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Fiber Bragg grating sensors are novel in the determination of various physical parameters. In
the case of fiber Bragg grating, on a single measurement of wavelength shift, it isimpossible to
differentiate between the effects of changes in strain and temperature. The simulation of fiber
Bragg grating, long period grating characteristics and use of the different strain-temperature
response of combined sensor for the simultaneous measurement and discrimination of strain and
temperature in C band are demonstrated.
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1. Introduction

Fiber Bragg grating (FBG) consists of periodically spaced modulated refractive index
zones in an optical fiber. The Bragg wavelength of a grating Ag, is a function of
the effective index of guided mode ny and period of index modulation A given by
Ag = 2ng; A [1]. The reflected wavelength is also a function of the parameters like
temperature, strain, pressure, etc., which upon proper calibration, enables accurate
measurement of these parameters. However, thetechnical drawback of this FBG sensor
isitsinability to distinguish between the shifts in wavelength caused by the strain or
temperature.

The second class of Bragg gratings are long period gratings (L PGs), which have
the period in the range of hundreds of micrometers. The transmitted peak wavelength
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isgiven by 4; = (ng; —nd)y) A, whereny, isthe effective index of the core mode and
n{l), isthe effective index of the i-th axially symmetric cladding mode [2]. LPG has
the larger temperature and smaller strain response compared to those of FBG. In
principle, a sensor with an LPG and single FBG can be realized for the measurement
of strain and temperature, but firstly, the LPG has larger bandwidth leading to
uncertainty in the determination of its central wavelength. The second drawback lies
in the complex setup for determining the transmission spectrum of L PG, compared to
the interrogation of FBGs narrow reflection spectrum. Hence, in this study, acomplex
sensor consisting of an LPG followed by two FBGs for simultaneous measurement
and discrimination of strain and temperature effects has been employed.

2. Simulation of FBG and L PG and their characteristics
Theoretically, the normalized reflection produced by an FBG is given by [3]
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where L isthe grating length, x isthe coupling coefficient, ¢ isthe detuning parameter
and J/x is the detuning ratio. The detuning parameter for Bragg grating of period
A is §=Q2—(n/A) where Q =2nny/A. For sinusoidal variation in the index
perturbation, the coupling coefficient for the 1-st order for unblazed Bragg grating is
K =nnlig [4], where 7 is the overlap integral between the forward and reverse
propagating guided modes cal cul ated over the fiber core of Bragg grating. In this case,
n = AnF, F isthefractional modal power in the core given by F = [1 — (1/V?)] where
V is the normalized frequency and An is the amplitude of induced refractive index
perturbation. The normalized power transmitted by the fundamental guided mode
through the LPG is given by [5]
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where m is the mode number and all the specified parameters in the above case now
depend on m.

Using Equation (1), the reflection spectrum of FBG is simulated and drawn using
MATLAB. Thevariationsinthese spectrawere demonstrated by varying the parameters
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like grating length and index difference for an FBG with 4 = 0.0036, n ., = 1.45, core
radius of 4.5 um and grating period of 0.534 nm. It is observed that the spectral
bandwidth of the gratings decreased with anincreasein the grating length. For a10 mm
long uniform grating, the bandwidth is approximately 0.16 nm and for 20 mm long
grating, the bandwidth is reduced to 0.084 nm, as shown in Fig. 1. Further, if
the refractive index change is varied, keeping the length of the grating constant, it is
observed that, by changing the index of refraction to half the value of thefirst grating,
the reflectivity decreased to approximately 60% and the bandwidth decreased
considerably, as shown in Fig. 2. It is observed that the bandwidth approaches
aminimum value and remains constant for further decrease in the index of refraction
change An. The transmission spectrum of the LPG is simulated using Eq. (2) and is
shownin Fig. 3.
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Fig. 1. Spectral profiles for uniform fiber Bragg gratings with different grating lengths.
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Fig. 2. Spectral profiles for uniform fiber Bragg gratings with different refractive index change.
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In the case of the FBGs, the wavelength shift induced by the applied strain ¢ at
a constant temperature is given by [1]

Adg = Ag(1-Pye (©)]

where Py, is the photoelastic coefficient of the fiber. For a temperature change AT,
the corresponding wavelength shift is given by [1]

Ay = ﬂBF o4 , 1 9n

" F - BT}AT = Agla+ EAT (@)

where « is the thermal expansion coefficient and ¢ is the thermooptic coefficient.

