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Abstract

Importance of simultaneous measurement of temperature and strain by fiber Bragg grating (FBG) sensors has led to innova-
tion of several renewing techniques. Most of them are based on two FBGs configurations or one non-uniform FBG imple-
mentation. Both temperature and strain changes can result in Bragg wavelength shift in reflected spectrum from a uniform
FBG. We propose using full width at half maximum (FWHM) of the reflection spectrum as a cross-sensitivity indicator for
simultaneous measurement of temperature and strain using only one FBG. When a non-uniform strain is applied to a sample
which a uniform FBG is stuck on it, in addition to the Bragg wavelength, FWHM of the reflection spectrum changes. This
FWHM change besides the Bragg wavelength shift is used to obtain simultaneously strain and temperature. When a uniform
strain is applied to the sample, we get the help of cantilever beam concept. We place a ramp with an angle of 6, similar to a
tilted cantilever beam, on a sample under test and stick a FBG on the ramp. A uniform strain applied to the sample, creates
a strain gradient along the cantilever beam and of course along the FBG causing a change in the FWHM of reflection spec-
trum. This FWHM change besides the Bragg wavelength shift is used to obtain simultaneously strain and temperature. In
our simulation results, temperature sensitivity of the FBG is 14.2 pm/'C for Bragg wavelength with no change in the FWHM
and strain sensitivity is 0.453 pm/pe for Bragg wavelength and a nonlinear sensitivity according to a quadratic function for

FWHM variation.
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1 Introduction

Fiber optic sensors are competent and widely investigated
for many measures depending on their type, possible imple-
menting technique and parameters under investigation [1—4].
A broad variety of fiber sensors are being developed to mon-
itor desired parameters with high efficiency and optimum
costs [5-9]. Fiber Bragg grating (FBG) sensors have shown a
great potential for environmental parameters sensing, such as
strain, temperature, humidity and vibration in different sci-
entific and industrial applications [10—12]. There are limita-
tions reducing their use that one of the most important ones
is simultaneous measurement of the parameters [13, 14].
Among them, simultaneous measurement of temperature and
strain have received considerable attention from researchers
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due to their wide applications and higher performance [15,
16]. Monitoring of strain or temperature variations by a FBG
sensor is conducted by measuring the Bragg wavelength
shift. Since the Bragg wavelength is shifted by both strain
and temperature changes, cross-sensitivity compensation is
required for their simultaneous measurement [17].

During last years, many techniques have been proposed
for simultaneous measurement of temperature and strain
using FBG sensors. They have mainly been based on detect-
ing two physical indicators in reflection spectrum of FBG
sensors that have different sensitivities to strain and tempera-
ture. Since there is only one physical indicator, Bragg wave-
length shift, in a reflection spectrum of a FBG, temperature
and strain changes which both cause the Bragg wavelength
shift, could not be obtained by means of just one FBG [18,
19].

Thus, the proposed techniques can be divided into two
categories. In the first category, more than one FBG is used,
such as using two FBGs written in fibers of different diam-
eters [20], FBGs written in fibers with different levels of
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doping elements [21], long-period grating (LPG) and FBG
[22], FBGs written in single mode fiber (SMF) and twin
core fiber (TCF) [23], four-core fiber combined with a FBG
[24], Fabry—Perot interferometer (FPI) and FBG [25], etc.
Because using two or more FBGs has several drawbacks
including the complexities in setup, overused of spectral
sources and the costs, second category techniques were
innovated.

In second category, only one special FBG is used for
simultaneous measurement of temperature and strain, such
as using a superstructure FBG [26], coated FBG [27], FBG
in Polarization Maintaining Fiber (PMF) [28], two peanut
tapers with embedded FBG [29], Fabry—Perot interferom-
eter cascaded FBG [30], n-Phase-Shifted FBG [31], FBG
Inscribed in Dual-Mode Fiber [32], chirped FBG [33], FBG
written in PANDA fiber [34], etc. These techniques have
drawbacks, such as complexities in fabrication of FBGs and
their difficult accessibility, too.

