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It is well known that holey fibers offer the possibility of obtaining high modal
birefringence retaining single mode guidance at the same time. Such Hi-Bi holey fibers
are of particular interest for sensing applications. We analyze the mechanisms
contributing to the overall sensitivity of optical sensors based on holey fibers. For this
purpose we investigate the shift of the Bragg-matched wavelength in a sensor with a
Bragg grating as well as the change of birefringence in a polarimetric sensor.

Introduction

In air-silica microstructured fibers, also known as holey fibers, the large number of
degrees of freedom encoded in the complex geometry of the cross-profile can be used to
enhance or optimize most of the important fiber's specifications. This includes the
possibility of tailoring the modal structure, the dispersion characteristics, or the mode
area and following the strength of nonlinear effects. On the other hand, relatively little
work so far has been devoted to asses the possibility of using holey fibers for sensing
applications. From this point of view, especially interesting is the possibility of reaching
a large value of modal birefringence [1-3], B=An., while retaining single mode
operation, as well as attaining the desired sensitivities. For the sake of simplicity,
presently we address only the thermal responses of optical fiber sensors with a
microstructured fiber. We analyze the response of a polarimetric sensor, given in terms
of the thermal sensitivity dB/dT, as well as the response of a Bragg sensor, given in
terms of the shift of the Bragg-matched wavelength d Agyae/dT.

For air-silica fibers the thermally induced strain is negligible, since in these structures
the thermal expansion is uniform. Therefore the temperature affects modal effective
indices through the thermo-optic change of the refractive indices of silica glass and air,
and through the thermal expansion of the fiber. The significance of the two effects is
governed by the coefficient of thermal expansion o,,=+5.5-10"K ' and the
thermal coefficients B, =+1.2-10 K" | B,,=—09-10°K " of the refractive
indices for silica and air. We note the difference in their orders of magnitude, which
roughly determine the contribution of the respective mechanisms to the sensor's thermal
response, as well as the fact that in the classical Hi-Bi fibers, all the mentioned effects
may be considered as corrections to the elasto-optic effect caused by thermally induced
strain. As a consequence of the different physical mechanisms behind the response of
holey fiber sensors, we expect them to feature novel sensitivity characteristics.

Numerical model for sensitivity calculation

As we already noticed, the change of the fiber's birefringence B with temperature T can
be expressed using the contributions from thermal refractive index change and from
thermal expansion. More precisely, we have [4]:
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In a similar way, we may express the shift of a Bragg-matched wavelength in a Bragg
grating based optical sensor. However this time, we need to include one more term
corresponding to the longitudinal expansion of the grating:
d?‘m-aggzi(gn A, )=AX,, +‘)‘ﬁsmm 0N,y +Aﬁair Ong Alx
dT  dr = e silica Ny ONg, Mg ONy, ng 0l
In order to estimate the sensitivities we need to determine the modal indices
differentiated over parameters appearing in the respective right hand terms of equations
(1) and (2). For this purpose, we use a rigorous vectorial numerical model based on
magnetic mode expansion in a trigonometric basis [5]. Our method can be considered as
a variant of the plane-wave method, similar to [6-8]. The method implies periodic
boundary conditions, in this context known as the supercell approximation.
Briefly, we solve the Maxwell's equations in the form of an eigen-equation for the
transverse components of magnetic fields:
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The dielectric index is assumed to be periodic over the area of the supercell spanned by
the lattice vectors a, and in consequence the magnetic fields preserve the same
periodicity:

C(r)ZC(r-f-a;.), ht(l‘)=hl(r+a,.), i=12 (4)

For a hexagonal lattice and circular air holes a possible choice of the supercell is
illustrated in Figure 1:

Fig.1 A typical choice for the definition of a supercell.
Following, we define the lattice inverse to the lattice spanned by the supercell:
arb=6,, , G=Il;b+lyb, [€Z , (5)

In the inverse lattice we introduce the set of plane-wave basis functions. The set is
complete and orthonormal over the supercell.
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We expand the dielectric constant, its logarithm and the magnetic field components in
the new basis:
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Noting that the expansion coefficients for the dielectric index and its logarithm are
given by respective Fourier transforms, for circular, elliptical, or polygonal holes we
calculate these coefficients analytically. In the new basis, after its truncation, the eigen-
equation for the magnetic modes becomes an algebraic eigen-problem:
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where the sub-matrices take the following form:

~ v v ~ x2 v 2y - X oy
[1 ] _ Km—uGmGu—m_ém.n{Gm +Gm )—{—é [ ] _ _Km—quGn—m
‘xxlm,on 2 m—n ‘vvlm,n 2
k k ©)
~ VX X ~x 2 ~y 2 A TV X
|L | Kfn “(Jlﬂ(JH' Jﬂ_afn’"( J]ﬂ +(J]ﬂ )+ A |L _ Kfn n rm rﬂ m
wilm,n ™ kz €m—n yeldm,n ™ !{2

We solve the matrix eigen-problem numerically, using Arnoldi's method, for
eigenvalues in the vicinity of the squared refractive index of silica. In this way we find
the modal indices together with the field distributions, and following, using formulas (1)
and (2) we calculate the sensitivities of interest. In the numerical calculations we use
over 5000 basis functions for the description of every field component, and twice more
for the refractive index profile. For the supercell, we take 7x7 lattice elements. These
values come from experience and should be considered as problem-dependent.

Thermal sensitivity of holey fibers

Now, we will calculate and discuss the thermal sensitivity characteristics for a particular
highly birefringent microstructured fiber. In this example, we assume that the fiber is
based on a hexagonal lattice, and birefringence is introduced by making the holes
elliptical, which in turn breaks the usual Cs, symmetry and releases mode degeneracy.
We assumed that the wavelength is A=1550nm, the pitch in the cladding is A=A/2, and
we varied the ellipticity of holes with the fill factor of air fixed at {=22.6%. In the
selected range, the fiber has a single mode character. Figure 2 shows the temperature
sensitivity of our polarimetric sensor, as well as of the Bragg sensor.

We note that the sensitivity has a positive value for a wide range of ellipticities, as
opposed to the usual case of polarimetric fiber sensors. This result clearly indicates a
difference in the physical mechanism behind sensing with holey fibers and is
encouraging from the point of view of the possibility of getting novel sensing
characteristics with holey fiber sensors. Moreover, there exists a threshold value for
ellipticity, over which the sensitivity drops to negative values. The zero transition in
between provides the possibility of making a sensor with ideal temperature
compensation. Near that region, the main mechanism contributing to the overall
sensitivity is the change of refractive index not of silica but of air. On the other hand,
the response of a Bragg grating sensor given in terms of the relative shift of the Bragg-
matched wavelength with respective contributions is typical to any other silica fiber,
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and mainly depends on the thermo-optical effect in silica and longitudinal thermal
expansion of the grating.
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Fig.2 Thermal sensitivity of the holey fiber Bragg sensor (left), and polarimetric sensor (right) vs. hole
ellipticity with the absolute values of contributions from I) thermo-optic effect in silica, 1) thermo-optic
effect in air Ill) fiber's cross-profile expansion, IV) fiber's longitudinal thermal expansion.

Conclusions

In the present paper we show that sensors with highly birefringent photonic crystal
fibers feature novel sensitivity characteristics as a consequence of different physical
mechanisms contributing to overall sensitivity. We analyzed the shift of the Bragg-
matched wavelength in a sensor with a Bragg grating, as well as the change of
birefringence in a polarimetric sensor. For the sake of simplicity we concentrated on the
response of the sensor to temperature changes.
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