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Abstract: We demonstrate the formation of stress-induced long period
gratings (LPGs) in fluid-filled photonic bandgap fiber (PBGF). Based on
our experimental results, simulations, and theoretical understanding of
LPGs, we identify coupling to a guided LP11-like mode of the core and
lossy LP1x-like modes of cladding microstructure for a single grating period.
The periodic modal properties of PBGFs allow for coupling to the same
mode at multiple wavelengths without being near a dispersion turning point.
Simulations identify inherent differences in the modal structure of even and
odd bands.
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1. Introduction
Long period gratings (LPGs) in optical fibers resonantly couple light between two
copropagating modes, typically the fundamental mode and a higher order mode (HOM) of the
core or cladding. LPGs have many useful device applications in optical filtering [1], gain
flattening [2], mode conversion [3], and sensing [4]. However, on a more fundamental level,
LPGs can be used as a diagnostic tool for probing the modes of novel fiber structures [5, 6].
The LPG phase matching condition, given by λres=Λ|nefffund- neffHOM|, where λres is the
resonance wavelength, Λ is the grating period, and neffx is the effective index of one of the
coupled modes, depends on the effective index difference between the two coupled modes,
which is typically small and thus sensitive to variations in nefffund or neffHOM. If Λ and nefffund
are known, then measuring λres can be a highly sensitive method for experimentally
determining neffHOM.
Microstructured optical fibers (MOFs), optical fibers with holes running down the fiber
axis, have attracted a great deal of interest over the past decade in large part because of their
unique and very useful modal and dispersive properties, e.g. endlessly single mode behavior,
low loss guidance in air, or engineered dispersion for enhancing nonlinear processes [7].
Long period gratings have been demonstrated in solid core index guided MOFs [5, 6, 8-16],
primarily in the context of fiber devices, where they have been shown to be more stable
against changes in temperature, strain, or the index surrounding the fiber as compared to
LPGs in step index fibers. It has also been shown that in air/silica MOFs, the beat length
between the fundamental and cladding modes, equivalent to the period required for phase
matching Λ, generally decreases with wavelength [8-12], contrary to the usual case in SIFs,
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Fig. 1. Schematic diagram of solid core PBGF with mechanically-induced LPG which couples
the fundamental core mode to an antisymmetric higher order mode of the fiber. Shaded
vertical boxes indicate stressed regions of the fiber. In the PBGF cross-section at left of
diagram, gray corresponds to high index regions and white corresponds to low index regions.

though this behavior is not unique to MOFs and can exist in SIFs for some cladding modes
[17-19] (it also occurs in SIFs for coupling between two guided modes [3]).
Photonic bandgap fibers (PBGFs) are a type of MOF in which the core has a lower
refractive index than the average index of the cladding microstructure [7]. Here we consider
the specific case of a solid core PBGF in which the microstructure is a periodic array of
identical high refractive index rods embedded in a low index background and the core is
formed by a single missing rod defect. Such PBGFs of course are not air/silica fibers but
rather composed of two different materials and can be fabricated by taking a solid core MOF
with airholes in the cladding and filling the holes with a high index fluid [20]. In these fibers
the guidance is due to anti-resonant scattering from the high index rods [21-23] and the
transmission spectrum consists of discrete frequency bands. The modal properties are thus
very different from index guided fibers, and this will be reflected in the LPG spectra PBGFs.
In this paper we demonstrate the first LPG in a PBGF. The grating is formed by inducing
periodic mechanical stresses on the fiber [9, 10, 24, 25]. The LPG couples to HOMs of the
core and the microstructure. Since the mode structure is periodic in frequency, we obtain
phase matching between the fundamental mode and same higher order mode (HOM) at
multiple wavelengths for a single grating period far from any dispersion turning point. We
obtain very good agreement with simulations in determining the phase matching conditions.
We also show that the properties of the HOMs unexpectedly depend on the parity of the
transmission bands, and in particular that the odd bands support both a low loss LP11-like
HOM of the defect core and lossy HOMs of the microstructure, whereas the even bands
support lossy HOMs of the microstructure only.
2. Experiment
The fiber used in the experiment, ESM-12-01 from Crystal Fiber A/S, is a silica MOF with 4
rings of air holes, where the holes have an average diameter of 3.51 μm arranged on a
triangular lattice with an average pitch of 7.7 μm. The core is formed by a single missing rod
defect. We make this fiber into a PBGF by using a vacuum pump to fill the holes with a high
index fluid from Cargille Laboratories with nD = 1.64. After the fiber is filled, the ends
are cleaved to ensure that no fluid rests near the core on the fiber endface. We do not strip the
fiber jacket in any of our measurements. Figure 2(a) (black) shows the transmission spectrum
through a 10 cm length of this fiber as measured on an optical spectrum analyzer (OSA) using
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Fig. 2. (a) Transmission spectrum through length of 10 cm PBGF with no grating (black) and
with a grating (red) induced by periodic stress. (b) Schematic diagram of experimental
embodiment of mechanical stress grating.
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Fig. 3. Grating growth in the 4th , 5th, and 6th transmission bands for increasing applied
pressure. Data in normalized with respect to transmission with no applied pressure. The
grating growth at the resonances near 1250 and 1200 nm are measured using 0.2 nm resolution
on the OSA, other resonances are measured using 2 nm resolution.