Very recently, in few works, a single FBG has been used
for simultaneous measurement of temperature and strain,
such as a half of the FBG was bonded on a host structure,
while the other half of the FBG was left free. In this work,
utilizing the Bragg wavelength shift of unbounded FBG, the
temperature can be determined independent of strain and
while Bragg wavelength shift of the bonded FBG allows the
determination of the strain. As explained in the work, meas-
urements has errors due to the fact that it is assumed that
the unbounded FBG does not experience any strain while in
reality it experience the strain [35-37]. In another article, the
side-lobes power of reflection spectrum is used for simulta-
neous measurement of temperature and strain. This method
requires very accurate and sensitive analyzers to be able to
correctly distinguish between side-lobes peak power [38].

We propose a use of only one FBG to simultaneous meas-
urement of temperature and strain changes and consider
FWHM of reflection spectrum as the second indicator (in
addition to Bragg wavelength shift as the first indicator) for
the measurement. Uniform temperature and/or strain change
only shift/s the Bragg wavelength without any change in
FWHM of reflection spectrum of the FBG, while if strain
or temperature is non-uniformly distributed along the FBG,
each point of the FBG experiences a different strain or tem-
perature, resulting in non-uniformity in its period and con-
sequently changing in the FWHM, in addition to the Bragg
wavelength shift. Thus, when a non-uniform strain is applied
to a sample, the Bragg wavelength and FWHM of reflec-
tion spectrum should be used to straightforwardly obtain
temperature and strain changes of the sample at the same
time. When a uniform strain is applied to the sample, we
propose to fix a tilted cantilever beam on the sample and
stuck a single FBG on the cantilever. The cantilever beam
converts the uniform applied strain to the sample into non-
uniform strain distribution on the cantilever beam and along
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the FBG. Thus, by creating a non-uniform strain along the
FBG, the FWHM of reflection spectrum of the FBG will be
sensitive to strain changes.

2 Measurement of temperature and strain

Fiber Bragg grating acts like a wavelength filter that
reflects a particular wavelength. This Bragg wavelength
(Ag) depends on effective refractive index of fiber (n.g) and
period of grating (A) and is given as:

Ag = Zneﬁf/\ 1)

The main equation of FBG sensors is based on the detec-
tion of Bragg wavelength shift that is influenced by the
external perturbations, such as temperature and strain, as
shown as:

Adg

Z = (1 — P)Ae + (ap + o, )AT )
where Ae and AT are the strain and temperature change,
respectively. For silica fiber, P=0.22 is strain-optic coef-
ficient, @), =0.5x 107%°K is thermal expansion coefficient
and @,=6.9x 107%/°K is thermo-optic coefficient. Thus,
reflection spectrum from uniform FBG sensor is given as
[39]:

4In2[4 — {(1 = P)Ae + (ap + @ )AT + 1} 4,]7

R(A) =exp |- =

3)
where c is the FWHM when there is no strain, here ¢ =0.39.
If there is no temperature change and only strain is changed,
then just the first part of the Eq. (2) will be used and if the
strain is kept constant and temperature is changed, then just
the second part of the Eq. (2) is activated. Figure 1(a) and
1(b) show FBG reflection spectra obtained at 100pe strain
change with constant temperature and 10°C temperature
change with constant strain, respectively, at the Bragg wave-
length of 1550 nm.

Thus, sensitivity of a fiber Bragg grating to a uniform
temperature change or strain change independently can be
obtained as 0.0142 nm/°C and 0.00121 nm/ue, respectively,
at the Bragg wavelength of 1550 nm from the graphs which
are consistent with FBG standard sensitivities [40].

