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HIGHLIGHTS

® Femtosecond laser direct writing of first-order off-axis FBGs in an SMF-28e fiber.

® The minimum FBG inscription offset of 2.5 pm to create a multimode section found.

® The impact of the fabrication parameters in the number of supported modes and birefringence studied.
® The multimode section as sensing head for strain, temperature, and curvature sensing explored.

ARTICLE INFO ABSTRACT

First order off-axis fiber Bragg gratings (FBGs) were fabricated in a standard single mode fiber (SMF-28e)
through femtosecond laser direct writing. A minimum offset distance between the grating and core center of
2.5 um was found to create a multimode section, which supports two separate fiber modes (LP,; and LP; ;), each
split into two degenerate polarization modes. The resulting structure breaks the cylindrical symmetry of the
fiber, introducing birefringence (=10~ *) resulting in a polarization dependent Bragg wavelength for each mode.
Based on the modal and birefringence behavior, three off-axis FBGs were fabricated with 3.0, 4.5 and 6.0 um
offsets from the core center, and then characterized in strain, temperature, and curvature. The tested off-axis
FBGs exhibited a similar strain sensitivity of ~1.14 pm/ue and a temperature sensitivity of ~12 pm/C. The
curvature and orientation angle were simultaneously monitored by analyzing the intensity fluctuation and the
wavelength shift of the LP; ; Bragg resonance. A maximum curvature sensitivity of 0.53 dB/m ™" was obtained
for the off-axis FBG with a 3.0 pm offset.
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1. Introduction or by holographic methods, which allows the inscription of a single FBG

only in a portion of the fiber core [3,4]. Since the demonstration of FBG

Fiber Bragg gratings (FBGs) are important and invaluable passive
optical devices in optical communication, sensing, and fiber laser ap-
plications. Their most distinguishing feature is the flexibility they offer
for achieving specific spectral characteristics, due to the broad range of
variation in their physical parameters (induced index change, length,
apodization, period chirp, and fringe tilt) [1,2]. FBGs can be con-
ventionally photo-inscribed into the core of a standard single mode
fiber (SMF) using ultraviolet (UV) laser exposure through a phase mask
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inscription using femtosecond (fs) laser technology [5], this technique
has been explored in different types of optical fibers, including in
coreless fibers [6]. The underlying non-linear light-matter interaction
opens the possibility to inscribe gratings not only in the core, but also in
the fiber cladding with high spatial resolution [7]. The fs-laser direct
writing technique used in this paper [2,8,9] has a few advantages re-
latively to techniques that employ a phase mask, either by UV exposure
[3,4] or by non-direct writing fs-laser exposure [7]. With the present
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technique there is no need for phase mask or hydrogen loading, and it
has excellent design flexibility, enabling rapid change of grating para-
meters, such as length, bandwidth, or Bragg wavelength [10].

FBGs can be employed as optical sensors to measure physical
parameters, such as temperature [11], strain [12], curvature/bending
[13,14], pressure [15], or twist [16] either individually or simulta-
neously [17], through wavelength monitoring or power detection [18].
Sensing configurations involving the fabrication of birefringent FBGs
[19], tilted FBGs [20], FBG arrays [10] or sampled FBGs [11] have
already been demonstrated. Similar bending sensors have also been
shown in depressed cladding fibers [21], in few-mode fibers [22] and in
twin-core few-mode fibers [23], which showcases the versatility of this
technique. One of the issues with common FBG sensing configurations
is the low sensitivity to curvature, given that the fiber mode is strongly
confined to the core and is only slightly influenced by the external
bending. A possible way to solve this is to employ cladding modes
[17,23,24]. However, when utilizing cladding modes, a suitable cou-
pling mechanism is imposed to recouple the mode back into the core, to
allow remote interrogation with low loss [12,18]. This can be done
through offset splicing [26], core mismatching [25] or abrupt taper
[25] which, nevertheless, brings up issues of low reproducibility (offset
splicing), weakened mechanical strength (abrupt taper), and complex
fabrication processes [18].

