
JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 27, NO. 17, SEPTEMBER 1, 2009 3759

Müller–Stokes Analysis of Long Period Gratings
Part II: Randomly Birefringent LPGs

Tinko A. Eftimov, Wojtek J. Bock, Fellow, IEEE, Predrag Mikulic, and Jiahua Chen

Abstract—We present a Müller–Stokes analysis of the polariza-
tion properties of randomly birefingent long-period fiber gratings
(LPGs). Using a previously derived Müller matrix, we perform
simulations of the polarization behavior in photonic crystal fibers-
based tapered long-period gratings with randomly varying bire-
fringence axes. Computer simulations show good agreement with
results from experiments with a broadband-amplified spontaneous
emission source and a tunable laser in combination with a polar-
ization analyzer.

Index Terms—Müller–Stokes matrix formalism, optical fibers,
photonic crystal fibers (PCF), polarization dependent loss (PDL),
tapered long-period gratings (TLPG).

I. INTRODUCTION

T HE STUDY of polarization properties of long-period fiber
gratings (LPGs) and their spectral dependence has basi-

cally been restricted to the case of uniform birefringence intro-
duced during their fabrication [1]–[3]. It has been found that
LPGs written in even nominally nonbirefringent optical fibers
exhibit some birefringence which, independently of the inscrip-
tion technique, can be subdivided into three types: core birefrin-
gence, cladding birefringence, and core-and-cladding birefrin-
gence. For the first type, birefringence is in the core and affects
only the core mode; for the second it is in the cladding and af-
fects only the higher order cladding modes; and for the third—a
combination of the former two [2]. While birefringence has tac-
itly been considered as uniform, in reality it is random and some
results [4] suggest that the total PDL of an LPG is not the sum of
individual PDLs of each subsection of the grating. Other studies
[5] have identified asymmetric thermal stresses in arc-induced
LPGs as the cause of coupling to antisymmetric cladding modes.
These asymmetries which are random by nature, however, sug-
gest a possibility for random orientations and strengths of bire-
fringence mechanisms in such types of LPGs. As such parasitic
birefringence is undesirable different methods have been pro-
posed to reduce it [6], [7].
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In this part of the present paper, we apply previously derived
Mueller matrix for a uniform LPG [8] to perform a theoretical
and experimental polarization analysis of randomly birefringent
PCF-based LPGs.

Section II is devoted to the application Muller matrix for a
uniformly birefringent LPG to such having random orientations
of birefringent axes along the periodic structure. The misori-
entations are represented by a mode-coupling center (MCC).
Müller-matrices for random MMCs are used in combination
with the matrices derived in Part I of this study to describe an
irregular LPG structure.

Section III reports on the experimental study of polarization-
dependent properties in arc-induced PCF based LPGs. We first
consider the causes of birefringence in LPGs fabricated by arc-
induced periodic tapering in an endlessly single-mode (ESM)
PCF. Next, we study the spectral dependence of PDL and DOP
of PCF tapered LPGs and compare experimental results with
computer simulations using the MCC model.

II. MODELING LPGS WITH RANDOM BIREFRINGENCE

It has been reported that parasitic birefringence is induced
during the fabrication of CO -written [2], mechanically im-
pressed [4], and arc-induced LPGs in both SMF-28 [3] and in
PCF [8] fibers.

Also, twists of the fiber during tapering are introduced and
they lead to rotations of fibre axes. Two basic consequences
follow: birefringence varies and birefringence axes randomly
change orientation along the LPG structure. We would then have
a randomly perturbed birefringent LPG. As the LPG structure is
very short, the number of random fluctuations is limited and of
the order of the number of pitches. We cannot apply the tradi-
tional ensemble averaging technique in this case to derive deter-
ministic equations of polarization transformation along LPGs.
The only way to analyze the effects caused by birefringence
fluctuations is through simulations. The Müller matrix approach
presented in Part I [8] of this study enables us to perform such
a simulation using the mode-coupling model [11]. and the cor-
responding LPG Müller matrices.