3 Measurement of strain in a tilted
cantilever beam

As seen in Fig. 1, a uniformly applied strain or tempera-
ture to the FBG resulted only a shift in Bragg wavelength
with no change in its FWHM, while if a non-uniform strain
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Fig.1 FBG reflection spectrum in A=1550 nm, (a) without exter-
nal perturbations (point) and only the strain change by 100 pe (line),
(b) without external perturbations (point) and only the temperature
changes by 10 C (line)

distribution is created in the FBG, in addition to the Bragg
shift, FWHM of reflection spectrum will change [41]. As
shown in Fig. 2, after applying non-uniform strain distri-
bution along a FBG, the reflection spectra shift and their
FWHM undergo expansion. This FWHM change besides
the Bragg shift is used to obtain simultaneously strain and
temperature.

A cantilever is a rigid structural and mechanical element,
such as a beam or a plate, anchored at one end to a (usually
vertical) support from which it protrudes. The important
point in the cantilever beam is that strain distribution along
this tool, is non-uniform and linear [39, 42].

When a uniform strain is applied to the sample, we get the
help of cantilever beam concept. In this case, a single FBG
is pasted on a tilted cantilever beam which is attached and
fixed with a slight angle 0 on a sample under test, as shown
in Fig. 3. There is a meaningful relation between uniform
strain applied to the sample (g,) and strain experienced at
each part of the tilted cantilever beam (e,), which depends
on the inherent properties, thickness and length of the can-
tilever beam and the angle 0. Parameter M is considered as
an experimental strain coefficient to show this dependency
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Fig.2 FBG reflection spectra for uniform (point) and non-uniform
(line) strain with the values (a) 100 pe and (b) 200pe

which can be between zero and one. The strain distribution
in the cantilever beam is such that the fixed-end of cantilever
suffers the most strain (M.e.cos0) and decreases linearly to
reach O at its free end. Depending on the position of the FBG
on the cantilever beam, it can be seen that what percentage
of a uniform strain applied to the sample under test reaches
to the beginning of the FBG and the end of the FBG.

For example, if the length of FBG and tilted cantile-
ver beam are 2 cm and 6 cm, respectively, and the FBG is
attached to the middle third of the cantilever beam, a maxi-
mum strain equal to (2/3).(M.e,.cos0) is arrived at the begin-
ning of the FBG and (1/3).(M.e..cos0) is felt at the end of
the FBG and the FWHM will change with the strain applied
to the sample as shown in Table 1. We assumed that =30
and M =1 (meaning that all strain applied to the sample is
transferred to the fixed- end of the tilted cantilever beam
without any loss).

As shown in Table 1, the maximum Bragg wavelength
shift is linearly correlated with the applied strain on the
sample with sensitivity equal to 0.000453 nm/pe, while
according to Fig. 4, the relationship between the maximum
AFWHM and applied strain on the sample is nonlinear.
Equation (4) shows this relationship:
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Fig.3 The mechanism of plac-
ing the tilted cantilever beam on
the sample under test and the
FBG on that tilted cantilever
beam

Optical fiber

Very low loss due
to fiber bending

e

AFBG

Optical fiber

Sample under test

Table 1 Maximum AFWHM

. N Strain in sam- Maximum Strain in fixed-end Maximum wave- Maximum Maximum
according to the strain changes plee, (ue)  of cantilever (pe) Mieocosd  length shift, 1550 nm FWHM, 0.39 nm AFWHM
applied to the sample, assuming (nm)
6=30and M=1

