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Optical inclinometer based on a single long-period
fiber grating combined with a fused taper
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A new concept to measure rotation angles based on a fiber-optic modal Mach–Zehnder interferometer is
demonstrated by using a nonadiabatic taper cascaded with a long-period fiber grating. Information about
the magnitude of the rotation angle can be obtained from the measurement of the interference pattern vis-
ibility, and under certain conditions it is also possible to obtain the sign of the rotation angle from the in-
duced phase variation in the fiber interferometer. © 2006 Optical Society of America

OCIS codes: 050.2770, 060.2370.
A long-period fiber grating (LPG) is an optical device
that couples the forward-propagating guided mode to
forward-propagating cladding modes of a single-mode
optical fiber, leaving a set of attenuation bands in the
transmission spectrum.1 This forward coupling is ob-
tained by a periodic refractive index modulation of a
hundred micrometers along the core of the optical fi-
ber. LPGs turned out to be very valuable in both op-
tical communications and fiber sensing. For the lat-
ter, they prove to be effective sensing elements of
different measurands, such as temperature, strain,
transverse load, curvature, pressure, and refractive
index.2

LPGs can also be used to implement versatile fiber-
mode interferometers with enhanced parameter sen-
sitivity. This is done either by cascading two similar
LPGs within a certain fiber length [Fig. 1(a)], result-
ing in a single-fiber Mach–Zehnder configuration,3–5

or by using a single LPG and a mirror [Fig. 1(b)], pro-
ducing a fiber-mode Michelson interferometer.6,7 The
general principle of operation of both interferometers
is illustrated in Figs. 1(a) and 1(b). Light propagates
along the optical fiber to the first long-period grating,
which couples part of the light to one of the cladding
modes. At the cladding, light propagates with an ef-
fective refractive index smaller than the one experi-
enced by the light that propagates in the core. In this
way, a differential optical path length is accumulated

between the two light waves. At the second LPG, a
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similar fraction of the core light couples into the
same cladding mode, being lost after a propagation
length much larger than the separation between the
two LPGs; reciprocally, a certain amount of the light
propagating in the cladding mode is coupled back
into the core. Therefore after the second LPG two op-
tical waves with a differential optical path delay
propagate in the fiber core, resulting in an interfer-
ence pattern that has the well-known channeled
spectrum structure when broadband light is injected
into the input fiber. A quantitative manner to deter-
mine the quality or contrast of the fringe pattern in-
terference is calculating the visibility, which is given
by ��r�= �Imax−Imin� / �Imax+Imin�, where Imax and Imin
are the maximum and adjacent minimum irradiances
of the interference fringe, respectively.8

To have an interference pattern with good visibility
�Imin�0�, two identical LPGs with a peak loss near
3 dB are required. In fact, the fiber-mode Michelson
interferometer described before [Fig. 1(b)] was pro-
posed to overcome such constraint. This interferom-

Fig. 1. Optical fiber interferometer based on (a) two simi-
lar LPGs, (b) LPG and a mirror, (c) misaligned splice and a

LPG, (d) LPG combined with a fused taper.
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eter was explored by Lee and Nishii6 to implement a
temperature sensor and by Swart7 to aim refractive
index measurements. However, there are situations
where it is necessary to operate in transmission
while keeping the requirement of using a single LPG.
Dong et al.9 reported a configuration where the cou-
pling of light from the core mode to the cladding
modes is obtained through a misaligned splicing
point as illustrated in Fig. 1(c). This technique is glo-
bally effective, but it would be desirable to have an
alternative configuration without a core discontinuity
and therefore with the potential for an intrinsically
smaller insertion loss.

In this Letter we propose a new approach for a
fiber-optic modal Mach–Zehnder configuration with a
single LPG. It is based on the fabrication of a taper
that couples a fraction of the core light to the clad-
ding modes and an LPG placed some distance after
the taper that recouples light in the cladding modes
into the fiber core. This concept is experimentally
validated and applied to the implementation of a
fiber-optic inclinometer sensor.

The fiber-optic modal interferometer explored in
this work is schematically represented in Fig. 1(d). It
consists of a fiber taper followed by a LPG. The nona-
diabatic taper was fabricated in a Corning SMF-28 fi-
ber by elongating the fiber during the arc discharge,
which was provided by a splicing machine. The fab-
rication parameters were adjusted to decrease the fi-
ber diameter from 125 to 80 �m in the taper waist.
The resulting structure, shown in Fig. 2(a), has a to-
tal length of �500 �m and an insertion loss of �1 dB.
The purpose of the fiber taper is to expand the core
field and consequently to provide some light in the
cladding so that the LPG located next to the taper
can couple back a number of the cladding modes to
the fiber core.

The LPG was written in the same Corning SMF-28
fiber by using the electric-arc technique described by
Rego et al.10 The LPG used in the experiment had the

