
Long-period gratings in special
geometry fibers for high-resolution
and selective sensors

Lars Glavind
John Canning
Shaorui Gao
Kevin Cook
Gang-Ding Peng
Yanhua Luo
Bjarne Funch Skipper
Martin Kristensen

Long-period gratings in special
geometry fibers for high-resolution
and selective sensors

Lars Glavind
John Canning
Shaorui Gao
Kevin Cook
Gang-Ding Peng
Yanhua Luo
Bjarne Funch Skipper
Martin Kristensen



Long-period gratings in special geometry fibers for
high-resolution and selective sensors

Lars Glavind,a,b,* John Canning,c Shaorui Gao,c,d Kevin Cook,c Gang-Ding Peng,e Yanhua Luo,e

Bjarne Funch Skipper,f and Martin Kristensenb

aTechnology & Service Solutions, Vestas Wind Systems A/S, Hedeager 42, 8200 Aarhus N, Denmark
bAarhus University, Department of Engineering, Finlandsgade 22, 8200 Aarhus N, Denmark
cUniversity of Sydney, School of Chemistry, Interdisciplinary Photonics Laboratories, 222 Madsen Building F09, Sydney, New South Wales 2006,
Australia
dZhejiang University, Center for Optical and Electromagnetic Research, Hangzhou 310058, China
eUniversity of New South Wales, Photonics and Optical Communications, Sydney, New South Wales 2052, Australia
fAarhus University, Aarhus School of Engineering, Finlandsgade 22, 8200 Aarhus N, Denmark

Abstract. Advantages for sensor applications of long-period gratings (LPGs) in special optical fibers are
reported. Two consecutive LPGs separated by 60 to 100 mm interfere to improve the resolution and reduce
noise in a highly doped fiber with inner cladding and in a D-shaped fiber. These gratings provide good contrast
to increase the resolution for sensing applications, with or without access to the surroundings along the fiber.
The mode profiles of the devices were characterized experimentally to gain deeper insight into the improved
functionality. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this
work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.OE.53.6.066109]
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1 Introduction
Since the discovery of useful germanosilicate photosensitiv-
ity by Hill et al.1 and with side writing of gratings,2 there has
been rapid development in optical devices utilizing fiber
gratings. In particular, fiber Bragg gratings (FBGs) have
been utilized in numerous applications as they have narrow
bandwidths and are sensitive to strain and temperature. UV-
written long-period gratings (LPGs) were demonstrated in
optical fibers by Vengsarkar et al.3 Compared to FBGs,
the bandwidth of the LPG resonance is very broad, typically
about 20 nm,4 which results in limited effective resolution for
interrogating their resonant dip and shift. However, it is pos-
sible to utilize the general principle of interaction between a
particle and two consecutive oscillatory fields, developed
originally by Ramsey,5 where identical LPGs in an optical
fiber act as a Mach–Zehnder (MZ) device in transmission,6

which provides narrow resonances for high-resolution detec-
tion of the sensing parameter and reduces noise.5 This prin-
ciple has been demonstrated for various sensing applications
such as refractive index and bends sensing.7–9 Utilizing this
principle in special fibers with and without access along the
fiber to the surroundings provides devices for a large number
of applications. It has been demonstrated that LPGs are
suitable for structural health monitoring, especially for large
structures such as wind turbines, as they can provide direc-
tional bend sensing of the blades, due to the fiber geometry.4

These sensors can also provide the possibility for direct com-
pensation of temperature drift. The utilization in D-shaped
fibers provides a good access to the surroundings while
retaining sufficient robustness; therefore, they are also ideal
for several other evanescent field applications.10,11

In other areas such as medicine and molecular biology,
many optical characterization methods are based on

illuminating samples with modulated light for interrogating
the phase of a received signal or to obtain information as
a function of time. This sometimes involves mechanical
methods12,13 used to control excitation with different mode
patterns and extracting delicate information by advanced
data processing.13 One of the limitations is that devices
for switching between mode-field patterns are often slow,
bulky, and relatively expensive and often limit a practical
compact size. A compact and cheap device that can provide
switching between different mode patterns can be realized
with the MZ configuration in optical fibers. By sweeping
the wavelength to tune the phase rather than mechanically
moving a cavity, modulation becomes passive (i.e., no mov-
ing parts) and faster, resulting in improved noise suppression
and longer-term operation.14

