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Abstract: We propose two kinds of hybrid photonic crystal fiber (PCF)
structures and investigate the properties of such PCFs in detail. The modal
effective index, mode field area, confinement loss, group velocity dispersion,
and birefringence are numerically simulated and compared with those of the
corresponding index-guiding and bandgap PCFs, which allows for a deeper
understanding of the guiding mechanism of the hybrid PCFs. The
advantages of hybrid PCFs and potential applications are also discussed.
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1. Introduction
Photonic crystal fibers (PCFs) [1, 2], as a new class of fibers, have been investigated with
great interest for a number of years. PCFs generally guide light by two different guiding
mechanisms: index-guiding [1] or bandgap-guiding [2]. In index-guiding PCFs, similar to
conventional fibers, light is guided in a higher index core by modified total internal reflection
from a low effective index cladding; in bandgap PCFs, light is confined in a low-index core
by reflection from a photonic crystal cladding. Because of their novel guiding mechanism and
variety in design, PCFs have a number of novel properties and significant applications. For
index-guiding PCFs, the properties include endlessly single mode [3], large mode area [4],
high numerical aperture [5], high birefringence [6], high nonlinear coefficient [7] and
dispersion management [8]. Various bandgap PCFs and many significant applications for
them have been achieved, such as low-loss air-core bandgap PCFs [9], all-solid bandgap PCFs
[10], a variety of PCF devices [11] and Bragg PCFs for CO2 laser transmission [12].
Most PCFs guide light by only one of the two different guiding mechanisms, although
hybrid-guiding (combination of index-guiding and bandgap-guiding) has been utilized in
photonic crystal slabs [13] for many years. Recently, Cerqueira et al. [14] first demonstrated
a hybrid PCF which guided light by both index-guiding and bandgap-guiding simultaneously.
This hybrid PCF was composed of air holes and Ge-doped silica rods disposed around an
undoped silica core; the air holes were arranged in a hexagonal pattern as in an index-guiding
PCF, while the high index rods replaced a single row of air holes along one of the PCF axes.
The authors mentioned that this hybrid PCF shared properties of both index-guiding and
bandgap-guiding. However, the hybrid PCF is a quite new issue; although Cerqueira et al.
proposed a kind of hybrid PCF and gave some basic analysis, it was not a systematic
investigation that offers insight into the nature of the hybrid PCF, and many significant
properties of hybrid PCFs have not been investigated.
In this paper, we propose two kinds of hybrid PCF structures and carry out detailed
investigations on these hybrid PCFs. The modal effective index, effective mode area,
confinement loss, group velocity dispersion and birefringence are theoretically investigated.
The properties of hybrid PCFs are compared with those of the corresponding index-guiding
PCF and bandgap-guiding PCF, which gives a physical insight into the guiding mechanism of
the hybrid PCFs. Finally, the potential applications of these hybrid PCFs are discussed.
2. Description of the Approach
The guiding mechanism of an index-guiding PCF can be simply explained by the effectiveindex model [3], which is similar to light propagation in a traditional step-index fiber. The
guiding mechanism of a bandgap PCF can be predicted by photonic bandgap theory [15], and
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it also can be explained intuitively by antiresonant reflecting guidance [16]: light at
wavelengths satisfying the antiresonant condition is guided in the core by antiresonant
reflection from periodically placed high-index rods. Thus we can make an assumption that the
light may propagate along the fiber when the light can be confined in the core by indexguiding in one direction and bandgap-guiding in the other direction in the transverse direction,
even if the bandgap structure is not a full two dimensional photonic crystal structure.
The structure of a hybrid PCF is a modified PCF structure which is obtained by replacing
one or more longitudinal sets of air holes of an air-silica index-guiding PCF by high-index
rods as shown in Fig. 1, where black holes represent high-index rods and empty holes are air
(or low-index) holes. In a hybrid PCF A, air holes are in the majority. In a hybrid PCF B,
high-index rods are in majority. Of course there can be many other structures which can be
devised by replacing different lines of hexagonal structure or changing the size of replacing
holes/rods, which we do not illustrate in Fig. 1. Here we focus on investigating two categories
of hybrid PCFs.