In this work, we demonstrate the production of first order off-axis
FBGs in an SMF-28e through fs-laser direct writing. First, we optimized
the fabrication of off-axis FBGs, and characterized the grating spectra
while varying the lateral distance of the grating to the core center. For
distances equal or above 2.5 pm, we observed a multimode section in
the SMF-28e that can support two-mode (LPo; and LP; ;) FBGs, simi-
larly to what was already observed by other [7,26,27]. The influence of
the lateral offset to strain, temperature and curvature sensing is in-
vestigated, by fabricating three FBGs, with offsets of 3.0, 4.5 and
6.0 um. This novel fabricated device presents some advantages like
small fabrication complexity, reduced splicing loss, and low transmis-
sion loss. The existence of two separate fiber modes, each split into two
degenerate polarization modes, induced by the larger asymmetric
structure formed during the writing process, also enables simultaneous
detection of multiple parameters.

2. Manufacturing procedures

A laser direct writing system was employed in the fabrication of off-
axis FBGs inside standard single mode optical fibers (SMF-28e,
Corning). The writing system uses a fiber amplified fs-laser (Satsuma
HP, from Amplitude Systémes) providing a second harmonic beam at
515 nm, with a pulse duration of ~250 fs at a repetition rate of
500 kHz. The orientation of the linearly polarized beam was set parallel
to the scanning direction. The laser beam was focused inside the fiber
core with a 100X oil immersion lens (Olympus PLN 100XO), 1.25
numerical aperture, which is mounted on a Y (Newport M-ILS150CC)
and Z (Newport VP-25XA) precision linear stages. In this system, the X
air-bearing linear stage (ABL10100-LN) is the scanning direction and is
parallel to the fiber axis, Y is the direction transversal to the fiber axis
and Z is the beam propagation direction. The optical fiber coating is
removed and carefully cleaned using ethanol. The bare fiber is then
clamped to two three-axis positioners (MBT616/M, Thorlabs) that are
mounted on the X air-bearing linear stage. The fiber is immersed in an
index matching liquid (Cargille cat#19571, RI = 1.4587) to eliminate
the cylindrical aberration, due to the fiber geometry, and to compensate
for the refractive index (RI) mismatch at the surface of the optical fiber.
The optical fiber is imaged through the writing objective onto a CCD
camera, allowing precise positioning of the Bragg grating on the fiber
core. The real-time monitoring and the adjustment of the fabrication
tension are done through a previously calibrated load cell (Interface
SML series). The tension is applied by increasing the distance between
the two 3-axis positioners, which are connected to the load cell. The
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fiber is kept under tension (1 N) to remove the curvature during the
writing process and to ensure that remains in position.

During writing, the laser gate was externally controlled by a periodic
square function with a duty cycle of 50% generated by a synthesized
function generator (DS345, Stanford Research Systems). This simple ar-
rangement allows the automated writing of gratings by simply trans-
lating the optical fiber at constant velocity (v) along X, with the signal
modulation turned on; the Bragg wavelength can easily be tuned by the
adjustment of the modulation frequency, fyq. The Bragg wavelength is
given by the Bragg relation AB:Zneffﬁ, where is the effective refractive
index of the guided mode. More details regarding the alignment and
writing processes were previously published by the authors [29].

To test the devices, a broadband light source (model ASE2000),
ranging from 1545 to 1555 nm was injected on the fiber through an
optical circulator. The spectrum was measured in either reflection or
transmission with an optical spectrum analyzer (OSA, model Yokogawa
AQ6370D) with a resolution of 0.02 nm. The signal is measured without
polarization control. All spectra are normalized to the transmitted
spectrum of the light source.

3. Experimental results and discussion
A. Characterization of the writing process

In order to measure the RI modifications induced by the fs-laser, five
waveguides were written with different pulse energies and scanning
velocities, as represented in Table 1.

Fig. 1 shows an optical microscope view of the cross-section of the
waveguiding structures (a), and the respective refractive index profile
(b), which was measured at 980 nm with an IFA-100 (Interfiber Ana-
lysis) interferometric system [30]. The RI modification has an asym-
metric shape and is composed by a region of reduced refractive index
(shown in blue) located above a region of increased refractive index
(shown in red). The RI contrast was seen to increase with pulse energy
ranging from 60 to 120 nJ, evolving from =05 x 10~ ' to
~1.0 X 1072 and from =1.4 x 10~ ?to =2.2 x 10~ 2 for the bottom
and top regions, respectively. The contrast achieved inside the optical
fiber core is similar to those mentioned seen in the cladding. The height
of the modification structures grows with the increase of the pulse
energy, extending from 7.5 to 11 um, with the width maintaining at =3
um. Velocities ranging from 100 to 200 pm/s show no significant im-
pact on the RI modification. The IFA measurements of the RI profile
suggest that the induced modifications are in the Type-I regime [31].

