component array, the Stokes vector (S):
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SO Ixx + Iyy
S Ipw — 1,
s=| |- wo |, (5)
SZ Ixy + Iyx
Ss i(Iye — Ioy)

where Sy, S1, S, Sz are the Stokes vector parameters, Io(So) = Ir + Iu
(Ip signifies polarized, and I, unpolarized light, respectively) is the total light
intensity, loy = (EoBy), Loy = (EoE}), Ly = (EyEy), Lye = (EyE}), and Eis
the electric field vector.

The DOP can be straightforwardly defined by the Stokes parameters as:

pop= 1P _ VSI+5+55

i 5, (6)

3. Polarization mode dispersion and nonlinearity

Apart from linear (intrinsic or induced) birefringence optical fibers are also
characterized by nonlinear effects associated with nonlinear birefringence that can
also influence polarization mode dispersion [1, 5].

Nonlinear or self-induced birefringence relies on the nonlinear coupling be-
tween the orthogonally polarized components of an optical wave that changes the
refractive index by different amounts of An, and An, due to nonlinear contribu-

tions
9 2 2
Anx =N |Ex| + §|Ey| s (7)
9 2 2
Ay = ||, + 210 0
where ns is the nonlinear-index coefficient given by the formula
= 3 Re(x® 9
n2 = sn e(Xxxxx) (9)

and defined by one component of the 4-rank nonlinear susceptibility tensor com-
ponent X§<3x)xx~ In the case of silica fibers, where the dominant nonlinear con-
tribution is of electronic origin, the nonlinear-index coefficient has a value of
3.2 x 10722 m?/W.
As the wave propagates along the fiber, it acquires an intensity-dependent
nonlinear phase given by
27

2 2
o0l = TFLAnx = Sl [|Ex|2 + §|Ey|2] : (10)

2 2 2
¢21 = TTFLAny = Tﬂ-an |:|Ey|2 + §|Ex|2:| . (11)
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The first term in the brackets is responsible for self-phase modulation (SPM), while
the second term results from the phase modulation of one polarization (wave) by
the co-propagating orthogonal polarization (wave) and is responsible for so-called
cross-phase modulation (XPM). The XPM-induced nonlinear coupling between
the field components £, and E), creates nonlinear birefringence that changes the
state of polarization (SOP) if the input light is elliptically polarized. The nonlin-
ear coupling between the two orthogonally polarized components of the optical
wave 1is referred as nonlinear or self-induced birefringence and has many device
applications.

By choosing an appropriate pulse power and shape, the effects of chromatic
dispersion and SPM can be balanced and this is an optical soliton. Optical solitons
are not only robust to chromatic dispersion but also to disturbing effect of PMD.
The two orthogonal polarization states that are differentially delayed as an effect of
PMD, induce a nonlinear phase shift by the cross-phase modulation that mutually
shifts one another’s frequencies in opposite directions. Through the chromatic
dispersion, the two polarization states will have different speeds that counteract
the PMD. This phenomenon is called soliton-trapping and works optimally in HB
polarization-maintaining fibers [5].

4. Experimental results

We have constructed the polarization analyzing system PAS-1 described else-
where [6] to measure the state and the degree of polarization of the output light.
The semi-automated polarization analyzing system can measure four light intensi-
ties, for four different arrangements of the analyzer and the quarter wave plate and
then automatically calculates four Stokes vector components along with intensity
of the output light as well as its DOP parameter.

polarizer .
lens rotation

unit

laser —

PC

HBPM

Fig. 2. Experimental setup to investigate polarization effects in the birefringent sys-

tems.

Figure 2 shows the experimental set-up for polarimetric measurements of the
birefringence optical fibers. The linearly polarized light is launched into the bow-tie
HB 600 fiber and then is analyzed by the PAS-1 polarimeter. The polarimeter was
also connected to a computer, which calculated the DOP parameter. Toshiba laser
diode (TOLD-9321) operating at 670 nm wavelength was used as a light source
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Fig. 3. Polarization phenomena in birefringent systems with different HB fibers.
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Fig. 4. Output signal as a function of the output polarization for different configura-
tions of the LCF (1335-1; 5 cm long) and the rotated HB fiber (50 cm long), and for

different directions of the input polarization.

and different types of HB fibers have been examined. These included standard
silica bow-tie HB fibers but also liquid-crystal fibers (LCFs) with elliptical core in
which birefringence changes can be dynamically induced and controlled. There was
a possibility to couple separated sections of different birefringent fibers and also to
rotate one of the birefringent fibers along its longitudinal axis as it 1s schematically
presented in Fig. 3. Figure 4 presents results of polarization measurements in which
an elliptical-core (4 x 18 pm) anisotropic LCF of the length ca. 5 cm was connected
to the HB bow-tie fiber (about 50 cm long) and both fibers were placed between
crossed polarizers whereas their polarization characteristics were investigated. The
LCF characterized by homogeneous transverse orientation of LC molecules has a
property of single-polarization multimode propagation. The whole manufacturing
process of the LCF was described elsewhere [7] and the photograph of the whole
PAS-1 system is shown in Fig. 5.



