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ABSTRACT

This paper focuses on the investigation of modal characteristics and sensing properties of long period grating photonic
crystal fibers (LPG-PCFs). An improved effective index method is employed with an objective to study its limitations
for various designs of LPG-PCFs. Results so obtained with the above method are compared with the corresponding
values of multiple multipole (MMP) method results which points the range of validity and applicability of the improved
effective index method to LPG-PCFs. It is shown that this method is excellent when the surrounding media is assumed
to be air. However, it becomes less accurate when the fiber is immersed into a liquid with a refractive index close to that

of the cladding.
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1. Introduction

The development of long-period grating (LPG) has had a
significant impact on fiber optic sensing. It is known that
the spectral response of LPG is sensitive to local envi-
ronment such as temperature, strain, bend radius and
refractive index of the medium surrounding the fiber.
LPG sensor is distinct from other fiber optic sensing
techniques such as fiber-laser-based sensing [1] as LPG
can perform simultaneous multiple parameter measure-
ment. Moreover, the sensitivity of LPG to the surround-
ing refractive index has been extensively studied to ex-
tend the application range, namely in biomedical and
chemical sensing [2]. Applications of LPGs in tempera-
ture [3], strain [4], and bend [5,6] sensors have since
been demonstrated. However, for chemical sensors, it is
mainly the sensitivity of LPGs to the surrounding refrac-
tive index that is of interest for sensor development.
Examples of chemical sensors for sugar [7], aromatic
compounds [8], and hydrocarbons [9] based on the de-
tection of refractive index change using LPGs have been
presented in the literature. In these applications, direct
sensing was used to detect changes in the refractive index
of mixtures in a region close to the refractive index of the
fiber cladding, which is the most sensitive interval. Indi-
rect sensing of analytes is also possible using a chemi-
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cally selective layer, again with a refractive index close
to that of the cladding [10].

Because of the wide range of applications mentioned
above, there is a growing interest in optical refractive
index sensors. Those based on photonic crystal fibers
(PCFs) or fiber gratings are probably the most attractive
ones since they offer high sensitivity, stable wavelength-
modulated information, and broad measuring range. At a
refractive index of 1.33 typical for aqueous environments,
the sensitivity of a fiber grating based sensor is typically
50 nm/refractive index units (RIU) [11], while PCF-
based sensors possess higher sensitivity of more than
1500 nm/RIU [12,13]. The characteristics of LPG made
in a PCF strongly depend on its structural parameters
such as core radius and refractive indices of the core and
cladding [14-17]. Therefore, for design of an LPG based
on a PCF, the optimization of PCF parameters is a nec-
essary condition [17].

To determine optimal values of the aforesaid PCF pa-
rameters, numerical methods such as the finite element
method [18-20], the finite-difference method [21], and
the MMP [22] are generally utilised. However, these
numerical methods of analyzing PCFs require a great
deal of computational time and a large numerical re-
source. A very simple technique referred to as improved
effective index method (IEIM) was reported in [23,24]. It
is has been shown that this method enables a full access
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to study the resonance shifts of the LPG as a function of
external refractive index caused by both the first cladding
mode and the core mode of the photonic crystal fibre. In
this paper we focus on the IEIM described in [23,24]. We
make a quantitative investigation of this technique and
we discuss their limitations for various designs of
LPG-PCFs by comparing its results to those obtained by
multipole method (MMP) implemented by Cudos Mof
[22].

2. Modeling of LPG in Photonic Crystal
Fiber by IEIM

The wavelength response of LPG can be quantitatively
analyzed by a coupled mode theory which includes re-
spectively the core mode coupled to the resonant clad-
ding mode, and satisfying the phase matching condition
given by [25]:

A=(ng = ) A (1)
where ng; and n;} are the effective mode indices of
the core and cladding modes, respectively, A, 1is the
grating period, and / is the resonant wavelength.

The IEIM applied on PCF offers the possibility to cal-
culate the refractive effective index of core mode [23]
and cladding mode [24]. This method proposes the anal-
ogy between the analysed PCF and W-shaped fibre with
a suppressed cladding. The W-fibre corresponding to
PCF is obtained by replacing the holey region with a
homogeneous material with dielectric permittivity equal
to the averaged permittivity of the air holes and silica.
After fitting to the radius of the core, good agreement in
propagation constants, mode shapes and the order of the
core mode between the two models was achieved.