We consider the randomly perturbed structure shown in Fig. 2
where we represent the LPG as a series of concatenated birefrin-
gent tapers with randomly varying axis orientation.

If the initial polarization at the LPG input is along the x-axis,
then this type of perturbation excites partially the Y-polariza-
tion in the subsequent tapered region. If the axis has rotated to

0733-8724/$26.00 © 2009 IEEE

Authorized licensed use limited to: Wojtek Bock. Downloaded on September 17, 2009 at 17:10 from IEEE Xplore.  Restrictions apply. 



3760 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 27, NO. 17, SEPTEMBER 1, 2009

Fig. 1. A tapered LPG with random fluctuations of the birefringence axes.

Fig. 2. LPG fabrication setup.

an angle of and by letting as the inten-
sity of a mode-coupling coefficient between a X- and a Y-po-
larization, the Müller matrix is:

(1)

The Mueller matrix of a mode-coupling center of strength
followed by a single taper would be:

(2)

If the LPG consists of tapers, each randomly shifted to a cer-
tain angle, then the resultant Mueller matrix will be:

(3)

By generating random numbers for the MCC strengths , we
can simulate the effect of random perturbations on the charac-
teristics of the, LPG. Because the number of such MCCs is small
we do not assume that their average is zero.

III. EXPERIMENTAL AND SIMULATION RESULTS

We investigated four tapered LPGs fabricated by making use
of a FITEL S182K fusion splicer as shown in the arrangement
in Fig. 2.

All four LPGs were made from an ESM PCF (ESM-12-01).
The outer shape of a tapered LPG with random fluctuations

of the birefringence axes is shown in Fig. 1.
Using the setup shown in Fig. 3, we observe the polarization-

dependent spectral transmission responses of the LPGs under
test. By rotating the polarizer we find the spectra for which we

Fig. 3. Experimental setup.

Fig. 4. Polarization dependent spectral response of a PCF tapered LPG.

TABLE I
PDL AND SPECTRAL WIDTHS OF THE PCF LPGS

observe a maximum split of the resonance wavelengths
.

Fig. 4 shows the polarization-sensitive responses in a loga-
rithmic scale and the PDL calculated as the difference between
the two, which is the same as .

A closer inspection of the curves shows that in contrast to the
theoretical calculations [8], the resonance wavelength split as
observed from the spectral dependencies of and - namely

- differs from the wavelength separation
between the two PDL maxima, which we note as . We
thus have .

This inequality is observed for all tested samples as is evident
from the summary presented in Table I.

Furthermore, the PDL curve is asymmetric.
As commented in Part I, we assume that these discrepancies

are caused by the presence of random birefringence in the LPG
under test.

To verify this assumption, we cut TLPGs at the points of
minimum and maximum diameters and observed the cross sec-
tions with a Hitachi scanning electron microscope (SEM). The
same was done on a pristine PCF from which the TLPGs were
manufactured.

For each cross section, we determine the ellipticity of each
hole, its orientation and form an ellipticity vector .

The effective ellipticity and effective orientation angle is then
calculated for each hexagonal ring of holes around the core
using (28) and (29) from Part I [8].
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Fig. 5. Shapes of the holes in a tapered PCF-based LPG: (a) the pristine fiber;
(b) across a section of the LPG with a minimum diameter; (c) across a section
of the LPG with a maximum diameter.

For the sake of simplicity we perform the sum over all the
holes in the cross section. Fig. 5(a) shows the results for the
pristine PCF, while Figs. 5(b) and (c) show the individual and
effective ellipticities for the holes and for the core region for
sections of minimum and maximum diameter.

Indicated are the corresponding ellipticity vectors for the core
and for the cladding.

As is clearly seen, the effective ellipticity vectors do not co-
incide with the local axis and the angle as well as
vary from section to section as is summarized in Table II.

Although the number of cross sections studied is limited it
is clear that the birefringence axis fluctuations are considerable
and reach as much as 13 in either directions.