(A)

(B)

Fig. 1. Schematics of cross-sections of two kinds of hybrid PCFs, whereas black holes are highindex rods, empty holes are air holes.

In order to have a comprehensive understanding of the properties of the hybrid PCFs A and
B, it is necessary to investigate the properties of the corresponding index-guiding PCF and
bandgap PCF at the same time and compare the properties of the hybrid PCFs with them. In
our simulations, the hybrid PCFs A and B have 7 rings of holes arranged in a hexagonal
pattern, the PCFs have a pitch Λ of 7.5 μm and a relative hole size d/Λ of 0.4. We assume that
the background silica refractive index is 1.45, and the high-index rod has a refractive index of
1.48.
To analyze PCFs accurately, we use full-vector plane-wave method (PWM) [17] to calculate
the bandgap map of the bandgap-guiding PCF and full-vector finite-element method (FEM)
[18-20] to model the properties of all PCFs, including index-guiding, bandgap-guiding,
hybrid-guiding A, hybrid-guiding B. Because of the structure symmetry of these PCFs, one
quarter of the fiber cross section is investigated to calculate the modal effective indices in two
orthogonal directions [18]. We also model the whole cross section of the fiber, which agrees
well with the results from the quarter cross section. The cladding effective index of the
fundamental space-filling mode is calculated by applying the full-vector FEM to an
elementary piece of the index-guiding PCF cladding [18]. The effective mode area of a PCF,
Aeff , is defined as [19]:
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( ∫∫ E t dxdy) 2
2

Aeff =

S

∫∫

S

4

Et dxdy

= πω 2

(1)

where Et is the transverse electric field vector and S denotes the whole fiber cross section.

2ω is mode field diameter (MFD) for a Gaussian shaped mode field distribution. The
confinement loss Lc can be calculated by full-vector FEM with anisotropic perfectly matched
layers (PMLs) [20, 21]:
where

α

Lc = 8.686α

(2)

is attenuation constant of the complex propagation constant. The unit of Lc is in

decibels per meter. The group velocity dispersion (GVD), Dw , of a PCF can be deduced from
[20]:
2
λ d neff
Dw = −
c dλ2

where neff is the wavelength dependent effective index,

(3)

λ is

the wavelength, and c is the

velocity of light in vacuum. Material dispersion is neglected [20] in our simulations. The
birefringence is defined as:

B = neffx − neffy
x

(4)

y

where neff and neff are the effective indices of the fundamental E x mode and E y mode
respectively.
3. Analysis and Discussion
The wavelength range we considered is from 0.55 μm to 2.1 μm. For the index-guiding PCF
and bandgap PCF, the fundamental modes of x-polarization and y-polarization are degenerate
because of symmetry. However, for the hybrid PCF A and B, the fundamental modes are not
degenerate because the guiding mechanisms in two orthogonal directions are different. For
hybrid PCFs, we only consider the x-polarized fundamental mode in our simulations because
the effective index difference of the two orthogonal fundamental modes is quite small in our
cases. The difference will be discussed in section 3.5.
3.1 Modal effective index
The light can be guided in the core of the index-guiding PCF when the effective index of the
guided mode is larger than the cladding effective index and smaller than the refractive index
of the core. For bandgap PCF, only when the modal effective index is within the bandgap
regions and smaller than the core index, the light can be guided in the core. According to the
resonance theory in Ref. [16], the cut-off wavelengths can by only determined by analyzing
an individual high-index rod, which agree well with the bandgap edges predicted by bandgap
theory. So we can assume that although the hybrid PCF does not have a full two-dimensional
bandgap structure, the bandgap maps can also be approximately suitable for representing the
hybrid PCF A and B. The hybrid PCF can guide the light only when the guiding conditions of
both index-guiding and bandgap-guiding are satisfied.
As shown in the Fig. 2, the green line is the effective index of the fundamental mode of the
index-guiding PCF and the red lines represent the effective indices of the bandgap PCF. The
cladding line and silica line are the effective indices of the cladding and the core respectively.
The solid black lines are the edges of the bandgap of the bandgap-guiding PCF. We can find
from Fig. 2 that the light in the whole wavelength range can be well guided in the index#86249 - $15.00 USD
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guiding PCF, the effective index decreases gradually with the increase in wavelength. The
bandgap PCF has three band gap regions in this range; the guided modes outside the bandgaps
are cut off, thus light can propagate in three discrete transmission windows: about 1.26 μm to
2.1 μm in the first gap, 0.76 μm to 1.18 μm in the second gap and 0.55 μm to 0.68 μm in the
third gap. The magnitude of the slope of the effective index curve of the bandgap PCF is
larger than that of the index-guiding PCF. The crossing points of green line and red line are at
the wavelengths about 0.57 μm, 0.91 μm, and 1.79 um. That means for these wavelengths, the
guided modes have the same effective index even if the guiding mechanisms are different.

