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We propose a hybrid-guidance photonic crystal fiber (HG-PCF) that can guide light by the simultaneous
effect of index guidance and photonic bandgap guidance at all wavelengths and directions. Index gui-
dance is the dominant guidance mechanism at short wavelengths and photonic bandgap guidance is
the dominant guidance mechanism at long wavelengths. The transmission spectrum of the Bragg grating
in such a HG-PCF is also investigated. © 2009 Optical Society of America
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1. Introduction

Photonic crystal fibers (PCF's) consisting of airholes
running down their lengths have been the subject of
much interest in recent years. It has been demon-
strated that PCFs guide light by two different
mechanisms: index-guiding and photonic bandgap
guiding [1]. Index-guiding PCF's have a core region
of higher refractive index than the cladding, and
lights are guided by a mechanism similar to step-
index fibers. Photonic bandgap guiding arises from
coherent Bragg scattering from the periodic arrange-
ment of cylinders surrounding the core region, which
may be a large air core or a material of lower refrac-
tive index than the surrounding medium. Although
some of the most spectacular properties of photonic
bandgap fibers (PBGF's) are found in hollow PCFs
[1], photonic bandgap guidance can also be observed
in silica core PCFs [2-5].

The silica-core PCFs (SC-PCF's) with high-index
inclusion can support modes confined to the low-
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index core. These SC-PCFs have discrete and des-
cending effective index curves as functions of the
wavelength. These SC-PCFs have discrete bands of
high and low transmission [2], which is typically a
signature of photonic bandgap guidance. These spec-
tacular features can be explained by the antireso-
nant reflecting optical waveguide (ARROW) model
[6]. According to the ARROW model, the high-index
inclusion in the cladding allows light to leak out from
the core if they are on resonance, but reflects it back
into the core if they are antiresonant.

Cerqueira et al. presented a hybrid-guidance PCF
(HG-PCF) that can guide light by modified total in-
ternal reflection (TTIR) and antiresonant reflection si-
multaneously [7]. The HG-PCF has shown that light
confinement could occur through different mechan-
isms (TIR or ARROW guiding) depending on the di-
rection, at a given wavelength. Such a HG-PCF is
composed of airholes and Ge-doped silica rods dis-
posed around an undoped silica core: the airholes
are arranged in a hexagonal pattern as in an index-
guiding PCF, while the high-index rods replace a
single row of airholes along one of the PCF axes.
Perrin et al. have presented a solid-core PBGF with
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interstitial airholes (SC-PBGFIH) that makes TIR
and bandgap modes coexist [8].

We propose a novel HG-PCF that can guide light
simultaneously by index guidance and photonic
bandgap guidance at all wavelengths and directions.
Index guidance is the dominant guidance mechanism
at short wavelengths and photonic bandgap guidance
is the dominant guidance mechanism at long
wavelengths.

2. All Directions and Wavelengths Hybrid-Guidance
Photonic Crystal Fiber

The all directions and wavelengths HG-PCF is
shown in Fig. 1. The square region is background si-
lica. The outer solid circles represent high-index Ge-
doped rods and the central dot is the Ge-doped core.
The Ge-doped rods have a diameter of d = 4.4 ym and
a pitch of A = 11 ym, whereas the Ge-doped core has
a diameter of d = 3um and ng = 1.444. The relative
refractive index difference between the Ge-doped
high-index rods and silica is 1%, and the relative re-
fractive index difference between the Ge-doped core
and pure silica is 0.5%. The region inside the black
circle, except the Ge-doped core, is the inner
cladding.

The fundamental core modes and the bandgap
map of the fiber are calculated by the finite element
method and the plane wave expansion method, re-
spectively, and the results are plotted in Fig. 2. Ma-
terial dispersion of pure and doped silica have not
been taken into consideration, but the calculated re-
sults for transmission windows and index contrasts
will not be affected [9]. The curve indicating the ef-
fective refractive index curve of the fundamental core
mode is labeled “Core modes.” The fundamental core
modes are located in the bandgap no matter if it is
above the silica line or below the silica line. So band-
gap guidance always affects the fundamental core
modes of the fiber at all directions and wavelengths.
Index guidance from the index contrast between the
core and the inner cladding always affects the funda-
mental core modes of the fiber at all directions and

Fig. 1. (Color online) Cross section of all directions and wave-
lengths HG-PCF.
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Fig. 2. (Color online) Fundamental core modes and bandgap map

of the HG-PCF. The effective refractive index curve of the funda-
mental core modes is labeled “Core modes.” Points A and B corre-
spond to 1050 and 1090 nm, respectively.

