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Abstract The authors have reviewed some of their recent
studies on photonic bandgap fibers (PBGFs). PBGFs that
confine light in the core by the photonic bandgap effect of
cladding have potential applications in various photonic
devices. In this paper, the guided properties and tuned
mechanics of anti-resonant PBGFs are theoretically illus-
trated. The special coupling properties in multi-core
PBGFs, such as decoupling and resonant coupling effect,
are then introduced. Finally, fiber Bragg grating inscribed
in all-solid PBGFs is theoretically and experimentally
studied, and special resonant characteristics are also
observed.

Keywords photonic crystal fibers (PCFs), photonic
bandgap, directional coupler, fiber Bragg grating

1 Introduction

In recent years, photonic crystal fibers (PCFs) have
become more attractive due to unique properties such as
endless single-mode guiding [1], high nonlinearity [2], and
tailorable group velocity dispersion (GVD) [3]. PCFs can
be commonly classified as index-guided PCFs, which
guide light through total internal reflection (TIR), and
photonic bandgap fibers (PBGFs), which guide light in
a low-index core through the photonic bandgap (PBG)
effect [4]. One of the most interesting PBGFs is the hol-
low-core PBGF, in which light can be confined in an air
core by a periodic array of air holes in silica [5,6]. Hollow-
core PBGFs have been widely studied in various applica-
tions such as gas nonlinearity [7], high power soliton deliv-
ery [8], and pulse compression [9]. Another kind of PBGF,
the so called anti-resonant PBGF, is commonly composed
of a solid core and a two-dimensional array of high-index
rods in a silica background [10]. Anti-resonant PBGFs
can be achieved by infiltrating the air-holes of TIR-
PCFs with high-index liquid material. If the refractive
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index of the infiltrating material, such as liquid crystal,
is sensitive to temperature or electric fields, the guided
properties of the anti-resonant PBGFs will be tunable
[11]. The all-solid PBGF, another kind of anti-resonant
PBGF, is usually composed of a two-dimensional array of
high-index germanium-doped silica rods in a pure silica
background [12]. All-solid PBGFs are easier to fabricate
and couple with conventional fibers than hollow-core
PBGFs, and have potential applications in integrated
fiber communication devices.

A study on PBGFs has been carried on by our research
group in recent years [13-21]. This paper gives an over-
view of the progress of our work. In Sect. 2, the guided
properties and design of anti-resonant PBGFs are demon-
strated. Coupling properties of multi-core PBGFs are
investigated in the next section. The fiber Bragg grating
(FBG) inscribed in PBGFs is then shown in Sect. 4.
Finally, conclusions are given in Sect. 5.

2 Guided properties of anti-resonant PBGFs

When high index materials such as liquid crystals are filled
in the air holes of general TIR-PCFs, as shown in Fig.
1(a), the fiber cannot guide light by TIR since the fiber
now has a low-index silica core surrounded by high-index
rods. However, this infiltrated fiber can support a number
of guided-wavelength bands due to the PBG effect formed
by the anti-resonance in high index rods [13].

In Fig. 2, the bandgaps of the pattern are depicted by
using the plane-wave method. In this case, the holes have
diameter d and pitch length A of 1.8 and 3.38 pm, respec-
tively. The refractive index of silica and infiltration mate-
rial is assumed to be 1.444 and 1.653, respectively. The
diagram reveals the existence of two PBGs and a silica line
crossing the fundamental and secondary gap regions. For
a specific propagation constant value, no fundamental
modes are allowed to propagate in the anti-resonant
PBGFs if their frequencies are not located in the PBGs
and below the silica line.
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Fig. 2 Modal dispersion curve for the fundamental mode of

anti-resonant PBGFs as a function of normalized wavelength [13]
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Cross section of anti-resonant PBGFs. (a) Regular structure [13]; (b) high-birefringent structure [15]

Assuming that the anti-resonant PBGFs have an infi-
nite number of air holes, light would be confined in the
core region by a fully two-dimensional PBG and leakage
losses would not occur. However, the number of air holes
in the cladding is finite in practice, so the mode is leaky.
Figure 3 shows the wavelength dependence of the normal-
ized leakage loss of PCFs before and after they are filled
with high-index material. As expected, the leakage loss
becomes minimum around the center of the PBG and
increases as it approaches the band edges after filling.
This effect indicates that the mode fields are confined to
the core of the fiber when the modes appear around the
center of the PBG, but can enlarge the size of the cladding
rapidly when the modes are close to the edges of the PBG.