a supercontinuum light source [26] butt-coupled to the PBGF. We observe three discrete
transmission bands. If we designate the lowest frequency transmission band supported by the
fiber as the first band, then the measured bands correspond to the 4th, 5th, and 6th transmission
bands of this fiber. We then form our LPG by inducing periodic stresses in the fiber. This is
done by clamping the fiber into a V-groove cut in an aluminum stage and then pressing down
on it with a 5 cm long threaded rod with a thread spacing of 660 μm (Fig. 2(b)). The force is
applied by screwing the top plate down to fiber holder. When we apply pressure to the fiber,
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we observe a single loss peak in the 5th and 6th bands and two loss peaks in the 4th band. By
contrast, we note that if we induce a grating in the same fiber with no fluid in the airholes, so
that the modes are index guided and the transmission is broadband, we measure only a single
resonance dip near 1020 nm.
The strength of the grating coupling depends on the amount of pressure applied. Figure 3
shows the growth of the resonances for increasing grating strength. The resonances near 1250
nm and 1200 nm are measured using a resolution of 0.2 nm and the other resonances are
measured using a resolution of 2 nm. The sharp peaks in the high resolution scan are not yet
well-understood. We also measured the temperature dependence of the LPG resonances. The
refractive index of the fluid has a large thermo-optic coefficient (-4.65×10-4 ºC-1), and so we
found the resonances to be very sensitive to temperature, with tuning coefficients of -1.58
nm/ºC, -1.38 nm/ºC, -1.01 nm/ºC, and -0.94 nm/ºC for the four measured resonances going
from long wavelength to short wavelength. The details of the thermal tuning characteristics
of the PFBG LPG will be described in a future publication.
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Fig. 4. Transmission spectrum through length of 10 cm PBGF with no grating (black) and with
a grating (red and blue) induced by periodic stress. In the red curve, there is a slight bend of
the fiber at the clamp beyond the grating region which strips out the HOMs; in the blue curve,
this bend is minimized.

Finally, we note that measured spectrum was sensitive to how the fiber was clamped to the
stage, away from the grating region. Since the V-groove was neither perfectly straight nor of
uniform depth and width, we found that if the clamping was not done with sufficient care, the
clamp would bend the free ends of the fiber upwards or sideways and we observed losses at
the edges of the transmission bands, consistent with the work of Argyros et al. [27].
However, the bend can also be an advantage in that it acted as a HOM stripper. In Fig. 4 we
show grating spectra with a slight bend (bend radius ~1-10 cm) at the clamp (red curve) and
our best results for attempting to remove the bend (blue curve). As compared to the red
curve, we note that the blue curve generally transmits better near the short wavelength edges
of the transmission band edges, consistent with a reduction in bend loss [27]. More
importantly, the resonance dip near 1 μm disappears, though the other resonances are
relatively unaffected. This indicates that the mode we couple to at that resonance has lower
propagation loss than the other HOMs, though it is still strongly susceptible to bend loss. We
return to this point in Sec. 4.
3. Simulation
We simulate the modes of our PGBF using the multipole method [28, 29]. The simulations
include the material dispersion effects of silica and the index high fluid. Since the
mechanically induced stresses have a preferred direction, the grating coupling coefficient has
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Fig. 5. Transmission spectrum of PBGF LPG (black line, left axis) and numerically simulated
phase matching curves (colored lines, right axis) between fundamental and LP1x-like modes.
Blue and red lines correspond to LP11- and LP12-like modes of the microstructure, respectively,
and green line corresponds to LP11-like mode of the core. Vertical lines show that the phase
matching curves cross the Λ=660 μm line at wavelengths extremely close to the measured
resonances.