As this would lead to cross-polarization coupling, then in
combination with the PDL loss in an ideal birefringent LPG we

TABLE II
ELLIPTICITIES AND ORIENTATIONS AT DIFFERENT POINTS ALONG PCF LPGS

Fig. 6. Loss and PDL in PCF based LPGs: (a) dependences on the number of
tapers; (b) PDL versus total loss.

should expect large variations of the PDL from one TLPG to
another. The reason for these large variations is due to the fact
that the number of tapers in a LPG is of the order of 20–40
which is insufficient to achieve averaging over all possible angle
fluctuations. Also, this means that the dependence of the PDL
on the total loss along a TLPG will be nonlinear in the general
case, because while general losses add up arithmetically in dB
units, polarization dependent losses do not, since in the general
case the PDL can be represented as a vector [9], [10].

To verify this conclusion we applied the fabrication procedure
to a section of a PCF fiber and measured both the total losses
and the PDL after each subsequent taper. The setup of Fig. 2
was used with a 1550 nm laser diode and a JDSUniphase PS3
PDL multimeter, both shown in broken lines.

We tested three samples and the results are presented in
Fig. 6(a), (b). Fig. 6(a) shows the evolution of the total losses
and the PDL with the number of tapers during the process of
TLPG formation for the first of the three samples tested. It is
seen that generally the total losses tend to increase linearly
with the number of tapers. However the evolution of the PDL is
definitely not linear as concluded previously. Fig. 6(b) presents
the PDL versus loss dependencies for all of the three samples
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Fig. 7. Experimental setup used for the measurement of the wavelength depen-
dence of the Stokes parameters and the DOP.

under test. What we see is that there are large individual fluc-
tuations from sample to sample. However, it was noticed that
PDL initially changes very little until the first ten tapers and
then starts increasing at a greater rate exhibiting several stages
of growth. It was also found out that during the tapering the
fiber structure was rotating. This rotation was easily observable
on the splicer screen for a PCF fiber because the parallel holes
are visible and any rotation is detectable, though the rotation
angle is not directly measurable.

We believe similar mechanisms are at work during the for-
mation of SMF-28 based tapered LPGs. We note that our sim-
ulation results from Fig. 6(b) follow similar dependence as the
PDL versus Loss reported by [4]. Having thus identified a major
cause for the birefringence and PDL fluctuations caused by the
specific fabrication process we further proceed to simulate their
effect on the polarization properties of the TLPG.

To study the polarization properties of birefringent TLPGs in
greater detail we use the experimental setup shown in Fig. 7.

The source in this case is a tunable laser, with a degree of po-
larization close to 100%. The output state of polarization is mea-
sured using Agilent 8509C polarization analyzer, which mea-
sures the individual Stokes parameters and plots the evolution
of polarization on a Poincaré sphere. The FiberPro polarization
controller was used to change the state of polarization at the
TLPG input. Unfortunately, there is no way to determine what
the actual state of polarization at the TLPG input is. What the
polarimeter “sees” is the state of polarization after the fibers
leading out of the TLPG. We have changed the input state of
polarization and observed the wavelength dependence of the
Stokes parameters. First a test without a TLPG was carried out
and it was found that the state of polarization did not change on
the Poincaré sphere. It was found out that the state of polariza-
tion was dependent on the wavelength and on the initial state of
polarization at the grating input. Figs. 8(a)–(c)) show the spec-
tral dependence of the total power, of the X- and Y-polarized
intensities (at the polarimeter!) and of the PDL, calculated as

. Strictly speaking this
formula is true only for a depolarized input and for a fully polar-
ized elliptical input it is a pseudo-PDL since it is not calculated
from the general formula (17–18).