Polarization Mode Dispersion in Birefringent Optical Fibers 217

Fig. 5.

effects in birefringent fibers.

Measurement apparatus PAS-1 to investigate polarization and depolarization

The issue of DOP fading of the light passing through the HB fibers as well as
influence of coherence of a light source is of the highest importance in polarimetric
fiber optic sensors.

When a HB-600 single-mode bow-tie fiber coupled to the TOLD-9321 Toshiba
laser diode (670 nm) was used, interesting effects have been observed. First, DOP
of the light coming out of the fiber significantly decreased with the fiber length.
As it can be seen in Figs. 6 and 7 a minimal value of DOP is close to 0.6 (0.3 m
long fiber) while it is close to 0.2 for a much longer fiber (100 m).
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Fig. 6.
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coupled to a laser diode (670 nm, TOLD-9321 Toshiba).
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Stokes parameters and DOP at the output of a 100 m HB-600 bow-tie fiber
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coupled to a laser diode (670 nm, TOLD-9321 Toshiba).
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Stokes parameters and DOP at the output of a 0.3 m HB-600 bow-tie fiber
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Fig. 8. DOP (input polarization directed at 45° in respect to birefringence axes) as a

function of the fiber length for a HB-600 fiber coupled to TOLD-9321 Toshiba LD.

Figure 8 shows a minimal value of DOP as a function of the fiber length.
For a smaller fiber length the DOP of the light has increased. We have roughly
estimated a decay of DOP along the fiber introducing a coefficient that defines the
slope of linear regression:

XDOP = 7AZDLOP = —0.15, (12)
where Ppop is the value of DOP and L is the length of HB fiber.

Otherwise, when a HB-600 single-mode bow-tie fiber was coupled to He—Ne
laser, the DOP of the light was constant for a measured fiber length. Moreover,
long coherence length causes that the propagating light does not loose polarization

properties, and the polarimetric sensors have a large signal dynamics. For a short

TABLE

Comparison of polarization properties of single-mode low-birefringence (LB) telecom
fibers and polarization-maintaining (PM) HB fibers.

Telecom LB fibers PM HB fibers
Beat length Ls ~ 10 m, random Ls ~ 1 mm, well-defined
birefringence axes birefringence axes
Coherence of the light not so important very important
source
First-order PMD ~ 0.1 ps/(km)'/? ~ 1000 ps/km
(1 ps/m)
PMD impact Limits bit rate Limits dynamics
(lowers DOP)
PMD compensation Dynamic (feedback) Static
control of birefringence & axes: (e.g. 90° splice)
HB, LC fibers
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coherence length source (i.e. laser diode), the propagating light looses properties
of polarization. This phenomenon introduces a regime to a fiber length for the
polarimetric sensors.

Then, the fall of the DOP parameter was particularly significant for angles
close to 45°1+90° in respect to birefringence axes of the HB fiber. These both effects
can be attributed to a limited value of the coherence length that characterize the
laser diode used in the measurement and also linked to PMD of the fiber as it was
suggested elsewhere [8].

At the end, we present the Table that comparatively summarizes polarization
properties of standard single-mode low-birefringence telecom fibers with highly
birefringent polarization-maintaining fibers.

5. Conclusions

To conclude, we have discussed the phenomenon of polarization mode dis-
persion in optical fibers characterized by intrinsic birefringence, both linear and
nonlinear measured selected polarization parameters of birefringence optical fibers
in comparison to standard telecom single-mode fibers. It appeared that birefrin-
gence systems composed of elliptical-core LCFs and “solid-core” HB fibers exhibit
good polarization-maintaining properties that significantly dependent of the co-
herence length of the light source used. The long-term aim of these studies is to
propose an efficient system with dynamically-controlled birefringence to compen-
sate polarization-mode dispersion in optical telecommunication and in fiber-optic
sensing applications.
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