Extensive research has been carried out to investigate
the dependence of resonance wavelength as a function of
the refractive index change of the surrounding media
[26-30] and a typical calibration curve (Figure 1) shows
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Figure 1. Calibration curve of a typical LPG resonance
wavelength as function of the surrounding refractive index.
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the resonance wavelength change as a function of the
refractive index (RI) of the surrounding medium with the
cladding refractive index of the LPG being ~1.45. This
indicates that when the surrounding refractive index is
lower than that of the fibre cladding, the resonance wave-
length of the LPG changes with the variation of sur-
rounding refractive index. However, when the surround-
ing refractive index is higher than that of the fibre clad-
ding, the resonance conditions become more complex. In
the case where the surrounding refractive index is higher
than that of the cladding, two different situations are
considered. The first case is where there is a thick over-
lay placed on top of the LPG and the second is where this
overlay on the LPG is relatively thin. When the LPG is
surrounded with a thick overlay that has higher refractive
index value than that of the cladding, the fibre does not
support any cladding mode and the core mode couples to
the radiation modes [31]. The confined field thus forms
leaky modes. The resonance losses of the LPG increase
with the increase in the external refractive index value as
the leaky modes are better confined. The wavelength of
the resonance band does not change with the external
refractive index value as the phase of the reflected field
at the cladding/surrounding interface does not change
[31]. In this work we discuss the validity of IEIM method
when the surrounding refractive index become close to
that of the cladding.

The structured of the LPG refractive index sensor un-
der study is defined in Figure 2. It consists of a cladding
which is assumed to be a two-dimensional photonic
crystal made of silica (ngjo, = 1.45) with air holes running
along the length of the fibre. The holes of diameter d are
arranged in a triangular pattern across the cross section
with a lattice constant is A. The hole pitch and diameter

Figure 2. Schematic diagram of the LPG refractive index
sensor.
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of the considered structure are respectively A = 8.0 um
and d = 3.68 pm [32].

In Figure 3, we report the dispersion characteristics of

the core mode and the space filling mode for different
hole to pitch and wavelength to pitch ratios. It can be
seen from this figure that the effective indices decreases
by increasing the hole size (d/A) or increasing the nor-
malized wavelength (A/A). The effective index of the
core mode is greater than that of the space filling mode,
regardless to the fibre parameters (d, A). The curves in
Figure 4 are obtained by applying the Equation (1) and
the negative slope of grating characteristics justifies the
observed blue shift of the grating spectrum with increas-
ing grating period.
Furthermore, if we limit the analysis to gratings that con-
sist of a circularly symmetric index perturbation in any
transverse plane of the fibre, the only nonzero coupling
coefficients between the core mode and the cladding
modes involve cladding modes of azimuthal order / = 1.
Consequently the fundamental core mode LPO1, which
has v = 1, can be coupled to the HE;,, modes. The Cou-
pling coefficient for two modes is determined by the
overlap integral weighted by the transverse refractive
index change in the grating region.

*

Ki :%J‘Ecu (x7y)Ecl,i (x’y)An(x’y)dXdy (2)

where An presents the dielectric function variation
induced by the perturbation.

Due to the fact that the effective refractive indices of
both the core and the cladding are dependent on the
wavelength at which they are evaluated, any change in
ambient refractive index that leads to a wavelength shift
for that particular resonant band causes variations in the

modal indices as follows: n,; changes according to the
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new resonant wavelength, and njf'] is affected not only
by the new ambient index but also by the new resonant
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Figure 3. Effective indices for the core top (a), and funda-
mental space filling mode (FSM)-(b) modes for triangular
photonic crystal fibers. The lines indicate different values of
the hole diameter relative to the pitch. The lines correspond
to different values of d/A, increasing by 0.1.
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Figure 4.
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Grating period versus wavelength using IEIM.
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wavelength that results. This means that the true spectral
shift in wavelength can be calculated from the phase-
matching condition only if the effective refractive indices
have been evaluated at the new resonant wavelength that
is reached after the spectral shift has occurred as a result
of the change in n.. The sensitivity of the LPG was cal-
culated by the evaluation of the effective propagation
constant of cladding mode versus the external refractive
index. Once the value of ambient refractive index reaches
that of the cladding, discrete cladding modes are no
longer guided along the fibre. This is evident in the ab-
sence of distinct attenuation bands in the LPG transmis-
sion spectrum at this point (the spectral properties are
“washed out”) and broadband losses are visible due to
lousy coupling with the continuum of radiation modes
[33]. However when the index is greater than the index
of silica, the fiber becomes as known as a leaky or hol-
low dielectric waveguide due to the fact that no total in-
ternal reflection exists, but rather Fresnel reflection oc-
curs at the cladding external interface, and the portion of
the light that is refracted to the surrounding material is
lost from the fibre.