Figure 4 shows the leakage loss and waveguide GVD
(Dy,) as a function of normalized wavelength for anti-res-
onant PBGFs with six periods of filled rods in fun-
damental PBG, where the refractive index of the
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Fig. 3 Normalized leakage losses of the fundamental mode. (a) In the second bandgap; (b) in the fundamental bandgap [13]
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Fig. 4 Normalized leakage loss (a) and normalized waveguide GVD (D) (b) in the fundamental gap region when the refractive index
of the filling material is 1.653, 1.73, and 1.80 (D, denotes the material dispersion of silica) [17]

infiltration material #; is taken as a parameter. According
to Fig. 4(a), the leakage loss is slightly variable with the
increasing n;, although the variety brings a shifting of the
PBG. According to Fig. 4(b), the waveguide GVD for
various n; exhibits the same qualitative behaviors as fol-
lows: a) the GVD is strongly wavelength-dependent; b) it
changes from negative values at shorter wavelengths to
positive values at longer wavelengths; c¢) it increases
rapidly near the upper band edge and decreases rapidly
near the lower band edge; d) it crosses the zero point
within the low-loss window. However, there are still
some differences when #; is at different values. The dis-
persion slope around the center of PBG with a larger
value of #; is smaller than that of PBG with a smaller
value of n;. These results suggest the possibility of a tun-
able optical filter, switches and dispersion controller that
can be designed with anti-resonant PBGFs by infiltrat-
ing tunable material.

Figure 1(b) shows the cross section of the typical high
birefringent PCF, in which light is guided by TIR before
high-index material fills the air holes [15]. The birefrin-
gence is caused by one pair of large air holes around the
fiber core. When the air holes of the fiber are filled with a
high-index material, the anti-resonant PBGF is formed.
However, as shown in Fig. 5, not only the core guided
modes, but also the guided modes located in the two large
high-index rods near the core are found in PBG in this
fiber. The avoided crossing between the core modes and
rod modes will dominate the guided properties of the
fiber, such as birefringence and dispersion. Figure 6
shows the polarization mode dispersion (PMD) of
PBGFs with high birefringence, and the refractive index
of infiltration material is taken as a parameter. Due to the
avoided crossing effect, the PMD varies unconventionally
around the wavelength region where the large rod modes
strongly couple with the fundamental core modes.
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Fig. 5 Effective indices of two orthogonal polarization

modes in birefringent PBGFs (refractive indices of high-index
material is 1.653) [15]

300
250 — = 1.653
- = 1,730
T O n=1.800
£
x 150F
s
= \ x i
Z 100} \
\/ \
L \ PN
0_
1 1 ] ] Il 1 1
0.39 0.42 0.45 0.48 0.51 0.54 0.57
A

Fig. 6 Normalized wavelength dependence of PMD for
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The avoided crossing effect in PBGFs can also be used
to design the dispersion of the fiber. Since all-solid PBGFs
have potential applications in photonic devices such as
mode-lock fiber lasers, improve their dispersion charac-
teristics has great significance in improving the perform-
ance of these photonic devices. Here, a novel design of all-
solid PBGF is proposed, in which several bigger high-
index rods are introduced, as shown in Fig. 7 [20]. In
the fundamental PBG of the fiber, not only the core
guided modes but also the high-order supermodes in the
bigger rods are found. Since the dispersion curves of the
core guided modes and the high-order supermodes have
different slopes, the avoided crossing effect will occur
when they have the same symmetry and polarization. As
a result, large normal and anomalous dispersions are
found near the avoided crossing wavelength in the center
of the PBG. As Fig. 8 shows, due to the avoided crossing
effect, these dispersions are also gained within the band-
gap. Since the two dispersion slopes are different, the
slope could be adjusted by introducing a different number
of defect rods.
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Fig. 7 Cross section of all-solid PBGF with several larger
high-index rods [20]

3 Multi-core PBGFs

Multi-core PCFs are attractive due to their flexibility and
easy design, with which they can be fabricated by using the
stack and draw procedure. Due to special guided mecha-
nisms, multi-core PBGFs can show some remarkable
coupling properties such as decoupling, maxima and
minima in coupling length, and resonant coupling. In
dual-core fibers, the guided mode for each polarization
in cores is split into two supermodes. Based on the parity
of the mode field with respect to the geometric symmetry
axis between two cores, these are referred to as the even
and odd core-guided supermodes. The coupling length L.
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Fig. 8 Waveguide dispersion of core guided mode of all-
solid PBGFs shown in Fig. 7 (the inset is the mode field of
point E, F) [20]

is the distance along the fiber, in which there is a total
transfer of power from one core to the other. L. can be
expressed as

L.= TE/ (k‘néven - ni)dd (1)

where n'eyon and n'oqq are the effective index of i-polarized
even and odd supermodes, respectively; k = 2m/A is the
vacuum wave vector and / is the wavelength in vacuum.