B. Fabrication of off-axis FBGs

The fabrication of the FBGs with an offset from the core center was
performed by taking advantage of the high precision optical fiber po-
sitioning system (Y stage), as proven by Fig. 1. The grating period and
length were defined to be 535.44 nm and 15 mm, respectively. The
optimal writing conditions for an FBG centered in the core were found
to be 60 nJ of pulse energy, 50 um/s of scanning velocity, fiber tension
of 1 N, and a writing beam polarization aligned with the scanning di-
rection of the fiber, [29]. The fabrication of the off-axis FBGs with 1 N
of tension introduces birefringence possibly via elastooptic index
change [19], as shown in Fig. 2. The fundamental Bragg resonance
splits into two peaks, when relaxing the optical fiber. The optimum
pulse energy to write off-axis FBGs was found to be 140 nJ, instead of
60 nJ, as it will improve the 2°¢ mode reflectivity.

Table 1

Writing parameters of the fs-laser written WGs.
Waveguides (WGs) 1 2 3 4 5
Pulse energy (nJ) 90 90 90 60 120
Write velocity (um/s) 100 200 200 100 100
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Fig. 1. Fs-laser written waveguides inside a SMF-28e fiber: (a) cross-section and
(b) refractive index profile.
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Fig. 2. Off-axis FBG with 4.5 pm offset from the core center fabricated with 60
nJ pulse energy.

Fig. 3 shows off-axis FBGs fabricated with 3.0, 4.5 and 6.0 um off-
sets from the core center. The fabrication method gives full control of
where the grating is inscribed: it can be inscribed totally inside the core,
over the core-cladding boundary or totally outside of the fiber core.
Analyzing the top and end view section images presented in Fig. 3, it is
possible to verify the increase of the core effective size in the section
where the FBG is inscribed.

Fig. 4 (a) and (b) shows the transmitted and reflected spectra of the
off-axis FBGs written with an offset distance of 3.0, 4.5 and 6.0 pm. The
transmission spectra presented in Fig. 4 (a) consists of two bands: two
Bragg resonance with two peaks, due to birefringence induced by the
asymmetric structure, and several cladding mode resonances on the
short wavelength side. From the reflection spectra shown in Fig. 4 (b),
the existence of the Bragg resonance associated with the LP; ; mode is
clearly visible.

To understand the effect of the off-axis FBGs inscribed in the SMF-
28e, it is considered the V-number that determines: the number of
modes supported by a fiber, the cutoff condition of the various modes
and the respective propagation constants. This parameter is given by
[32]:

_2ma

= 1 Reore — nczlad )]

where a is the core radius, and .., and n.,q are the refractive indices of
the core and cladding, respectively. When the V-number is lower than
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2.405 only one mode (LPy ;) can propagate along the fiber at the wa-
velength A. In the wavelength region of interest (= 1550 nm), the SMF-
28e fiber only supports the fundamental mode LPg, i.e. the fiber is
single mode [33]. As can be seen from Figs. 1 and 3, when inscribing
the off-axis grating, the core size and its refractive index increases,
which results in an increase of the V-number. If we take typical values
(core index of 1.444 + 0.006, cladding index of 1.444, and core radius of
5.6 um, for a grating inscription offset of 6.0 pm) we can estimate a V-
number of ~2.991 at 1550.8 nm, which is above the cut-off condition.
Therefore, the fiber section where the off-axis FBG is written turns into
a two-mode fiber that can theoretically support the linearly polarized
modes LP 1, and LP; 3, explaining the additional resonance peak of the
LP; ; mode observed in Fig. 4(b) [32]. With the increase of the offset
from the core center, the grating reflectivity decreases, as can also be
seen in Fig. 4 (b). For the off-axis FBGs with greater offset, the re-
flectivity can be improved by increasing the grating length. The esti-
mated V-number was utilized to calculate the effective refractive index,
ne through the modal dispersion (i.e., bV) curves reported in [32]. For
a V-number of ~2.991, the correspondent b value for the modes LPg ;,
and LP,; are 0.65 and 0.15, respectively. Accordingly, the estimated
neg for the modes, LPyq, and LP;; are ~1.448 and ~1.445, respec-
tively. The Bragg relation was also used to determine the effective re-
fractive index of the guided modes, resulting in a n.s for the modes
LPy 1, and LP; ; of ~1.447 and ~1.446, respectively. It was considered
the Bragg wavelength of each mode for the writing period of
535.44 nm. Thus, the estimated n¢ values, calculated through the two
methods, present a good approximation.