an azimuthal dependence which primarily couples from modes with n azimuthal nodes to
modes with n+1 or n-1 azimuthal nodes. Experimentally, we launch light into the
fundamental core mode of our PBGF, so the stress grating couples mainly to LP1x–like modes
[24, 25]. Our simulations show that the grating spectra do in fact satisfy the phase matching
condition for coupling between the fundamental and LP1x–like modes. In Fig. 5, we again
plot the PGBF-LPG spectrum (black line) superimposed with the phase matching curves of
our simulated modes (colored lines). Each colored phase matching curve is actually made up
of three curves, corresponding to the TE0x-, TM0x-, and HE2x-like modes which make up the
LP11 manifold. The right y-axis corresponds to the beat length between the fundamental and
HOMs, i.e. the grating period Λ=λ/|nefffund- neffHOM| necessary for coupling at a particular
wavelength. The horizontal line corresponds to the experimental period Λ=660 μm, and the

Fig. 6. Simulated transverse mode profiles of HOMs coupled by the PBGF LPG at (a) 855 nm,
(b) 985 nm, (c) 1205 nm, and (d) 1250 nm. Modes (a) and (c) are LP12–like modes of the
microstructure, mode (b) is a LP11–like mode of the core, and mode (d) is a LP11–like mode of
the microstructure. All plots correspond to the real part of Hy of the TM-like mode.
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dashed vertical lines show that at this period, the numerically simulated phase matching
condition is satisfied at wavelengths which agree with the measured values to within 1%.
Figure 6 shows the simulated transverse mode profiles of the HOMs which satisfy the
phase matching condition. Modes (a) and (c) have very similar field profiles (mode (c) is
slightly more extended because it is at a longer wavelength and nearer to the edge of the
transmission band), and we designate these as the LP12-like mode of the microstructure. The
fact that we can phase match to this mode at two wavelengths 350 nm apart is due to the
periodic mode structure inherent to PBGFs and not to a particular dispersion turning point as
required in more conventional index guiding fibers. We note that phase matching curves in
the 5th band in Fig. 5 are different from those in the 4th and 6th bands, and the corresponding
mode profiles in Fig. 6 are also different in the 5th band. We elaborate on this point in the
following section.
4. Discussion
As mentioned above, Figs. 5 and 6 seem to indicate a qualitative difference between the 5th
band and the 4th and 6th bands. Regarding the mode profiles in Fig. 6, we note that whereas
modes (a), (c), and (d) appear to fill the microstructure and are quite lossy (20 dB/cm, 42
dB/cm, and 15 dB/cm, respectively), mode (b) is well confined to the core and has much
lower propagation loss (0.03 dB/cm). We note that this is consistent with our finding in Fig.
4, that the LPG resonances in the 4th and 6th bands should not be sensitive to fiber bends, since
the HOMs associated with these resonances have very large loss anyway, whereas the
resonance in the 5th band is sensitive to bend loss because the associated HOM has relatively
low propagation loss in the absence of bends. Modes (a), (c) and (d) are in fact modes of the
microstructure; specifically, modes (a) and (c) are LP12 modes and mode (d) is an LP11 mode.
Simulations show that these microstructure modes exist even when the defect core is replaced
by a high index rod, and they can be viewed as somewhat analogous to the antiguided modes
of air-silica MOFs described in the work of Yan et al. [30]. However, the microstructure has
a higher average refractive index than the surrounding silica cladding, so in this case one
cannot qualitatively view the entire microstructure as big core with a low effective index with
antiguidance occurring at the edge of the microstructure. Rather, the guidance appears to be
antiresonant in nature (periodic dispersion relation relation, higher loss near resonances of the
cylinders, neff below the lowest material index), with antiresonant scattering occurring in the
interstitial regions of the microstructure. Alternately, one may view these HOMs as
supermodes composed of a linear combination of leaky modes (i.e., beyond cutoff) of the
individual cylinders.
We also simulated the evolution of the microstructure modes as more rings of cylinders