Fig. 2. Modal effective index of the fundamental modes and bandgap map as a function of
wavelength.

Fig. 3. Modal effective index of fundamental mode as a function of wavelength. The green
dashed line is index-guiding PCF; the red solid line is bandgap PCF; the blue dash-dot line is
hybrid PCF A and the black dotted line is hybrid PCF B.
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The modal effective index of the hybrid PCFs A and B are shown in Fig. 3. We can find
that the effective indices of hybrid PCFs are between the effective indices of the indexguiding PCF and bandgap PCF, and the hybrid PCF has the property of discrete frequency
bands. This can be explained by the nature of hybrid-guiding. The hybrid PCF A confines
light by bandgap effect in x direction and the hybrid PCF B confines light by bandgap effect
in the cross-section except x direction. So the hybrid PCF should have properties of bandgapguiding. The effective index curves of the hybrid PCF A are closer to the curve of indexguiding PCF compared with hybrid PCF B, and the effective index curves of hybrid PCF B
are closer to the curve of bandgap PCF. This is because the index-guiding is the main guiding
mechanism in hybrid PCF A and bandgap-guiding is the main guiding mechanism according
to their refractive index distribution in the cross-section. The cross points of the curves of the
four PCFs in Fig. 3 correspond to almost the same wavelengths as the cross points of indexguiding PCF and bandgap PCF shown in Fig. 2. That means if the effective index of indexguiding PCF and bandgap PCF is equivalent for one wavelength, the effective index of hybrid
guiding PCF will have the same value at that wavelength, which proves again that the hybrid
PCF guides light by a combination of both index-guiding and bandgap-guiding. It should be
mentioned that in Ref. [14], the effective index curve of the hybrid PCF based on the preform
A has an overlap with the curve of the index-guiding PCF for a range of wavelengths, that is
because the refractive index of the high-index rod is a gradual variation, which cause the
modal effective index of bandgap PCF to have an overlap with the index-guiding PCF, thus
causing the overlap with the hybrid PCF.
3.2 Effective mode area
Effective mode area is an important parameter in investigating the modal properties; it has
relevance to nonlinearity, confinement loss, bending loss, splicing loss and numerical aperture
[22]. Fig. 4 shows the normalized effective mode area of different PCFs.

Fig. 4. Normalized effective mode area of the fundamental mode as a function of wavelength.

For the index-guiding PCF, the effective mode area increases very slowly with an increase
in the wavelength. The MFD is 9.78 μm at the wavelength 0.55 μm and increases to 10.30 μm
at the wavelength 2.10 μm, as shown in Fig. 5a(1-5) for the wavelength range from 0.65 μm
to 1.55 μm. However, for the bandgap PCF, the effective mode area changes dramatically.
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b(3)

c(3)
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d(4)

a(5)

b(5)

c(5)

d(5)

Fig. 5. Mode intensity distribution of fundamental modes of a (1-5) the index-guiding PCF,
b(1-5) the bandgap PCF, c(1-5) the hybrid PCF A and d(1-5) the hybrid PCF B. The
wavelength is (1) 0.65 μm, (2) 1.0 μm, (3) 1.15 μm, (4) 1.30 μm and (5) 1.55 μ m.