The theoretical calculation was supported through a 2D analysis of
the optical fiber structure and the electromagnetic field modes using the
mode analysis of the COMSOL Multiphysics®. A structure similar to the
presented in the inset of Fig. 3 (d) for the fabricated off-axis FBG with
6.0 um from the core center was designed. The correspondent RI values
were defined through the IFA measurements of the RI profile presented
in Fig. 1 (b). The electric field distribution, E,, in 2D (V/m) of the LPg;
and LP; ; modes in the core diameter at a wavelength of 1550 nm was
evaluated, as shown in Fig. 5 (a) and (b), respectively.

The increase in core dimensions due to the off-axis FBG inscription
affects the modal structure of the fiber, as observed in the intensity of
the electric field for the LPy; and LP; ; modes, yielding effective mode
indices of ~1.4458 and ~1.444, respectively. The results achieved with
the COMSOL Multiphysics® allows confirmation of the multimode
propagation in the fiber section where the off-axis FBG is inscribed.

Fig. 6 shows the wavelength shift (a) and the birefringence (b) of the
off-axis FBGs as a function of the offset distance. From Fig. 6 (b), it is
observed that for lateral shifts above 2.0 pm, the Bragg resonance (for
each mode) presents two peaks due to laser-induced birefringence.
Fig. 6 (a) also shows that, with the increase of the offset distance, the
Bragg wavelength of the LP; ; mode increases, while the Bragg wave-
length of the LP; mode stays constant. This can be explained by the
increase of the core’s size with the offset distance (visible in Fig. 3),
which leads to an increase of the V-number and, consequently, of the
effective refractive index. For an offset higher than 7.5 um, the off-axis
FBG is undetected in both the transmission and reflection spectra. This
means that the overlap between the core mode and the induced mod-
ification is negligible, resulting in a very weak Bragg reflected signal.

Due to the lateral offset inscription process and the asymmetric RI
modification, the fs-laser writing process introduces birefringence to
the SMF-28e, which causes the splitting of the Bragg resonance into two
polarization modes [19]. The different Bragg resonance peak associated
with each polarization axis can be used as a means to determine the
degree of birefringence using the following equation [34]:

lBZ — ABI
2A 2

For the FBG written with an offset of 4.5 um, the two Bragg re-
sonances of each mode (LP,; and LPy;) are separated by 139 and

AnB =
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Core center offset 4.5 um
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(b)

Core center offset 3.0 um

(d)

Core center offset 6.0 um

Fig. 3. Top-view images of the off-axis FBGs with an offset of: (a) 4.5 pm written with 60 nJ pulse energy and (b) 3.0 um; (c) 4.5 um; and (d) 6.0 pm written with 140
nJ pulse energy (insets: end-view optical micrographs). All gratings were written at 50 um/s.

181 pm, yielding a birefringence value equal to 1.3 x 10~* and
1.7 X 1074, respectively. It was also confirmed that vertically polarized
incident light stimulates the Bragg resonances A4 and A, from the LPg ;
and LP; ; modes, respectively. In the case of horizontally polarized
light, the corresponding Bragg resonances observed are A3 and A\; from
the LPy; and LP; ; modes, respectively. Fig. 6 (b) shows that, for the
LPo; mode, the birefringence decreases from a mean value of
1.91 X 10~* to 1.62 X 10~* (variation of 0.29 x 10~*) when the offset
distance increases from 2.5 to 6.5 pm. The birefringence of the LP; ;
mode, decreases from 1.51 X 10~ to 1.29 X 10~* mean value (a differ-
ence 0f0.22 X 10™*). The birefringence value of the FBG with a 7.5 pm
offset is lower compared with the all the others. For an offset smaller
than 2 um the birefringence value is below the measurement resolution.
These differences in the birefringence values may be due to small
variations of the physical length and/or refractive index modulation of
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the grating, and also due to the differences in the strength of the
gratings.