If the LPGs are inscribed in an optical fiber with an inner
cladding (higher RI of the inner part of the cladding), a
device is provided that is insensitive to the surroundings,
but can be used for sensing at the fiber end where the
fiber is cleaved. In such a case, Fresnel reflections can be
utilized for interrogation while another sensor function
can be operated from the side—such a multiple functionality
is the basis of lab-in-a-fiber technologies. Devices based on
this principle also have the possibility of being applied to
other cases such as input/output in optical storage devices,
fundamental physics applications such as generation of
doughnut modes for laser cooling and trapping, and launch-
ing simple types of Bessel beams.15

2 Fabrication and Simulations
LPGs were inscribed in two different silica fibers: a
highly B∕GeO2 codoped inner cladding fiber14,16 (core:
[B] ∼20 mol:%, [GeO2] ∼33 mol:%; inner cladding: [P]
∼11 mol:%, [F] <4 mol:%) and a D-shaped fibee9 (core:
[GeO2] ∼4.5 mol:%, [P2O5] ∼1 mol:%, both spliced to
SMF-28 fiber for launching and collecting the light. In both*Address all correspondence to: Lars Glavind, E-mail: lagla@vestas.com
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cases, the LPGs were inscribed without hydrogen loading.
For maximum interference visibility in the lossless case,
each of the LPGs should ideally be near 3-dB deep in trans-
mission,5 such that the power is equally split into the two
modes allowing the interferences with 100% visibility.

2.1 Inner Cladding Fiber

The step index of the core relative to the outer cladding of the
fiber is Δn ¼ 0.005, the inner cladding is slightly depressed
with an average index difference Δn ∼ −0.0015 relative to
the outer cladding. Attributable to the higher volatility
and diffusivity of fluorine, for the duration of layer deposi-
tion, the inner cladding has a sawtooth transverse index-
profile with the teeth depth ranging over Δn ∼ 0.000 to
−0.002.14 The cross section is shown in Fig. 1. The index
profile for the preform is shown in Fig. 2. This leads to
a leaky cladding mode where most of the light lies within
the depressed cladding, and the outer part of the intensity
pattern oscillates with the index. Such a property makes
the fiber sensitive to stress and bending and also sensitive
to reflection loss. Therefore, care is necessary when embed-
ding the LPG containing fiber for an application.

In the fiber with inner cladding, a 10-mm-long LPG with
a 3-dB resonance dip near 1583 nm was written through
an amplitude mask (50∶50 duty cycle, Λ ¼ 440 μm)
using the output of an argon fluoride laser (ArF) exciplex
laser (λ ¼ 193 nm, fpulse ¼ 200 mJ∕cm2). The second iden-
tical LPG was then written 100 mm from the end of the first
grating, while its properties in transmission were measured
with an erbium ASE source and an optical spectrum analyzer
using a resolution of 1 nm.

The fiber was cleaved exactly at the end of the second
LPG, and an optical circulator was utilized to interrogate
the Fresnel reflection from the cleaved facet. The spectrum
is shown in Fig. 3. The dips measuring light lost to the
cladding were found to be 14 dB, indicating the imperfect
reflection of the cladding mode from the facet but also
arising from the fact that these inner cladding modes are
lossy and therefore will reduce the MZ fringe contrast.

To simulate the distance between the dips in the MZ
configuration, the spectra have been modeled utilizing the
matrix for transmission gratings as described by6,17,18

Ti¼
�
cosðγcΔzÞþ i σ̂γc sinðγcΔzÞ i κγc sinðγcΔzÞ
i κγc sinðγcΔzÞ cosðγcΔzÞ− i σ̂γc sinðγcΔzÞ

�
:

(1)

For a uniform grating, γc ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2 þ σ̂2

p
, σ̂ is a “DC” self-

coupling (period-averaged) coupling coefficient, κ is an “AC”
cross-coupling coefficient, and Δz is the length of grating.