are added. The propagation loss, determined by the imaginary part of the effective mode
index, decreases by only a factor of 10 when the number of rings is increased from 4 to 10.
Furthermore, the mode field distribution is always such that the fields fill the entire
microstructure, again consistent with the proposition that these are modes of the
microstructure as whole. This indicates that the strength of the LPG resonances depends on
the number of rings, since the overlap between the fundamental mode localized in the core
and the microstructure modes will be weak if the microstructure is very large. By contrast,
the LP11 mode in the 5th band (mode (b) in Fig. 6) always remains localized in the core and its
propagation loss decreases by more than a factor of 10 as each ring is added. If we consider
the photonic bandgap model of these PBGFs, mode (b) lies within a bandgap, just like the
fundamental core mode, whereas modes (a), (c), and (d) do not. In the case of an infinite
structure, the modes of the microstructure become Bloch modes of a photonic band.
Returning to Fig. 5, we note that there is no green curve in the 4th and 6th bands
corresponding to an LP11–like core mode. Simulations seem to indicate that, at least for fibers
with a single defect core, this mode simply does not exist in the 4th and 6th bands. We have
confirmed this not only with careful simulations of fibers with large finite microstructures, but
with a fiber having an infinite number of rings using the fictitious source superposition
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method [31]. This is quite an unexpected result, as one would typically assumes that any
waveguide structure becomes more strongly multimoded as the wavelength decreases, and so
the 6th band should support a HOM in the defect. Furthermore, the blue and red curves in the
5th band appear inverted, with the LP12-like mode of the microstructure having a longer beat
length than the LP11-like mode, indicating that the LP12-like mode has a higher neff. Also,
whereas we found that adding more rings causes the real part of the effective index of the
microstructure modes to increase in the 4th and 6th bands, adding more rings decreases the
mode index the 5th band. The field distribution of these modes in the 5th band, shown in Fig.
7, are actually quite different from those shown in Fig. 6, with very little overlap with the
core. More generally, we find that our PBGF has one mode structure associated with the even
bands and another associated with the odd bands. For example, the properties of the modes in
the 5th band described here also apply to the 3rd and 7th bands. We are currently investigating
how this feature relates to the anti-resonant scattering model of PBGFs, and our initial results
indicate that the scattering properties of dielectric cylinders do have asymmetries which lead
to band parity in solid core PBGFs. This will be described in a future publication.

Fig. 7. Simulated transverse mode profiles of LP11- and LP12-like HOMs of the microstructure
in the 5th transmission band (985 nm).

5. Conclusion
We have demonstrated the first LPG in a PBGF. The PBGF has a solid core, which allows us
to mechanically induce the LPG through periodic stresses. We measure LPG resonances in
multiple transmission bands for a single grating period. Numerical simulations of the phase
matching condition for the LP1x-like modes of the PBGF are in excellent agreement with the
measured resonances. The simulations show that the LPG couples to antisymmetric modes of
both the core and the microstructure. The mode structure of the PBGF is quasi periodic in
frequency, which allows for coupling to the same mode at multiple wavelengths far from a
dispersion turning point; experimentally, we phase match to the LP12 mode of the
microstructure in both the 4th and 6th transmission bands. We find that in the even bands, one
can only phase match to lossy HOMs of the microstructure, whereas in the odd bands, one can
phase match to well-confined HOMs of the core as well. This indicates that by adjusting the
hole size or index contrast of the PBGF, one fabricate LPGs that act either as mode converters
or loss filters at a given wavelength.
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