C. Off-axis FBGs for optical sensing

Three off-axis FBGs fabricated with 3.0, 4.5 and 6.0 um offsets, were
characterized in strain, temperature, and bending. Three test setups
were developed for each measurement parameter. The results of the
spectral variations with each measurand and for each device are pre-
sented.

D. Strain measurements

Each off-axis FBG was subjected to mechanical strain, by gluing one
extreme of the optical fiber to a micro-positioning stage, while the other
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[e]
& 12x10"t

ted

29.0x102}
LP4, 1 Mode

£

s 0.0

z 1547 1548 1549 1550 1551 1552
Wavelength (nm)

FBG Offset (um): —3.0 — 4.5 —6.0

®)

Fig. 4. Fs-laser off-axis FBGs: (a) transmission and (b) reflection spectra.
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Fig. 5. Simulated intensity of the electric field at the core/structure for the: (a) LPy; mode and (b) LP; ; mode.

side was glued to a fixed holder. The off-axis FBGs were stretched from
0 to 522 pe in intervals of 43.5 pe; the measurements were made at
room temperature (~23 °C). Some of the acquired reflection spectra of
the 6.0 um offset FBG for different strain values are shown in Fig. 7 (a).

For this off-axis FBG, the reflection spectra evolution was recorded
both during the fiber strain increase and decrease. When the fiber is
stretched, there is a shift in the Bragg wavelength mainly due to
changes in the grating period. For the FBG shown in Fig. 7 (a), the two
Bragg resonances of each mode (LP;; and LPy;) red-shifted by
~600 pm at the maximum applied strain, corresponding to a linear
sensitivity of ~1.15 *= 0.01 pm/pe. In addition, no hysteresis was
observed. Similar sensitivities of ~1.13 * 0.01 pm/pe and
~1.16 = 0.01 pm/ue were achieved for each Bragg resonance of the
3.0 and 4.5 pum off-axis FBGs, respectively. These results are summar-
ized in Table 2. The strain sensitivities obtained are similar to the
sensitivities reported in this paper [13,34], which is 1.15 pm/pe at
1550 nm wavelength. The amplitude of the two Bragg resonances of the
two LP; ; and LP, ; modes are approximately constant with the applied
strain for each off-axis FBG.

E. Temperature measurements

The temperature characterization of the three off-axis FBGs was
performed simultaneously, and for that, the corresponding optical fi-
bers were introduced in a tubular oven (Termolab) while being sub-
jected to a constant strain of 66.7 pe. The temperature of the oven was
increased from 23 to 300 °C in steps of ~20 °C, for a dwell time of 5 min
each. The cooling process to room temperature was done following the
same protocol.

During this procedure, the grating spectra were recorded and some
of the acquired reflection spectra of the off-axis FBGs with 3.0 and
6.0 um offset are shown in Fig. 8.

The two Bragg resonances of each mode of the off-axis FBGs with
3.0 um red-shifted by ~3.3 nm when subjected to a maximum tem-
perature of 300 °C and showed a similar linear sensitivity of 12 pm/°C,
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as presented in Fig. 8 (b). The measured sensitivities are presented in
Table 3; in summary, a linear sensitivity of ~12 * 0.2 pm/°C was
achieved for each Bragg resonance of each off-axis FBGs characterized.
In addition, a negligible hysteresis was observed. For the sensitivity
measurement of the off-axis FBG with a 6.0 um offset, a temperature
range from 22 to 200 °C was utilized.

These results are similar to the temperature sensitivity of the FBGs
fabricated in the core of an SMF, which is 10.6 pm/°C at 1550 nm
wavelength, [9,27]. The temperature variation has two effects over the
Bragg wavelength shift given by [35]:

iy
dT

Ay dn
n dT 3)

= Agay, +

where dAp/dT is the temperature sensitivity of the FBG, q;, is the linear
thermal expansion coefficient and dn/dT is the thermo optic effect in
the waveguide mode. The first effect corresponds to the first term, in-
creasing the reflected wavelength with temperature, while the second
term reflects the thermo optic effect, which changes the refractive index
of the waveguide mode with temperature [35].