Decoupling means the coupling length is infinite and no
power transfer occurs between the nearby waveguides.
Decoupling can occur in dual-core PBGFs when the effec-
tive indexes of even and odd supermodes are equal. The
cross section of the dual- and hollow-core PBGF structure
considered here is shown in Fig. 9 [14]. In the cross section
of the PBGFs, two larger air holes are introduced into the

), i=x,y,

Fig. 9 Cross section of dual- and hollow-core PBGF (A and
r are the pitch and radius of the air holes in cladding, respec-
tively, r. is the radius of the two defect cores) [14]
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photonic crystal cladding with a triangular lattice pattern
of air holes as the defect cores. The air hole radius
r=0.47A, where A is the pitch of the air holes, and the
radius for the two defect cores is 7.

Figure 10 shows the effective indices n.y of guided
modes and PBG edges as a function of normalized wave-
length A/A with r.=1.05A. Two eigenmodes, even and
odd supermodes, appear inside the PBG for each polar-
ization direction. As show in Fig. 10, for y-polarization,
the effective index of the even supermode is higher than
that of the odd supermode for every wavelength. For x-
polarization, the dispersion curves of even and odd super-
modes intersect at 4 = 0.632A and the odd supermode has
a higher effective index than the even supermode in the
wavelength range over the crossing point. At the crossing
point, the propagation constant of the even supermode is
the same as that of the odd supermode and the dual-core
PBGF is decoupled. Figure 11 shows the wavelength
dependence of normalized coupling length L./A for both
polarizations. The value of coupling length for x-polar-
ization decreases slightly from A= 0.563A to 1= 0.569A,
then increases dramatically from 869A at A= 0.569A to
infinity at A = 0.632A. The value of L. decreases rapidly as
the wavelength increases in the wavelength range over the
crossing point.
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Fig. 10  Effective index of PBG edges and defect mode in
dual-core PBGF [14]

Decoupling means the dispersion curves of odd and
even supermodes can intersect with each other. The even
supermode is a fundamental mode and always has a
higher effective index than its odd counterpart in dual-
core index-guided fibers. Since the fundamental modes
of the individual cores have a positive phase everywhere,
their overlaps are always positive [18]. As a result, the
decoupling never occurs in these fibers. Whereas PBG
guided core modes are not fundamental mode in
PBGFs, and the parity of the high index supermode
depends on the symmetry of the cladding modes in the
photonic band at the PBG edges and the arrangement of
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Fig. 11 Normalized coupling length of dual-core PBGF [14]

two cores [18]. If the parity of the high index supermode at
two edges of the PBG is different, the dispersion curves of
odd and even supermodes will intersect each other in the
PBG, and decoupling occurs. Decoupling can not only be
found in hollow-core PBGFs, but also in all-solid PBGFs.
Dual-core all-solid PBGFs have been fabricated by Wang
Z, et al. in the University of Bath and decoupling has also
been experimentally observed in these fibers [18].
Directional couplers operated by resonance can be real-
ized by introducing some defects between the two cores in
PBGF. When the avoided-crossing effect between defect-
guided modes and core-guided supermodes occurs, energy
transfer enabled by these defects function as a transverse
resonator [22]. Here the design of the directional coupler
operated by resonant coupling is numerically presented
based on all-solid PBGFs [19]. The directional couplers
consist of a cladding with an array of high-index rods in
silica background, two cores formed by omitting two rods,
and some defect rods introduced by reducing the diameters
of the high-index rods between two cores, as shown in
Fig. 12[19]. The background material is silica with an index
of 1.457, and the circles denote the raised-index rods formed
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Fig. 12 Schematic diagram of directional coupler based on
all-solid PBGFs [19]
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by germanium-doped rods with an index of 1.47288. The
rod diameter d is 0.7A, where A is the rod pitch. The di-
ameter of the defect rods dy = 0.75d. The resonant effect
between the LPy-like core supermodes and higher order
defect guided modes are found in this fiber.