Fig. 2. (Color online) (a) Photograph of the optical taper.
(b) Fiber transmission spectrum before and after the fabri-
cation of the fused taper. (c) Inclinometer sensing head.
following fabrication parameters: weight, 5.1 g; pe-
riod, 540 �m; electric current, 9 mA; arc duration,
1 s; number of electric discharges, 40. The transmis-
sion spectrum of the grating has an attenuation peak
centered at 1565 nm with an attenuation loss of
1.5 dB considering the wavelength range used in the
experiments. The fused taper and the center of the
LPG are separated by �80 mm of optical fiber. Figure
2(b) shows the spectral response of the LPG before
and after the fabrication of the optical taper. The
channeled spectrum, with a fringe periodicity of
�12 nm, results from the interference of light from
the cladding mode coupled back into the fiber core
with the fraction that kept propagating in the core.
From this result, and considering that the length of
the fiber interferometer is �80 mm, a value of
�2.54�10−3 can be calculated for the refractive in-
dex difference between the core and the cladding
mode under consideration. This fiber modal interfer-
ometer configuration was applied to develop an incli-
nometer sensing head, which is shown in Fig. 2(c). As
seen from this figure, the axis of rotation goes
through the center of the taper. Therefore when
angle � in the figure changes, the curvature applied
to the taper also changes, affecting the coupling of
the core mode to the cladding modes. The fiber after
the taper is located inside a capillary tube to ensure
that the fiber is kept straight for any value of �. For
the performed experiment, the angle was changed
from −10° to +10°. The variation of � has no effect on
the phase of the fiber interferometer, and therefore
the wavelength position of the interferometric fringes
is kept when the angle changes. This result was ex-
pected, since the applied angles do not change the
differential optical path length. On the other hand,
the taper rotation enhances the coupling of light from
the core mode to the cladding modes, resulting in
larger amplitudes for the interferometric fringes, i.e.,
in an increase of the interferometer visibility. This is
the basis of the concept that allows one to measure
rotation with the proposed configuration. From Fig.
3, it can be observed that the fringe visibility is ap-
proximately an even function of the rotation angle
(curves connecting the experimental points are added
to guide eyes and are not experimentally verified).
Such behavior indicates that it is possible to measure
the modulus of the rotation angle with the present

Fig. 3. (Color online) Fringe visibility of the fiber interfer-

ometer versus the rotation angle.
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configuration. The nonlinearity of the observed vis-
ibility versus the rotation angle is not of too much
concern since it can be overcome with proper calibra-
tion. On the other hand, fringe visibility is an abso-
lute parameter, i.e., there is no need for any type of
referentiation, which is not true with other ap-
proaches (for example, removing the LPG and simply
monitoring the optical power propagating in the fiber
core after the taper as a function of the rotation
angle). Indeed, this is an interesting and important
feature of this sensing structure.

The symmetric results shown in Fig. 3 do not hap-
pen when the rotation axis is slightly shifted relative
to the taper waist. Indeed, they are an exception and
come from a particular orientation of the elliptical
cross section of the fiber in the taper waist relative to
the rotation plane. Furthermore, the results obtained
with the sensing configuration shown in Fig. 2(c) in-
dicate the sensor sensitivity to the magnitude of the
rotation angle but not to its sign (clockwise or anti-
clockwise rotation). In many situations, this informa-
tion is enough, but there are others where the sign of
the rotation is also required.

The taper fabrication with the electric-arc tech-
nique introduces a certain degree of azimuthal varia-
tion of the fiber radius in the taper waist. As a con-
sequence of this change in fiber radius, different
slopes appear for the variation of the fiber interfer-
ometer visibility with positive and negative rotation
angles. Figure 4 illustrates the results that are nor-
mally obtained where the asymmetry behaviors for
clockwise and anticlockwise rotations are evident.

It was mentioned before that the rotation angle
does not introduce a phase variation in the fiber-
modal interferometer. This fact happens because the
capillary tube that protects the fiber in the interfer-
ometer length extends up to the taper waist, which
means all curvature associated with a particular ro-
tation angle appears in this region. Such a situation
is different if the capillary tube is moved slightly
away from the taper along the interferometer length
[a displacement to the right in Fig. 2(c)]. In this case,

Fig. 4. (Color online) Visibility of the fiber-modal interfer-
ometer versus the rotation angle with a certain length of
fiber not protected by the capillary tube. Inset: variation of

the peak wavelength of the interferogram central fringe.
for a certain extent, the curvature will also appear in
the unprotected length of the fiber, introducing a dif-
ferential delay in the fiber interferometer that will be
a function of the rotation angle. If the orientation of
the elliptical cross section of the fiber in the taper
waist is properly chosen relative to the rotation
plane, it will be possible, in principle, to have a mono-
tonic variation of the interferometer phase with the
rotation angle within a certain interval (even for
positive and negative values). In fact, this possibility
is presented in the inset of Fig. 4, where the mono-
tonic shift of the peak wavelength of the interfero-
metric fringe is related to the rotation angle changes
between −10° and +10°. Such a peak was initially lo-
cated at the central region of the LPG spectral reso-
nance. It is interesting to note that the 3 nm varia-
tion of the channeled spectrum in this rotation range
corresponds to an interferometric phase variation of
�90°. Moreover, the two graphs in Fig. 4 were ob-
tained under the same experimental conditions
where the unprotected length of the fiber interferom-
eter was �5 mm.

These results indicate that with the sensing con-
figuration shown in Fig. 2(c) it is possible to measure
not only the magnitude of the rotation angle but also
its sign. While the magnitude measurement can be
performed either by measuring the interferometer
phase or by measuring the interferometer visibility,
the magnitude and the sign determinations need
both parameters, since it is necessary to have some
additional information to overcome the sign ambigu-
ity. The selection of one of these approaches will es-
sentially depend on the particular constraints associ-
ated with each application.

To summarize, in this work, a novel concept was
presented to implement a fiber-modal interferometer
based on the combination of a fused taper and a long-
period grating. It was demonstrated that such a
structure can be effectively applied to measure the
rotation angle magnitude and to obtain, under cer-
tain conditions, the rotation sign.

O. Frazão’s e-mail address is ofrazao
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