To use the general formula we have to know the exact Mueller
matrix of a randomly perturbed TLPG, which we do not. It is
however a good indicator of PDL associated properties espe-
cially with equal polarization excitation. The Stokes parameters
in the inset of Fig. 8(a) refer to the lowest wavelength of the
spectral scan and represent the initial vector from Fig. 9(a).
The Stokes parameters in Fig. 8(b) have the same meaning and
represent the initial vector from Fig. 9(b) which is orthogonal to

. These two cases were obtained for different settings of the

Fig. 8. Spectral evolution of the state of polarization with for a PCF based
LPG for two almost orthogonal states of polarization: (a) Losses and PDL for
an elliptical polarization input; (b) Losses and PDL for an orthogonal elliptical
state of polarization; (c) DoP for the two mutually orthogonal elliptical input
states of polarization.

polarization controller. Fig. 8(c)) shows a comparison between
the measured DOPs for these two cases. It should be noted that
mutually orthogonal polarizations at the TLPG output does not
infer mutually orthogonal polarization states at the TLPG input.
Rather, they would be close to orthogonal. The general compar-
ison with the theoretically calculated spectral plots of the ,
the total power, the PDL and the DOP shows the following fea-
tures. First, the curves are not symmetrical any more as in the
ideal case. Second, the DOP shows a single minimum and the
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Fig. 9. Evolution of the polarization on the Poincaré sphere in the LPG for the
measurements shown in Fig. 12(a) and (b).

fine structure of the central maximum is lost. Third, the wave-
length split between the and minima is smaller than that
between the PDL maxima i.e.,

As we assume that these deviations from the ideal birefrin-
gent LPG are due to the random fluctuations of the birefringence
axes, we can resort to some simulation following the procedure
described in Section II.

We first must note that since the number of tapers is too small
the number of MCCs is small, too. No ensemble av-

eraging is possible so large variations are to be expected de-
pending on the strength and sign of the MCCs.

As we have observed that the birefringence axis may vary as
much as this implies that . We do not impose
any condition on the average strength of the MCCs generated.
To simplify the simulations only four mode coupling centers
with strengths , and

were used for a TLPG of parameters considered above.
In Figs. 10(a)–(c)) we show the plots from a simulation of the

wavelength dependence of , the PDL and the DOP for
two mutually orthogonal polarizations whose Stokes parameters
at the TLPG input are
and for an input

.
The curves show the same as in the experimental results from

Figs. 8 and 9. Unlike the experimental data where we could not
exactly set two orthogonal polarization states at TLPG’s input,
in the computational experiment we can and we find that mu-
tually orthogonal polarization inputs do not lead to symmetric
results as in the case of uniformly birefringent LPG as is evi-
dent from Fig. 10. We also find out that in the computer simu-
lation, as in the real case . Although,
for the sake of simplicity, in the simulation we have taken into
account only fluctuations of the birefringence axes orientation
we see that the basic distortions from the ideal case observed in
real experiment are well described and confirm our conclusions
about the nature of birefringence in tapered PCF-based LPGs.

IV. CONCLUSION

We have performed a detailed Müller–Stokes analysis of
the polarization properties of LPGs with random birefringence
which is supported by experimental results from PCF-based
tapered LPGs.

Using the Müller transfer matrix of a uniformly birefringent
LPG in combination with mode coupling center model we per-
formed computer simulation of the polarization properties of

Fig. 10. Simulation of the spectral evolution of the state of polarization with for
a PCF based LPG for two almost orthogonal states of polarization: (a) Losses
and PDL for an elliptical polarization input; (b) Losses and PDL for an orthog-
onal elliptical state of polarization; (c) DOP for the two mutually orthogonal
elliptical input states of polarization.

LPGs with random birefringence which show good agreement
with the experimental data obtained.

The growth of resultant PDL for an LPG was compared to
that of the total losses and the nonlinear dependence reveled the
random orientations of the PDL vector of each tapered section.
The presence of random birefringence was found to cause asym-
metries in the PDL as well as in the DOP for orthogonal polar-
ization excitations and different resonance wavelength splits in
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the spectral dependences of the PDL, the DOP and polarized in-
tensity curves.
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