The transmission spectrum of a composite grating can be
found by multiplying each transmission matrix as follows:19

�
F
S

�
¼ T2 · TP · T1

�
1

0

�
: (2)

The amplitudes of the incident core and cladding modes
are here 1 and 0. F and S are the complex amplitudes of the
core and cladding modes. T2 and T1 are equal, if the gratings
are identical. In our case, TP is the phase shift from the
distance between the gratings and is given by

Fig. 1 Cross section of the inner cladding fiber.
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Fig. 2 Index profile of the preform for the inner cladding fiber.
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Fig. 3 Normalized spectrum of the Mach–Zehnder (MZ) configuration
in the inner cladding fiber.
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TP ¼
2
4 exp

�
i Δφ

2

�
0

0 exp
�
−i Δφ

2

�
3
5; (3)

where Δφ ¼ 2πΔnL∕λ, L is the length between the gratings.
From the center wavelength and the grating period, the

difference in the effective index for the core and cladding
modes can be found20

λðmÞ ¼ ½neff − nðmÞ
cl �Λ; (4)

where neff is the effective index of the guided mode, nðmÞ
cl is

the effective index of an azimuthally symmetric cladding
mode of order m, and Λ is the spatial grating period. The
asymmetric modes can also, to some smaller degree, be
excited even without blazing the grating. For the inner
cladding fiber, the center wavelength is λ ¼ 1583 nm, given
Δneff ≈ 0.0035.

The simulations of the LPGs in an MZ configuration, with
reflection at the cleaved facet of the fiber, are plotted in
Fig. 4, where the red line is the reflected power for a single
LPG and the black line is the reflected spectra for the two
LPGs. Note that loss, especially leaky mode loss, is not
included in these simulations. The loss has most influence
on small side-lobes and for strong gratings but can affect
the fringe contrast obtained as well. Furthermore, the gra-
tings are assumed to be uniform. However, a directly UV-
written LPG would always have some minor apodization
due to the beam profile of the UV laser. The end-reflections
are assumed to be maximum for the core mode and zero for
the cladding mode due to the diffraction and a typical small
angle on the cleaved end. In addition to all this, Fresnel
reflections from the splices and from UV index change dur-
ing writing are assumed to be negligible and not included in
the simulation. As the transverse distribution of the UV-
induced changes is unknown, the coupling coefficients are
assumed to be 1. The distance between maximum transmis-
sion and minimum transmission (core mode) is about 2.8 nm.

2.2 D-Shaped Fiber

In contrast to the round fiber with inner cladding, a D-shaped
fiber provides access to the surroundings along the fiber
length. Figure 5 shows the cross section of the D-shaped
fiber used in this work. The flat side length is d ∼ 156 μm
and with a distance from the center of the core to the flat
side of 8 μm. The index difference of the core and cladding
is Δn ∼ 0.00456, and the fiber is single-mode over the 1500-
nm range. The mode-field radius is w ∼ 5.4 μm at 1550 nm.
The index profile of the preform, before milling down to
a D-shape, is shown in Fig. 6. Note that the fiber has a
rise in the cladding near the core. This rise was used to stop
crack propagation during the self-assembly of films on
D-shaped fibers for lab-in-a-fiber technologies.21

In the D-shaped fiber, two identical LPGs were written
through an amplitude mask (50∶50 duty cycle, Λ ¼ 600 μm)
using the same ArF exciplex laser (λ ¼ 193 nm) as with the
inner cladding fiber. The second identical LPG was written
60 mm from the end of the first grating. As the D-shaped
generates form birefringence, and an unpolarized ASE
source was used, there are induced polarization-interference
ripples visible during writing. The LPGs are therefore written
stronger than 3 dB so that they are clearly visible. These
LPGs have approximately a 9-dB minimum transmission

Fig. 4 Normalized spectrum of the model of the long-period grating
(LPG) in the inner cladding fiber. The red line is a single 3-dB LPG.

Fig. 5 Cross section of an illuminated D-shaped fiber. The D-shaped
fiber also has an inner cladding deposited and visibly seen (fiber
diameter of 156 μm).

Fig. 6 Index profile of the preform for D-shaped fiber, before milling
down to D-shape.
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dip centered near 1560 nm. Figure 7 shows the spectrum
for the transmission of both LPGs. These were measured
using an erbium-doped fiber amplifier (EDFA) and an optical
spectrum analyzer (resolution ¼ 1 nm). It is seen that the
fringes are still narrow and relatively strong. This device
was embedded and utilized as a bend sensor for wind
turbines.9 Additionally, a second LPG device was written,
where the center wavelengths of the two LPGs were mis-
aligned—Fig. 8 shows the transmission spectrum of this
device, with a dip near 1510 and 1530 nm for the two
LPGs, respectively.