3. Modal Analysis of the PCFs by MMP

The CUDOS MOF software [22] is used to found both
core and cladding mode by solving the transversal wave
equation for the electric field:

2

VxVxE(r)=2s(r)E(r)

2
C

where E (r,t) = E(r)e™

(€))

The grating period of the LPGs are taken to have 500
micrometer. On the other hand to obtain a stable solution
for the cladding mode we have place the radius of the air
layer contain around the cladding to the minimal value
that gave stable solutions [34]. In developing this model
we have assumed that the dispersion due to the core,
cladding and its surrounding material are negligible and
therefore have been ignored. In fact all modes are guided
mostly through the silica, and the influence of the mate-
rial dispersion on the effective index difference is negli-
gible [19,35,36]. Figure 5 shows the field patterns of the
fundamental mode (a) and the first cladding mode for
different values of 7. It is clearly noted from this figure
that radiation losses increase when n,,, become close to
the cladding refractive index. In Figures 6 and 7 we re-
port the resonant wavelength shifts and the sensitivity of
the LPG fibre by using the IEIM and the MMP methods.
Unless the resonance picks formed between the core
mode and the first cladding mode is matched when the
external index media is air, we observe that as the exter-
nal refractive index increases the resonance picks calcu-
lated by IEIM shift away from the numerical value cal-

Copyright © 2012 SciRes.
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Figure 5. Profile of the first cladding mode for various ex-
ternal refractive index media (n.). (a); Fundamental mode,
(b, ¢, d, e, d); cladding mode for n.=1, 1.2, 1.3, 1.35, 1.4.

culated by MMP. This disagreement can be explained by
the contribution of the non linear effect due to the inter-
action between cladding mode and external refractive
index. This effect is clearly observed in Figures 6 and 7
which reflects that the ambient media plays a key role in
the coupling with the cladding modes.

In fact, for LPG fibres the influence of the surrounding
refractive index can be described by the following ana-
lytical expression:

da ) [ da \(dn?
dnext dnf]/f dnext

From this expression it can be easily anticipated that
the spectral sensitivity presents a nonlinear behavior that
is more pronounced as the surrounding refractive index
become close to the cladding refractive index. This
nonlinear behavior is not taken in to account in the IEIM
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Figure 6. Calculation of the resonance shift Wavelength of the LPG-PCF.
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Figure 7. Sensitivity of the LPG calculated by both Cudos and IEIM method.

approach which decreases the accuracy of this method.

So, the IEIM can be adopted to design a single mode
fibre where the procedure of calculation of the resonance
coupling between the core mode and the first cladding
mode in an LPG is simple. It can also offer all informa-
tion related to the performance of such sensor based on
this type of symmetrical LPG.

To further analyse the performance of the IEIM method,
we have calculated the sensitivities of the proposed de-
vice for two different wavelengths, as reported in Table
1. From this table, it can be anticipated that the disagree-
ment decreases by reducing the operating wavelength of
the LPG-Sensor. Next, we have investigated the sensitiv-
ity of the fibre against hole diameter in order to under-
stand its effect on the accuracy of IEIM method. The
simulating results are reported in Figure 8, from which,
we can conclude that results obtained by last method
become less accurate when the air hole diameter de-
creases. This can be explained by the fact that the values
of the PCF radius vary as function of both d/A and the
relative wavelength d, A.

4. Conclusion

In conclusion, the results of this work show that IEIM is

Copyright © 2012 SciRes.

a simple and promising method for obtaining modal
characteristics and sensing properties of long period
grating photonic crystal fibers (LPG-PCFs) when the
surrounding media is assumed to be air. However, its ac-
curacy decreases when the fiber is immersed into a liquid

Table 1. Comparison of the sensitivity calculated with the
two methods for the proposed LPG sensors against differ-
ent wavelengths.

Refractive index sensing

ESM-12-01 Calcul with MM Calcul with TEIM
YRI AA/An [nm] YRI AA/An [nm]
LPG, 400 nm 8.24 12.67 x 10° 6.73 7.8 x 10°
LPG, 500 nm 20.64 29.84 x 10° 15.89 18 x 10°
Refractive index sensing
LMA 20 Calcul with MM Calcul with IEIM
PRI AJ/An [nm] PRI AJ/An [nm]
LPG,750 nm 2.78 5.90 x 10° 2.19 2600
LPG,900 nm 11.37 20.46 x 10° 9.21 14 x 10°
MSA
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Figure 8. yg; for LPGs refractive index sensor. The lines
indicate different values of the hole diameter relative to the
pitch: 0.46 and 0.47 for wavelength 1 pm.

liquid having a refractive index close to that of the clad-
ding.
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