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Influence of the Model for Random
Birefringence on the Differential Group Delay of
Periodically Spun Fibers

Anna Pizzinat, Brian S. Marks, Luca Palmieri, Curtis R. Menykédlow, IEEE and Andrea Galtarossislember, IEEE

Abstract—We consider the two Wai-Menyuk models of birefrin-  simulations in the short-period limit, but it is important to
gence in periodically spun fibers, and we show that the differential investigate all regimes.

group delay differs significantly for the two models when the spin In this letter, we show that when the spin period is of the

period approaches or exceeds the fiber beat length. When the fiber . . .
correlation length is large, we explain this difference quantitatively, same order of magnitude as the beat length, spun fibers which

and we explain it qualitatively for any fiber correlation length. obey the two different fiber models, but which have the same
Index Terms—Differential group delay (DGD), fiber birefrin- basmﬁperpara}meters, have substantlally.dlfferent.valges of the
gence, polarization mode dispersion (PMD), spun fiber. mean differential group delay (DGD). This result implies that

the two different models will lead to substantially different PMD
behavior, in contrast to unspun fibers, where the expected DGD,
|. INTRODUCTION and hence, the PMD behavior is model-independent.

PUN FIBERS were first used in sensors about 20 years agoAfter a brief description of the two birefringence models, we
Sbut in more recent years they have been increasingly usedéport a comparison between them in the regjme L g, ob-
telecommunication systems to reduce polarization mode disp@ined by means of Monte Carlo simulations. Finally, we pro-
sion (PMD), [1]-[4]. The authors of [2]-[4] mainly investigatedvide a physical explanation for the difference between the two
the effects of periodic spin functions in the “short-period” limitmodels in computing the DGD of a spun fiber. We stress that
i.e., the regime in which the spin peripds shorter than the beatthe use of the simpler FMM may lead to results that do not re-
lengthZ 5. Moreover in [2] and [3], the authors assumed that tHeroduce a real fiber's behavior when the fiber is spun.
fiber birefringence is deterministic, corresponding to an infinite
correlation length. . In [4], the birefringence was random, as Il. THEORETICAL BACKGROUND

is the case in real telecommunications fibers and was modelegh\ 1 <haracteristics are completely described by the polar-

v_vith a fix_ed strength_and varying orientation, according to th‘?ation dispersion vectof(z, w) whose modulus is equal to
first physical model [fixed modulus model (FMM)] proposed b3fhe DGDAT [7]. The evolution of©2 as a function of distance

Wai and Menyuk in [5]. is governed by the dynamical equation [8
However, we remark that many experiments have showng y y g (8]

that the birefringence strength is not fixed, but instead, it varies oz, w)  IP(z, w)

at random [6], validating the second model proposed in [5] 92 ow +B(z, w) x Oz, w) @)
[random modulus model (RMM)]. Therefore, it is important ) o

to study the behavior of randomly birefringent spun fiberdhereg(z, w) is the local birefringence vector. _
according to the RMM and to understand the differencesBoth the FMM and the RMM assume that fibers are
between the two models. The authors of [4] showed that thépearly birefringent.  Then, according to the FMM,

results were consistent with the RMM by means of numerici]e linear local birefringence vecto, may be written
B, = [bcosb(z), bsinf(z), 0]F, whereb = 2x/Lg is the
fixed birefringence strength(z) is the birefringence orien-
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of birefringences, is a Rayleigh random variable with a proba- 13 ' ' ' - L F05m
bility density function ' (a) — L=lm
_____ LF=3 m
B 67 L =16m
%) = — - 3 -
R N ) Ztsom |

and the first two statistical moments are

472

Br=onf3 =T =ter @

For both models, after introducing the assumption that
df;/dw = B3, /w, the mean square DGD of the unspun fiber, is

(5]

) = L gpfen(-2)+ 1] ©

Finally, when a fiber is spun according to a spin functibfx),
no circular birefringence is induced and the only effect is a ro-
tation of the local birefringence vector [1]
cos2A(z) —sin24(z) 0
B(z,w) =\ sin2A(z) cos24(z) 0 | B(z, w). (6)

0 0 1
[ll. SIMULATION RESULTS 0 .
0 5
In order to investigate the spin effects when the short-period 4 [rad]

0
assumption is not satisfied, we implement the FMM and the

RMM and perform Monte Carlo simulations, solving (1), usingig. 1. Evolution of the SIRF as a function of the spin amplitutle for a
the wave-plate model for a set of 6000 fibers for each of ttg&usoidal spin function with perigd= 4 m and withl. ; = 5 m. The different
. . . . . .curves, from the upper to the lower correspondite = 0.5, 1, 3, 16, and

two birefringence models. We choose a sinusoidal spin functighl m, respectively. Plots (a) and (b) correspond to the FMM and the RMM,
A(z) = Agsin(27z/p) with a periodp = 4 m and a wave-plate respectively.
length equal to 10 mm. We fix the beat lendith = 5 m, while
we vary the spin amplitudd,, and the correlation lengthg.
For each value of.r, we consider a fiber length > 100 Lz
so that the transient behavior has completely died out, and
calculate thespin-induced reduction fact¢SIRF), i.e., the ratio
between the mean DGD of the spun and unspun fiber [4].
remark that the results that we present are qualitatively simi
to those whemp > Lp, even though they have been obtained iPeI
the casep ~ Lp.