The LPGs have been simulated in a similar way as for
the inner cladding, shown in Fig. 9, where the red line is
the transmitted power for a single LPG and the black
line is the spectra for the two LPGs. From Eq. (4),
Δneff ∼ 0.0026. The lower Δneff for the D-shaped fiber is
due to the core mode lying closer to the cladding/air inter-
face. Note that since the initial LPG is 9 dB, the spectra with
the two LPGs will be “over-coupled,” affecting the depth of
the fringes, but the change in spacing between fringes is
small.22 Furthermore, Fresnel reflections from the splices

and the UV index change during writing are ignored. The
separation between fringes is approximately 6.0 nm for
the measured sensor and 5.7 nm for the simulation (influence
of birefringence is ignored).

3 Mode Profile Characterization
For mode profile measurements, the fibers were mounted in
front of an infrared camera (Vis-NIR vidicon) with a colli-
mation lens (40 × ∕0.65 NA microscope objective) between
the cleaved fiber end and the camera. The mode-field
patterns in transmission were measured when launching a
2-mW tuneable laser source (∼1550 nm, resolution: 0.1-nm
step size, 100-kHz linewidth) into the fibers through the
SMF-28 fiber. This is illustrated in Fig. 10.

3.1 Inner Cladding Fiber

Figure 11 shows the mode profile, for the inner cladding
fiber, at constructive interference between the core and clad-
ding modes corresponding to the maximum back reflection
at 1577.4 nm, and Fig. 12 with destructive interference and
minimum back reflection at 1580.6 nm (see Fig. 3). The
wavelength-shift between exciting predominantly the core
and cladding modes is only 3.2 nm. Given the separation
is proportional to the effective grating separation, narrower
fringes can be used for faster switching between the modes
of a given device by increasing the distance between the gra-
tings. Since the cladding modes are confined within the inner
cladding, the sensor is immune to the outer cladding
surroundings, in contrast to some LPG MZ devices which
use cladding modes extending to the outer cladding region.23

This immunity has been confirmed by applying various
liquids on the outside of the fiber without observing any
effects.14
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Fig. 7 Normalized spectrum of MZ configuration in the D-shaped fiber
(1-nm resolution).
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Fig. 8 Normalized spectrum of two LPGs at 1510 and 1530 nm in the
D-shaped fiber (1-nm resolution).
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Fig. 9 Normalized spectrum of the model of MZ configuration in the
D-shaped fiber. The red line shows the spectrum of a single LPG.

Fiber Lens Vidicon

Fig. 10 Schematic of the setup for mode profile measurements.
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3.2 D-Shaped Fiber

For the D-shaped fiber, Figs. 13 and 14 show the mode-field
patterns at constructive interference between the core and
cladding modes, corresponding to the maximum transmis-
sion at 1494.0 nm, and destructive interference and mini-
mum transmission at 1509.3 nm (see Fig. 7).

In the first case, this leads to primarily excitation of the
core mode, while in the second case, a cladding mode is
excited. Since the two modes have very different patterns,
they provide excellent spatial discrimination between effects
in the core and cladding, which is ideal for the detection of
bending and stress. However, the detailed signal interpreta-
tion is complicated by polarization effects and some polari-
zation discrimination is necessary. In addition, they also have
different fields overlap with the region outside on the D-flat,
which can be used for chemical and biological sensing, for
example. The sensitivity to ethanol has been experimentally
demonstrated to provide a wavelength shift of about 0.6 nm.

The device in the D-shaped fiber shows only negligible
changes with wavelength due to polarization; however, it
depends on fiber composition and physical parameters
such as the core-center to flat distance. For the sensor to
have high birefringence, the distance must be relatively
short;24 however, this would generate loss and even change
the mode profiles.

4 Discussion
The mode profiles of the sensors in the two fiber types were
characterized experimentally to gain deeper insight into the
improved functionality. In general, the two devices have
some similarities. They both utilize UV-written LPGs in
an MZ configuration to improve the sensitivity. The fringe
separation can easily be changed with the distance between
the LPGs and thereby optimized for a given application.
Compared with a standard LPG in a normal circular fiber,
the LPGs in special geometric fibers can provide selectivity
to sensing of particular effects and suppress other effects.