For the off-axis FBG with 3.0 um offset, the amplitude of the two
Bragg resonances of both modes remain unchanged for the range of
temperatures tested. For the off-axis FBG with a 4.5 um offset, the re-
sults were very similar. Type I FBGs are known to be thermally stable
up to ~300 °C when written within the fiber core center [29]; off-axis
FBG fabricated with a 3.0 um offset have a similar behavior as can be
seen in Fig. 8 (a). In the case of the off-axis FBG with a 6.0 um offset,
however, the resonance amplitude decreases with the temperature in-
crease, as can be seen in Fig. 8 (c). When the temperature reaches
240 °C the reflection spectra of the FBG becomes deformed, with the
two Bragg resonances, for each mode, being poorly resolved. After
heating up to 300 °C, the grating was cooled down to room tempera-
ture, and, during this process, the normalized reflected power increases
as seen in Fig. 8 (d) at a temperature of 278.5 °C. This effect can be
associated with the position of the FBG relative to the fiber core and
with the heating process. For the off-axis FBG with 6.0 um offset, the
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Fig. 6. Off-axis FBGs: (a) wavelength shift and (b) birefringence, as a function of the grating inscription position from core center.
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Table 2

Strain sensitivities of the off-axis FBGs.

Table 3
Temperature sensitivities of the off-axis FBGs.

FBGs offset (um)  Normalized wavelength shift (pm/pe) FBGs offset Normalized wavelength shift (pm/°C)
(um)
A Ao As Aa A Ao A3 Aa
3.0 1.13 + 0.01 1.13 * 0.01 1.13 = 0.01 1.13 * 0.01 3.0 12.04 + 0.17 12.07 = 0.17 11.99 * 0.16 12.01 = 0.16
4.5 1.16 + 0.01 1.16 = 0.01 116 = 0.01 1.16 * 0.01 4.5 11.94 + 019 11.98 = 0.19 11.94 * 0.19 11.99 = 0.19
6.0 1.15 = 0.01 1.15 £ 0.01 1.16 * 0.01 1.15 = 0.01 6.0 11.70 + 0.16 11.65 = 0.19 11.75 = 0.18 11.76 * 0.19

majority of the RI modification was made in the cladding, leading to a
smaller effective index modification, when compared with the off-axis
FBGs with 3.0 and 4.5 um offsets. The decay in the grating reflectivity is
thus associated with the decrease in the RI modulation of the grating.
The reason for this is that the thermally activated defects induced by
the fs-laser FBG cladding inscription are annealed out, leading to a
different annealing process due to other defects being present. To turn
this off-axis FBG thermally stable it is necessary to perform a pre-an-
nealing heat treatment at a higher temperature, typically at 700 °C
[15]. However, with such treatment, the optical fiber becomes
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extremely brittle, which for strain and curvature measurements is a
disadvantage.

F. Curvature measurements

The characterization of the off-axis FBGs was also performed in
curvature and curvature direction angle 6.

The experimental characterization setup, presented in Fig. 9, con-
tains a custom-made aluminum step-like cylinder with diameters be-
tween 0.04 m and 0.025 m, corresponding to curvatures in the range of
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Fig. 8. Off-axis FBG with 3.0 pm offset: (a) reflection spectra for different temperature values and (b) normalized wavelength shift as a function of temperature; Off-
axis FBG with 6.0 pm offset from the core center: (c) and (d) Reflection spectra for different temperature values.
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Fig. 9. Schematic diagram of the off-axis FBGs curvature setup.

50 to 80 m~ ! respectively, which was mounted on a 3D translation
stage. The fiber was placed around the cylinder with the section where
the grating was inscribed (0.015 m) in the middle of the curvature
radius. The ends of the fiber were then mounted on two rotary fiber
holders which were fixed on a pair of 3D translation stages and sepa-
rated by 0.4 m, with the aluminum cylinder between the two stages.
The applied curvature can be changed by displacing the cylinder to the
desired radius, and by moving the translation stages in order to fit the
fiber to the cylinder. Before adjusting the fiber for a specific curvature
radius, the bending orientation can be changed by simultaneously ro-
tating the two rotary fiber holders, so that the optical fiber can be ro-
tated as a whole without inducing twist.