Fig. 1(a) shows the SIRF as a function of the spin amplitu

agreement between the two models for small valuesfbut
when Lz increases, the SIRF obtained with the RMM is sub-
g\fsntially different from the one estimated with the FMM. In
articular, whenLr — 400, we find with the RMM that there
v%ie spin amplitude values that correspond to relative minima,
't the SIRF never goes to zero. Moreover, the positions of the
ative minima do not coincide with those obtained using the
MM. Hence, the prediction of mean DGD by means of the
M leads to incorrect results when the spin period and beat

obtained using the FMM. The curves, from the upper curve angth are of the same order, and, in particular, one can overes-

t_he lower curve, refer td.r = 0.5, 1’.3’.16’ and 50 m, reSPeC-timate the benefit of spinning in reducing the mean DGD of the
tively. For small values of.r, the spin is not very effective in

reducing the mean DGD because the intrinsic random qucthler'
tions of birefringence are faster, but as sooh asncreases, the
reduction factor shows the same behavior as in the limit where
the period is short [4]. In particular, fdrr — +o00, there exist ~ The key to understanding the difference between Fig. 1(a) and
values ofA, for which the reduction factor vanishes, althouglfb) is that in the FMM the modulus of the birefringence is fixed,
such resonant amplitudes do not coincide with those predictetile in the RMM it varies randomly along each fiber realiza-
in [2] and [4], since the period is not short. Moreover, whetion. It is easiest to understand the impact of the varying bire-
Lr = 16 m, the SIRF is already very close to the deterministitingence in the limitLr > p, while keeping the fiber length
limit. z > L. In this limit, each fiber realization can be viewed as
For comparison, Fig. 1(b) reports the SIRF for the same s@nconcatenation of long fiber sections, in which the length is
and fiber parameters, but obtained with the RMM. There & orderL and the birefringence is constant. Since an ergodic

IV. EXPLANATION OF THE DIFFERENCE
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1 Thus, since the SIRF in the FMM is independenLgf, when

we average over the different valuedof in the FMM to obtain

the RMM, we obtain exactly the same curve that we started out
with. By contrast, ifp = Lg, then the SIRF zeros or any other
fixed SIRF values are no longer parallel to the horizontal axis,
indicating that the SIRF in the FMM now dependsiog. Thus,

we obtain the smoothing effect that is visible in Fig. 2.

SIRF

V. CONCLUSION

We have shown that the effect of spin on the fiber DGD
Fig. 2. Evolution of the SIRF as a function of the spin amplitudefor L 5 = ivnifi ;
5 mandLr = 50 m. The dashed line is obtained with the FMM. The solid Iineglepe,nds Slgmflcar.]tly on the mOde>| that is as.sumed f_OI’ the
corresponds to the RMM and is obtained by weighting the FMM data accordi ?ers local b'ref“ng_ence Wherp_ ~ I_/B- T_hIS behavior )
to the Rayleigh distribution of the local birefringence. The dashed-dotted limontrasts strongly with unspun fibers, in which the PMD is
is the same reported in Fig. 1(b) fér- = 50 m. model-independent. In particular, the use of the FMM can
overestimate the benefit of spinning in reducing PMD. In the

limit Ly > p, we have shown that it is possible to calculate

6 R 1| los the DGD in the RMM as an appropriate average over the
. SIRF of the FMM at different values of.g, resulting in a
= . 061z, smoothing of the SIRF function. Whehy is small, we have
= = found numerically that a similar smoothing is present. Finally,
< ﬁ p 049 the model dependence of the DGD has strong implications for
25 ) 1 02 the effectiveness of spinning in minimizing fiber PMD. The
ﬁ . ' analysis presented in this letter shows that previously developed
0 5 5 - techniques for prediction of fiber PMD lead to correct results
10 10 10 only in the case < Lp because they have been derived for
p/LB [a. u] fixed birefringence or for the FMM, while the birefringence of

real fibers is closer to the RMM.
Fig. 3. Evolution of the SIRF as a function of the spin amplitutieand of
the ratiop/ L 5 in the casel.» = 50 m for the FMM.
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