When the wavelengths of the light are close to the middle of the bandgap, the guided modes
are well confined in the core, as shown in Fig. 5b(1, 2, 5). At the wavelength 0.65 μm in the
third bandgap (Fig. 5b(1)), the fundamental mode is well confined in the core, the MFD is
9.21 μm which is smaller than the MFD of the index-guiding PCF (9.81 μm); at the
wavelength 1.0 μm in the second bandgap (Fig. 5b(2)), the MFD is 10.39 μm, which is
slightly larger than the MFD of index-guiding PCF (9.92 μm); at the wavelength 1.55 μm in
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the first bandgap (Fig. 5b(5)), the MFD is 12.18 μm, which is significantly larger than the
MFD of index-guiding PCF (10.10 μm). When the wavelengths of the light are close to the
edges of the bandgap, the effective mode area enlarges rapidly, as shown in Fig. 5b(3, 4). This
is because of the resonance of the mode in the high-index rod with the core mode [16], which
causes the mode to expand and thus increasing the leakage loss.
For the hybrid PCF A and B, the effective mode area is between the effective mode areas of
the index-guiding PCF and bandgap PCF when the operation wavelengths are within the
middle part of the bandgaps, as shown in Fig. 4. The effective mode area curve of hybrid PCF
A is closer to that of index-guiding PCF and the effective mode area curve of hybrid PCF B is
closer to that of the bandgap PCF. When the operation wavelengths are close to the middle of
the bandgaps, the fundamental modes can be well-confined, as shown in Fig. 5c(1, 2, 5) and
Fig. 5d(1, 2, 5). For example, at the wavelength 0.65 μm, the normalized mode areas of hybrid
PCF A and B are 1.28 and 1.22 respectively, which is between that of the index-guiding PCF
(1.34) and bandgap PCF (1.19). At the wavelength 1.55 μm, the normalized mode areas of the
hybrid PCF A and B are 1.63 and 1.88 respectively, which is between that of the indexguiding PCF (1.42) and the bandgap PCF (2.07). When the operation wavelengths are close to
the bandgap edges, the effective mode areas of the hybrid PCFs expand quickly, as shown in
Fig. 5c(3, 4) and Fig. 5d(3, 4). The effective mode area of the hybrid PCF B is even larger
than that of the bandgap PCF at the wavelength of 1.30 μm, which corresponds to a larger
confinement loss than that of the bandgap PCF.
3.3 Confinement loss
Figure 6 shows the confinement losses of different PCFs. We can find that the confinement
loss of the hybrid PCF A and B are almost between the loss of the index-guiding PCF and the
bandgap PCF except at the bandgap edges. The confinement loss of the index-guiding PCF is
very low, it increases from 1.15×10-12 dB/m at the wavelength 0.55 μm to 9.54×10-10 dB/m at
the wavelength 2.1 μm. For the bandgap PCF, the confinement loss is significantly

Fig. 6. Confinement loss of the fundamental mode for different fibers as a function of wavelength.

different for all three bandgaps. The confinement loss in the third bandgap is much smaller
than the loss in the first and second bandgap. For example, the confinement loss at 0.58 μm is
1.75×10-11 dB/m, however, the confinement losses at 0.9 μm and 1.55 μm are respectively
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1.81×10-3 dB/m and 6.01×10-3 dB/m. For the hybrid PCF A, the confinement loss is
significantly small because the hybrid fiber structure of A is much closer to that of the indexguiding PCF. For example, the confinement loss at 0.9 μm and 1.55 μm can be improved to
4.85×10-7 dB/m and 1.01×10-4 dB/m respectively. The improvement of the confinement loss is
attributed to the index-guiding part of the hybrid PCF A whose confinement loss is much
lower than the bandgap-guiding. It should be noted that it is not for all the cases. For example,
when the relative hole size of the index-guiding is significantly small, such as d/Λ=0.05, thus
the confinement loss of the index-guiding PCF is larger than the confinement loss of the
bandgap PCF, the corresponding hybrid PCF will have lower confinement loss than the indexguiding PCF. So the confinement of the hybrid PCF generally is between the confinement
losses of the corresponding index-guiding PCF and bandgap PCF for the operation
wavelengths within the middle part of the bandgaps. For the hybrid PCF B, the confinement
loss at the short wavelength edge of the bandgap is larger than the bandgap PCF, it may be
explained by bandgap theory. The hybrid-PCF B confines light by bandgap effects in the
whole cross-section except x direction, the effective index curve is lower than that of bandgap
PCF near the short wavelength bandgap edge as shown in Fig. 3, which makes the effective
index curve closer to the bandgap edge compared with that of the bandgap PCF or even
outside the bandgap, thus causing larger confinement loss.
3.4 Group velocity dispersion
The GVD property of a fiber similar to hybrid PCF A has been demonstrated in Ref. [14].
Here we compare the GVD properties of four different PCFs in the first bandgap, as shown in
Fig. 7.