The normalized coupling length of dual-core all-solid
PBGFs with and without the resonant defect is shown in
Fig. 13. From Fig. 13, it can be seen that the curves of
normalized coupling length are significantly different for
the fiber with and without the defect rod, although the
difference between the two structures is slight. When the
defect rod is introduced, power can transfer between the
cores through the rod and the normalized coupling length
would obtain its minimum at the resonant point. As a
result, the normalized coupling length becomes observ-
ably shorter than that in the fiber without resonant defect.
Note that due to low index contrast, the difference of the
coupling length between x and y polarization is very small.
The resonant effect makes the coupling length signifi-
cantly decrease, which makes it possible to realize appli-
cations for more complex communication devices. Some
important fiber components in communication systems
such as the FBG and fiber amplifier could be introduced
in the structures for integrated all-fiber devices.
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Fig. 13 Normalized coupling length LJ/A as a function of

normalized frequency kA in the PBGFs with and without res-

onant rod in the case of D, =4A [19]

4 FBG inscribed in PBGFs

FBG is formed by periodic index modulation in the
core of a step-index fiber along the fiber length, which
can couple light to the discrete core, cladding modes
and continuous radiation modes. Due to the incorpora-
tion of Ge-doped rods, it is feasible to photo-inscribe
the fiber gratings into all-solid bandgap fibers effec-
tively. The Bragg grating inscribed in the all-solid
bandgap fiber not only has potential applications in
communication and sensor devices, but can also be

Zhi WANG, et al.

used to study the properties of modes in bandgap fibers
[21].

Figure 14 shows the microscope photograph of the
cross section for the all-solid bandgap fiber. The fiber
was fabricated by Bath University using a modified
stack-and-draw process. The guided modes and bandgaps
of the fiber are plotted in Fig. 15. It is shown that C-band
of around 1550 nm is included in the fundamental band-
gap located between the LPy; and LP;; supermode band
cut-offs. The spatial field distribution of the core mode in
the inset of Fig. 15 shows a small fraction of energy dis-
tributed in the inner ring of high-index rods. Therefore,
grating resonances between guided mode and supermodes
at certain wavelengths are possibly produced by index
modulation over the high-index rods.

Fig. 14 Microscope photograph of the facet for all-solid
bandgap fiber (the bright spots are embedded Ge-doped rods)

The all-solid PBGF spliced with single mode fibers is
loaded in hydrogen atmosphere at 100°C for 48 h to
enhance its photosensitivity. The bandgap fiber is then
exposed by focused pulses from a 248 nm KrF excimer
laser. The grating period is 1065 nm and the grating
length is 1.3 cm. Figure 16 shows the transmission and
reflection spectra of the FBG, from which peaks A
(1540.58 nm, 4.4 dB) and B (1537.8 nm, 1.1 dB) are
observed. However, only dip B finds its corresponding
reflective peak in the reflection spectrum. Since the guided
mode has the largest overlap with single mode fibers
among all the modes, it can be shown that peak B arises
from the coupling between forward and backward core
guided modes. The resonant wavelength of peak A is
longer than peak B, indicating that peak A arises from
coupling to supermodes which have higher effective indi-
ces than that of the core mode. As shown in Fig. 15, only
LPy; supermodes can satisfy this condition. Therefore,
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peak A corresponds to coupling to LPy; supermodes.
Grating resonance to the mode with a higher effective
index than fundamental core mode was only observed in
our experiment due to the specific modal distribution in
the all-solid PBGFs. The resonant wavelengths for peaks
A and B are calculated and shown in Fig. 16. Simulated
resonant wavelengths for forward and backward core
modes (blue line) and for core modes and LPy; super-
modes band (region between red lines) are also shown in
the figure. The calculated wavelengths of peaks A and B
are in good agreement with the experimental results. The
small deviations between the calculated and measured
values come from the uncertainty of the transverse struc-
ture parameter of the fiber.
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Fig. 15 Core modes and bandgaps of all-solid bandgap fiber

(inset: the spatial filed distribution of the core mode at
1540 nm) [21]
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Fig. 16 Transmission and reflection spectrum of FBG in all-
solid bandgap fiber [21]

5 Conclusions

PBGFs have exhibited their potential applications in
various photonic devices. The anti-resonant PBGFs,
obtained by filling the holes of the TIR-PCFs with
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high-index materials, can be used as tunable devices.
Their guided properties, such as loss, GVD and birefrin-
gence, can be tuned by varying the refractive index of
the filled materials. The GVD of the all-solid PBGFs
can be designed by introducing an additional effect.
The multi-core PBGFs can present some special cou-
pling properties, such as decoupling and the resonant
coupling effect. These fibers can be used as basic com-
ponents of the complex integrating all-fiber communica-
tion devices. The FBGs inscribed in all-solid PBGFs
exhibit special spectral characteristics. Therefore they
can not only have potential applications in fiber com-
munication and sensing, but can also be used to study
the modal properties of PBGFs.
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