Some aspects were considered during the curvature measurements:
the curvature plane is defined as the plane passing through the center of
the fiber and orthogonal to the optical table, the twisting strain was
avoided, and the room temperature (~23 °C) was kept constant. The
difficulty of ensuring the same fiber orientation when the different fi-
bers were moved from the fabrication to the characterization setup lead
to the assignment of a random initial orientation angle 6. This angle
remained constant during curvature measurements. The curvature was
always performed on the same plane. During the curvature direction
angle 0 characterization, the fiber was rotated an angle 8 around its axis
and 50 m™! curvature was applied again. Depending on the defined
angle for the curvature measurement, the off-axis FBGs will be stret-
ched (when located at the outer side of the bend) or compressed (when
located at the inner side of the bend).

2.0x10°
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Table 4
Curvature sensitivities of the off-axis FBGs.

FBGs LPy, Normalized Normalized reflected power

offset mode wavelength shift variation (1/m 1)

(um) (pm/m ™)

3.0 M 7.48 * 0.39 (—1.370 + 0.065) x 107>
Az -1.81 + 0.12 (—0.898 + 0.142) x 102

4.5 M 7.53 * 0.36 (—0.739 + 0.064) x 10~°
Ao 6.88 * 0.22 (0.768 + 0.054) x 1072

6.0 M 8.25 + 0.52 (—0.049 + 0.004) x 102
Az 1.69 = 0.07 (0.023 = 0.001) x 1073

Fig. 10 shows the acquired reflection spectra of the LP, ; mode for
the off-axis FBGs against the applied curvature at a random angle and
the normalized reflected power variation (ANRP) as a function of cur-
vature for the Bragg resonance (\;) of each off-axis FBG. When a cur-
vature greater or equal to 50 m ™' was applied, the reflected optical
power and the wavelength for both Bragg resonances of the LP; ; mode
changed, as can be seen in Fig. 10 (a), (b) and (c).

The differences in the behavior of the intensity response of each
resonance (see arrows in Fig. 10 (a — c)) are associated to the angle 6
used to measure the curvature. Fig. 10 (d) shows the ANRP variation of
the Bragg resonance (A;) of the LP; ; mode of each off-axis FBG. All
devices display the same behavior for this resonance: the reflected
power decreases as the curvature increases. Linear sensitivities of
1.37 x 107%,7.39 x 10* and —4.94 x 107> 1/m™ ' were obtained
for the 3.0, 4.5 and 6.0 um off-axis FBGs, respectively. Table 4 shows
the curvature sensitivities of the off-axis FBGs tested. Maximum sensi-
tivities were obtained for the off-axis FBGs with a 3.0 um offset, due to
the grating higher reflectivity. The sensitivity may be enhanced by a
certain curvature direction angle 8, since the mode and off-axis FBG
overlap is dependent on the curvature direction and the grating offset
from the core center. Regarding the reflectivity of the off-axis FBGs, it
was possible to conclude that the maximum grating reflectivity was
achieved for the fabrication of the off-axis FBGs with a smaller offset
from the core center. So, the sensitivities of the intensity to the cur-
vature will be affected, decreasing for the off-axis FBGs with smaller
reflectivity. The wavelength shifts of both Bragg resonances of the LP; ;

Fig. 10. Bragg resonances of the LP; ; mode (A

FBG Offset 3.0 um A2
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and A,) of the three off-axis FBGs: reflection
spectra under different curvature values at a
random angle for the: (a) 3.0 pm, (b) 4.5 pm and
(c) 6.0 um off-axis FBGs, respectively. Also
shown for the Bragg resonance of the LP; ; mode
(A1) of each off-axis FBG: (d) the normalized
reflected power variation as a function of cur-
vature.
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Fig. 11. Off-axis FBG with 6.0 um offset: (a) normalized wavelength shift and (b) normalized reflected power variation as a function of the curvature direction angle

8 under a curvature equal to 50 m ™.

mode (\; and A,) shown in Table 4 present curvature sensitivities in the
order of few pm/m ™ that are not enough to detect the curvature re-
sponse. Regarding, the LP, ; mode, it was also observed that both Bragg
wavelengths are stable during the curvature measurement. For this
mode, the reflected optical power shows fluctuations, resulting in a
nonlinear response to the applied curvature.

To characterize the curvature direction angle, a curvature of
50 m~! was chosen for the three off-axis FBGs. The normalized wa-
velength shift and the ANRP of the two Bragg resonances of the LP, ;
and LP ; mode were recorded in steps of 30° up to a complete rotation.
Fig. 10 presents, in polar coordinates, the results achieved for the off-
axis FBG with a 6.0 um offset.