100 86.6 0.0453 0.3905459 0.0005459
200 173.2 0.0906 0.3921921 0.0021921
300 259.8 0.136 0.3949112 0.0049112
400 346.4 0.1812 0.3987789 0.0087789
500 433 0.2265 0.4037118 0.0137118
600 519.6 0.272 0.4098851 0.0198851
700 606.2 0.3171 0.4172353 0.0272353
800 692.8 0.3624 0.425873 0.035873
900 779.4 0.4077 0.4357158 0.0457158
1000 866 0.453 0.4469548 0.0569548
o AFWHM = 6 x 10782 — 2 X 10, + 0.0002 )
| - ]
0.05 / . . .
| o7 As can be seen in Eq. (4), by knowing the maximum
0.04 FWHM variations, it is straightforward to obtain the strain
s R220.99 @ applied to the sample. It should be noted that the Eq. (4) is
g 0.03 : obtained for our condition (cantilever beam length, FBG
o /° length and position on the cantilever beam), and if the con-
0.02 ditions change, the equation’s coefficients will also change.
o/ Since non-uniform temperature distribution problem has
9.01 /0/ not been a common issue in sensing by FBGs, we con-
900 o = centrated in our work on strain distribution of on a single
0 200 400 . (uet)soo 800 1000 FBG. If there was a non-uniformity in the temperature

Fig.4 Relationship between AFWHM and the strain applied to the
sample under test
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distribution in the FBG in addition to strain distribution,
the Eqgs. (4) would have temperature dependency, too.
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Fig.5 FBG reflection spectrum in constant strain and temperature
(point) and in strain and temperature changes (line)

4 Simultaneous measurement
of temperature and strain

When uniform strain is applied to the sample as shown in
Fig. 3, it led to a FWHM variation (nonlinear) in addition
to the Bragg wavelength shift (0.453 pm/pe) in reflection
spectrum, while a uniform temperature change only results
in the Bragg wavelength shift (0.0142 nm/C). In an envi-
ronment where both temperature and strain are changing,
with obtaining the maximum wavelength shift and FWHM
value of the FBG reflection spectrum, both temperature
and strain applied to sample under test can be obtained by
two equations with two unknowns according to Eq. (5) as:

AFWHM = 6 x 10782 — 2 X 107, + 0.0002

AA =0.000453¢, + 0.0142AT ©)

For example, Fig. 5 shows unknown environmental con-
dition for our example and we intend to obtain simultane-
ously the temperature and strain changes applied to the
sample. In this figure, the maximum AFWHM is equal to
0.03448 nm and maximum wavelength shift is 0.646 nm.
According to Eq. (5), the strain and temperature variations
of sample under test are obtained equal to 784.96 pe and
20.45 C, respectively.

The important point in this proposed idea is that, due to
the fact that the oscillations of tilted cantilever beam occur
very fast, to obtain the maximum AFWHM and Bragg
wavelength, high data rate analyzers (microseconds) are
required.

5 Conclusion

Several methods have been employed for simultaneous
measurement of temperature and strain by FBG sensors.
They mostly use variety of configurations including two or
more FBGs or one special FBG. We propose using FWHM
of the reflection spectrum as a cross-sensitivity indicator for
simultaneous measurement of temperature and strain using
only a single FBG. When a non-uniform strain is applied to
a sample which a uniform FBG is stuck on it, in addition to
the Bragg wavelength, FWHM of the reflection spectrum
changes. This FWHM change besides the Bragg wavelength
shift is used to measure simultaneously strain and tempera-
ture. When a uniform strain is applied to the sample, we
introduce a cantilever beam to our configuration. A single
FBG was pasted on a tilted cantilever beam fixed on the
sample under test. This can be done with great precision.
We exploit a non-uniform strain distribution along a uni-
form FBG concept resulting in changing in FWHM of reflec-
tion spectrum in addition to the Bragg wavelength shift. A
uniform strain applied to the sample being distributed non-
uniformly on the tilted cantilever beam and on the FBG. The
non-uniform strain distribution on the FBG has led to the
sensitivity of the FWHM parameter to strain. Temperature
and strain changes are detected using Bragg wavelength shift
and FWHM changes equations. According to our simula-
tion results, the temperature sensitivity of the FBG sensor
to Bragg wavelength shift will be 14 pm/°C and independent
of FWHM changes, while the strain sensitivity of this sensor
to Bragg wavelength shift is 0.453 pm/pe and is connected
to FWHM by a quadratic equation.
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