Fig. 7. GVD of the fundamental mode as a function of the wavelength in the first bandgap

The GVD curve shape of hybrid PCF A and B is as similar as that of the bandgap PCF. This
is due to the similar effective index properties of the hybrid PCFs and the bandgap PCF
caused by the bandgap effect, as shown in Fig. 3. We can find from Fig. 7 that GVD curves of
hybrid PCFs, especially hybrid PCF A, are a little bit flattened compared with the bandgap
PCF at the center part of the bandgap. However, the GVD curve of the hybrid PCFs becomes
more normal when the operation wavelength is near the bandgap edge. Thus the novel
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dispersion property of hybrid PCFs can provide new mechanism to design the PCF with
modified zero-dispersion wavelength.
3.5 Birefringence
Because the guiding mechanisms of the hybrid PCF A and B are different in two orthogonal
directions, large birefringence for the hybrid PCF is expected. We calculate the birefringence
in the first bandgap, the same property is expected for other bandgaps. To achieve accurate
results, we divided one quarter of the fiber cross section into 65280 elements in full-vector
FEM. For the index-guiding PCF and the bandgap PCF, the effective index difference of xpolarized and y-polarized fundamental modes which should be degenerate is of the order of
10-7 ~10-8 which is caused by the precision of calculation and could be reduced further by
increasing the number of divided elements [18]. Under the same condition, the birefringence
of the hybrid PCF A and B is of the order of 10-5 as shown in Fig. 8. The birefringence
increases with the increase of wavelength, and increases at the short wavelength edge of the
bandgap. Thus hybrid PCF has potential to be a high birefringence fiber. For example, when
the refractive index and hole diameter of the high-index rod of the hybrid PCF A change to
1.65 and 6 μm respectively, the birefringence of the PCF can be high to 1.04×10-3 at the
wavelength of 1.55μm. A more detailed analysis of the high birefringence hybrid PCF will be
presented shortly.

Fig. 8. Birefringence of the fundamental mode as a function of the wavelength in the first bandgap.

4. Potential Applications
Because hybrid PCFs have novel guiding mechanism which has the advantages of both indexguiding and bandgap guiding, they have many potential applications. The bending loss of the
hybrid PCF A and B in two orthogonal directions are expected to be very different, which
may find application as a directional bending sensor. The hybrid PCF can be designed as an
ultra-low loss filter or switch compared to bandgap PCFs. Hybrid PCFs provide a new
mechanism to design high birefringence PCF and to engineer the dispersion. It can also make
novel tunable devices when the high-index rod is replaced by high-index liquid, polymer or
liquid crystal by using the selective filling technology introduced in Ref. [23, 24]. This avoids
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the complicated and expensive drawing process and allows the modification of the fiber
structure and hence various properties. The hybrid PCFs possess a new guiding mechanism
which lead us to predict more than three different materials rods can be composed in the fiber
and the light can still be well confined in the core, thus providing new ways to design
functional fibers such as the fiber composed of semiconductor rods [25, 26], silica and air
holes, in which electrons can propagate in the semiconductor rods and photons propagate in
the silica core. The combination of hybrid PCF with Bragg gratings and long period gratings
may produce grating with new properties, considering that hybrid PCFs may be easier to write
gratings using UV light compared with index-guiding PCFs because the index contrast of
high-index rod and background silica can be fabricated as low as one percent [27].
5. Conclusion
In conclusion, we have systematically investigated the properties of two hybrid PCFs. The
wavelength dependence of the modal effective index, effective mode area, confinement loss,
group velocity dispersion and birefringence has been derived by using a simulation model.
The properties and advantages of hybrid PCFs are demonstrated by comparing them with
those of the corresponding index-guiding PCF and bandgap-guiding PCF. Finally, the
potential applications of these hybrid PCFs are discussed.
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