wavelengths, also, so this fiber is a HG-PCF at all di-
rections and wavelengths. The section of the core
modes curve that is above the silica line is the in-
dex-guidance dominant region, because the funda-
mental core mode index of the fiber is higher than
the silica index. The section of core modes curve that
is below the silica line is the bandgap-guidance domi-
nant region, because the fundamental mode index of
the fiber is lower than the silica index. The transition
point between the index-guidance dominant region
and the photonic-bandgap-guidance dominant region
is the intersection of the fundamental mode index
curve and the silica line at A = 1450 nm. The funda-
mental mode index curve on the silica line is broken
at point A (1050 nm) and point B (1090 nm), because
the fundamental core mode index and the LPj;
supermode index of the high-index Ge-doped rods
are equal between 1050 and 1090nm. The energy
of the fundamental core mode is coupled to the
LP;; supermode of the high-index Ge-doped rods be-
tween 1050 and 1090 nm, so the loss of fundamental
core mode is large between 1050 and 1090 nm.
Further explanation about such a coupling effect
was discussed by Lavoute et al. [10]. However, a loss
peak will not be detected if we measure the transmis-
sion spectrum of the fiber between 1050 and
1090 nm, because the LP;; supermode of the high-
index Ge-doped rods is a guided mode whose index
is higher than the silica index. We will measure light
guided by the LP;; supermode of high-index Ge-
doped rods between 1050 and 1090 nm.

The results above can be explained by the special
structure of the HG-PCEF. It is believed that the inner
cladding performs an important function for hybrid-
guidance formation in the fiber. At short wave-
lengths, the modal field is small and is tightly con-
fined around the Ge-doped core [Fig. 3(a)] since the
Ge-doped core index is higher than the index of the
pure silica in the inner cladding. The mode field is far
from the first layer of high-index Ge-doped rods and,
hence, the influence of the high-index Ge-doped rods
on the modal field is weak. Index guidance is
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Fig. 3. (Color online) Mode field profiles: (a) and (b) HG-PCF at
4 =900 and 1650 nm, respectively; (c) and (d) HI-PCFP at 1 = 900
and 1650 nm, respectively.

therefore the dominant guidance mechanism at short
wavelengths. At long wavelengths, the modal profile
spreads over a large region from the core [Fig. 3(b)].
Hence the influence of high-index inclusion on the
modal field is strong. Photonic-bandgap guidance
then becomes the dominant guidance mechanism
at long wavelengths.

To further confirm that, Figs. 3(c) and 3(d) show
modal profiles at short and long wavelengths in
the high-index Ge-doped rod PCFs but with a pure
silica core (HI-PCFP) instead of a Ge-doped core.
Figures 3(b)-3(d) all show hexagonal modal profiles.
The hexagonal modal profile shows the influence of
the hexagonal arrangement of high-index rods on the
modal field. Comparing Figs. 3(a) and 3(c), the modal
profile of the HG-PCF at short wavelengths is circu-
lar, showing the influence of the circular Ge-doped
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Fig. 4.
fields are represented by the arrows.
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(Color online) Modal profiles of the LP(; supermodes, which produce nonzero overlap. The amplitudes and directions of electric

core. Moreover, the effective modal area of the
HG-PCF is smaller than the HI-PCFP; hence the
HG-PCF is easier to couple with single-mode fibers.

3. Property of the Bragg grating in the Hybrid-
Guidance Photonic Crystal Fiber

Since the HG-PCF has a Ge-doped core and rods, a
Bragg grating can be written in the HG-PCF. The
transmission coefficient at the resonant peak in
the fiber Bragg grating (FBG) is given by T =
1 - tanh?(kL), where coupling coefficient £ is usually
used to measure the coupling strength between two
modes. The coupling coefficient is determined by the
overlap integral over the grating region as

k:% /Ei(x,y)EJ’f(x,y)An(x,y)dxdy. (1)
grating

Equation (1) suggests that one can calculate the cou-
pling strength of mode resonances in a HG-PCF by
calculating the overlap integral over the Ge-doped
core and rod. However, since the energy portion in
the six rods of the first layer surrounding the core
is much higher than the other rods, the overlap al-
most entirely takes place over the core and these
six rods. As a result, we can calculate the overlap in-
tegral with the core and six-rod supermode for sim-
plification. The modes of the six-rod system can be
considered as a linear combination of six orthonor-
mal supermodes with a specific phase relation [11].
The phase difference between two adjacent rods is
Ap =27n/6 with n =0,...,5. Nonzero overlaps are
produced only when n = 0,2,4 [9], which is decided
by the symmetry of the phase relationships, regard-
less of the modal profile in the rods. Whenn = 0,2, 4,
the LPy; supermode profiles are plotted in Fig. 4 and
LP;; supermode profiles are plotted in Fig. 5. In
Fig. 5(d), the modes with all the rod modes antisym-
metrical about a radial line from the center of the mi-
crostructure cause zero overlap.