In Fig. 11 (a) and (b) it is clearly seen that each resonance presents a
strong orientation dependence in wavelength and intensity depending
on the angle 6. Analyzing the data from the three off-axis FBGs, it is
visible that the response, both in wavelength and in intensity, to the
curvature direction response increases with the increase of the offset
distance. The observed wavelength response to the curvature’s direc-
tion angle 6 occurs because of the compression and stretching, resulting
in a shift to shorter and longer wavelengths, respectively. From this
information, it is possible to define the angle 8 at which the off-axis
FBGs were tested against the applied curvature. The angles used were
180°, 90° and 60° for the 3.0, 4.5 and 6.0 pm off-axis FBGs, respectively.
Depending on the initially defined angle for the plane of curvature
measurement, different curvature responses of each off-axis FBGs re-
sonance are achieved, as observed in Fig. 11. The maximum sensitivity
was obtained when the angle 0 is parallel to the grating axis, and the
minimum with the angle 6 orthogonal to the grating. This is due to the
asymmetric refractive index distribution induced by the fs-laser in-
scription and by the position of the grating inscription.

To compare our curvature sensitivity results with the literature, the
ANRP values were converted to a logarithmic scale and presented in
Table 5. A curvature sensitivity of 1.93 dB/m ™! (curvature range: 0 to
2.5m™ 1), and —0.21 dB/m ™' (curvature range: 25 to 80 m~ ') were
reported for an off-axis ultraviolet written thin-core FBG, [3] and for a
two-mode FBG fabricated by UV laser, [28], respectively. Compared to
these curvature sensors based on the LP; ; mode resonance, the work

Table 5
Curvature sensitivities (ANRP) of the off-axis FBGs.

FBGs offset (um) ANRP (dB/m 1)

LP, ; mode
M A2
3.0 —-0.53 = 0.04 —-0.26 = 0.04
4.5 —-0.53 = 0.06 0.40 = 0.04
6.0 —-1.33 = 0.16 0.24 = 0.02

presented here shows similar sensitivity for a curvature between 50 and
53.33m™ .

In summary, the LP, ; mode is not sensitive to curvature, while the
optical power of the LP; ; mode is affected by it. The analysis of both
modes allows a self-referenced optical power measurement. It was ob-
served that the temperature changes do not affect the reflected optical
power of the LPy; mode for the 3.0 and 4.5 um off-axis FBGs. This
enables simultaneous measurement of curvature and temperature
through the measurements of the intensity variations of the LP; ; mode
and wavelength shift of the LPy; mode, respectively.

4. Conclusions

The production of first order off-axis FBGs in an SMF-28e through
fs-laser direct writing was demonstrated. When inscribing the grating
with a lateral shift above 2.5 um from the core center, we found that it
is possible to fabricate a multimode section in the SMF-28e that can
support two separate fiber modes (LPo; and LP; ;), each split into two
degenerate polarization modes. The grating structures break the cy-
lindrical symmetry of the fiber and introduce a birefringence on the
order of 10~ *, which also depends on the grating inscription offset.

The characterization of three off-axis FBGs fabricated with 3.0, 4.5
and 6.0 um offsets from the core center, was performed in strain,
temperature, and curvature. The off-axis FBGs exhibit a similar strain
and temperature sensitivities of ~1.14 pm/pe, and ~12 pm/°C, re-
spectively. For the off-axis FBG with a 6.0 um offset, it was found that
for temperatures above 240 °C the reflection spectra of the FBG be-
comes deformed and the two Bragg resonances poorly resolved, limiting
the range of temperatures that can be sensed. The LP, ; and LP; ; modes
of the three off-axis FBGs show a strong orientation dependence, in
wavelength and intensity, to the plane of curvature. The Bragg re-
sonance (A1) of the LP; ; mode present in the 3.0 um offset off-axis FBG
shows a maximum curvature sensitivity of 1.37 x 1073 1/m ™! at an
angle of 180° for a curvature from 50 to 53.33 m~'. The Bragg re-
sonances of the LPy; mode were not sensitive to curvature measure-
ments. In addition, the different sensitivity of both modes to curvature
enables the possibility to simultaneously measure curvature and tem-
perature.
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