Fig. 11 Mode profile intensity pattern in transmission at 1577.4 nm
(core mode).

Fig. 12 Mode profile intensity pattern in transmission at 1580.6 nm
(cladding mode).

Fig. 13 Mode profile intensity pattern in transmission at 1494.0 nm
(core mode).

Fig. 14 Mode profile intensity pattern in transmission at 1509.3 nm
(cladding mode).
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Selecting the inner cladding of a fiber provides a very robust
device which is immune to the surroundings along the fiber,
while enabling a highly sensitive interference device for
sensing at the fiber end. On the other hand, the D-shaped
fiber, where the interface to the surroundings is very close
to the modes in the fiber, provides a device which is highly
sensitive to changes in the surroundings. Coupling to the
round inner cladding fiber is straightforward, as the fiber
dimensions are similar to an SMF-28, whereas the D-shaped
fiber requires more care for proper coupling due to the asym-
metrical shape.

In the D-shaped fiber, both the core and cladding modes
are close to the surface at the flat side, and thereby both
modes utilized by the LPG are affected by the coating
index, or in the case of naked fiber, the surrounding
index. This is different from the inner cladding fiber,
where neither core nor cladding modes used by an LPG
are affected, and conventional fiber LPGs where the core
mode is not affected although the cladding mode will be.
This provides the possibility of measurement using both
modes, and utilizing one as an internal reference, potentially
reducing noise and providing improved spectral resolution
and/or selectivity. The D-shaped fiber sensor is, therefore,
particularly suitable for a chemical or biological sensor.
However, as both modes are close to the flat side, the
fiber-sensor is birefringent. This must be taken into consid-
eration for a given application, where it needs to be con-
trolled and/or exploited. With appropriate recoating, the
D-shaped fiber can be protected against the surroundings;
this has been recently demonstrated with a low-index coating
(refractive index 1.375),9 although the sensitivity is reduced
as the index step to the recoating is smaller than to air.
Additionally, the D-shaped fiber LPG sensor can have pat-
terns created on the flat side: e.g., for quasiphase-matched
nonlinear processes11 or grating-assisted couplers. LPGs
are sensitive to temperature and strain, which must be
taken into consideration for a given application; however,
the sensitivity can be suppressed by the fiber and grating
composition.4 For example, considering the D-shaped
fiber, the germanium doped core can expand more in one
direction compared to a symmetrical fiber affecting the
sensitivity to strain and temperature.

Finally, an interesting application of the inner cladding
fiber would be to provide improved resolution of a scanning
near-field optical microscope (SNOM) or a fluorescence
variant of such. By tapering the end of the fiber to work
as a lens and simultaneously launching two lasers into the
fiber, it is possible to construct low-cost devices such as a
very cheap version of subdiffraction resolution fluorescence
microscope.13 This works because one laser line is off-
resonance with the grating, providing optical excitation of,
for example, a fluorophore, whereas the other laser optically
depletes the fluorescence while in resonance with the grating
and digitally wavelength-modulated between peak and dip of
the interference pattern, providing a simple modulation
scheme. The modulation speed could be very high by
using a 10- to 40-Gbit∕s electro-optical modulator, and
thereby allow fast surface scanning with nanometer resolu-
tion and simultaneously give access to advanced quantum-
optical effects. The primary concern would be the signal
strength, but it could be significantly improved compared
to a standard SNOM by only tapering the fiber-end

moderately down, since subdiffraction resolution is provided
by the depletion and pattern-modulation anyway. This kind
of passive modulation is also suitable as an alternative
method of obtaining high-resolution imaging using dynamic
optical coherence tomography where probe movement is
necessary,25 which is not always a desirable approach within
a human body.

5 Conclusion
This work demonstrates how sensors based on LPGs acting
as MZ interferometers in optical fibers for high resolution
and selectivity can be exploited for a number of different
applications. Based on the selection of fiber, the device
can be either sensitive or insensitive to the surroundings
along the fiber and/or provide sensing from the end-face
of the fiber. Clear switching between the core and cladding
modes in transmission through the device has been demon-
strated, opening up a passive approach to spatial modulation.
The D-fiber platform also offers potential multiple function-
ality with one fiber.
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