The computed transmission spectrum of the Bragg
grating in a HG-PCF is shown in Fig. 6. The index
modulation An = 3 x 107, The length of the grating
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Fig. 5. (Color online) Some modal profiles of the LP;; supermode:

(a), (b), and (c¢) can produce nonzero overlaps; (d) can produce zero
overlaps.

region is 1.5 cm. The periods of grating are 311.3 and
571.5nm in Figs. 6(a) and 6(b), respectively. In
Fig. 6(a), when the period of grating is 311.3nm,
the main resonance wavelength is 900 nm. There
is only one obvious resonant peak in the transmis-
sion spectrum of the FBG; it is formed by forward
and backward fundamental core modes. The other re-
sonant peak is formed by fundamental core mode and
LP;; supermodes, but it is negligibly small as com-
pared with the resonant peak formed by fundamen-
tal mode. When the period of grating is 571.5 nm, the
main resonance wavelength is 1650 nm. There are
multiresonant peaks in the transmission spectrum
of the FBG. The larger resonant peak is formed by
forward and backward fundamental core modes. The
three smaller resonant peaks are formed by the fun-
damental core mode and the LP(; supermode. These
results can be explained as follows. According to
phase-match conditions Az = 2n,,Apge and 4, =
(Ncore + Nelad i) ArBe, the resonant wavelength is short
when the period of grating is small. The short reso-
nant wavelength is in the index-guidance dominant
region. The modal profiles of the fundamental core
mode in the HG-PCF is small in the index-guidance
dominant region and is tightly confined around the
Ge-doped core, so the overlap between the fundamen-
tal core mode and the LLP,;, LP;; supermode is small.
There is only one obvious resonant peak formed by
forward and backward fundamental core modes in
the transmission spectrum of the FBG. On the other
hand, the resonant wavelength is long when the per-
iod of grating is long. The long resonant wavelength
is in the bandgap guidance dominant region. The
modal profile of the fundamental core mode of the
HG-PCF in the bandgap-guidance dominant region
is spread out, with some energy diffusing into the
six rods of the first layer. So the overlap of the funda-
mental core mode and the LPy; supermode is large.
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Fig. 6. (Color online) Transmission spectrum of the Bragg grat-
ing in the HG-PCF: (a) Appg = 311.3nm and (b) Apgg = 571.5nm.

But the LP;; supermode is a lossy mode in the band-
gap-guidance dominant region (the effective index
curve of the LP;; supermode is under the silica line),
so the overlap of the fundamental core mode and the
LP;; supermode is small. This explains the occur-
rence of one main resonant peak formed by the for-
ward and backward fundamental core modes and
three smaller resonant peaks formed by the funda-
mental core mode and the LPy; supermode.

When the period of grating is Appg = 346 nm and
the other parameters of the FBG are the same as the
case in Fig. 6, the computed transmission spectrum
of the FBG in HG-PCF is shown in Fig. 7(a). The lar-
ger main resonant peak is formed by the forward and
backward fundamental core modes. The smaller re-
sonant peak near the main resonant peak is formed
by the fundamental core mode and the LP;; super-
mode. The peak at the right, which is negligibly
small, is formed by the fundamental core mode
and the LPy; supermode. The middle resonant peak
formed by the fundamental core mode and the LP;;
supermode in the index guidance dominant region,
on the other hand, is obvious in the transmission

1 May 2009 / Vol. 48, No. 13 / APPLIED OPTICS 2471



Transmission

999 9995 1000 10005 1001 1001.5 1002 10025 1003 10035
wavelength(nm)

(@)

o
<

Qo

b n=0
Fig. 7. (Color online) (a) Transmission spectrum of the Bragg

grating in the HG-PCF when Appg = 346 nm. (b) Modal profile
of the LP;; supermode at 1000nm when n = 0.

spectrum of the FBG. It can be explained as follows.
The guided fundamental core mode at 1000 nm is
near the edge of the bandgap and the effective index
of the guided fundamental core mode is near the LP;;
supermode (these results are found in Fig. 2). So
some energy is coupled from the LP;; supermode
in the first layer’s six rods into the core region. In
the modal profile of the LP;; supermode at 1000 nm
in Fig. 7(b), at which n = 0, some energy has been
coupled into the core region. When n = 0, the electri-
cal field directions of the first layer’s six rods are con-
sistent, so the energy coupled into the core region
from the six rods can be superposed with maximum
amplitude. The overlap of the fundamental core
mode and the LP;; supermode when n = 0 will be
large. When n = 2 and 4, the electrical field direc-
tions of the first layer’s six rods are not consistent,
so the energy coupled into core region from different
rods can be counteracted. The overlap of the funda-
mental core mode and the LP;; supermode when n =
2 and 4 will be small. So the middle resonant peak is
mainly formed by the fundamental core mode and
the LP;; supermode when n = 0.

4. Conclusions

We have demonstrated a HG-PCF that can guide
light by index guidance and photonic-bandgap gui-
dance at all wavelengths and directions, simulta-
neously. Index guidance that is similar to the
single- mode step-index fiber is a dominant guidance
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mechanism at short wavelengths, and photonic-
bandgap guidance is a dominant guidance mechan-
ism at long wavelengths. We have also studied the
property of the Bragg grating in the HG-PCF. When
the period of grating is short, the resonant wave-
length is in the index-guidance dominant region,
and the transmission spectrum of the FBG in the
HG-PCF has only one main resonant peak. When
the period of grating is long, the resonant wavelength
is in the bandgap-guidance dominant region, and the
transmission spectrum of the FBG in the HG-PCF
has several resonant peaks. When the resonant
wavelength is near the edge of the bandgap, the
transmission spectrum of the FBG in the HG-PCF
has more than one resonant peak. With the develop-
ment of the HG-PCF, the FBG in the HG-PCF
will find wide application in fiber sensing and fiber
communications.
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