The response of LPG depends on the change in the grating period and on
thedifferential changein coreand cladding indices of therefractionand it al so depends
on fiber type[2].

When a sensor having one LPG and two FBGsis strained or is under temperature
fluctuations, a change in reflected power peaks of FBGs R; and R, occurs. A change
in strain leads to a small decrease in R; and small increase in R,, because the shift
in A, p (peak transmission wavelength of LPG) lagsthe shiftin Ag; and Ag,. However,
a change in temperature produces a large increase in R; and large decrease in R,
because the shift in 4, p leads the shiftsin Ag, and Ag,. Figures 4 and 5 show typical
changes in the reflected powers of FBG peaks due to strain and temperature
variations. Toanalyzethereflectancesignals, thefunction F(R;, R,) iscalculated using
the relation

Ry~ R,
SR+ R,

Sincethe LPG transmission vs. wavel ength is approximately linear over theregion

that the FBG and L PG overlap, the difference of ,/R; and /R, islinearly proportional
to the amount by which A, p leads or lags Az, and Ag,. The square root is required

F(Ry, Ry) = ®)
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because the light passestwo timesthrough the L PG. The denominator isnormalization
constant. This minimizes the fluctuations caused in the total optical power reaching
the interrogator. For ease of calculation, a system of two equations

AF = AAe+ BAT
AA=CAe+ DAT

relating the change in F and the change in one of the FBG wavelengths due to strain
and temperature changes (A, C and B, D are the strain and temperature coefficients,
respectively) Ae and AT can be solved by

FMRK

3. Experimental details

A hybrid FBG/LPG sensor formed on SMF-28 supplied by O/E Land, Canada, with
the specificationsLPG: L = 15 mm, A, p ~ 1554 nm; FBG1: L = 12 mm, Ag; ~ 1548 nm;
and FBG2: L =12 mm, Ag, ~ 1560 nm, has been used in this experimental study.
Thelight from the broadband source coupled into the SM fiber with the above sensors,
passes through the LPG and gets reflected back from the two FBGs (see Fig. 6).
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Fig. 6. Experimental setup for simultaneous application of strain and temperature.

Thewavelengths of the two FBGswere chosen at nearly 50% of the transmission peak
of the LPG on either side, so that the variation of relative intensities of the FBGs
will be linear to the change of the LPG. Upon reflection, the light retraces the LPG
and the reflected spectrum is observed on the Interrogator Sensing system
(OEFSS-100 supplied by O/E Land, Canada). The two normalized reflected peaks
R, and R, werefound by averaging the heightswith stored trace of the source spectrum,
so that any false variations in R; and R, are checked due to the change in source
spectrum vs. wavelength.

In the experimental setup, a microcontroller operated temperature chamber which
can be maintained at the desired temperature for the specific time requirement is
employed and one end of the fiber is mounted on amotorized actuator (Newport) with
computer interface, for applying thestrain. The sensor iscalibrated by applying known
temperatures and strains, and the shift in one of the FBG wavelength and change in
F(R;, Ry) are determined. In order to minimize the effect of thermal expansion of
the fiber, the latter was heated locally, while the strain was applied over the longer
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Fig. 7. Variation of F(R;, R,) and FBG2 wavelength with strain.
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Fig. 9. The rms deviation of the applied and measured strain (a), the rms deviation of the applied and
measured temperature (b).

section of it. The experimental resultswere plottedin Figs. 7 and 8 for one of the Bragg
wavelengths Ag, depicting the variation of the function F(R;, R;) and the shift of
the Bragg peak Ag, with the strain and temperature, respectively. From the average
values of the slopes and also the values of F(R;, R,) and Ag, at zero strain and 0 °C,
aset of two linearly independent equations were devel oped which can be conveniently
written in the form:

F(Rla Rz) —0.35108 _ | —48x 10—5 6.52 % 10_3 I: Ag:|

Agp — 1559.97 00946x10° 8x10° |LAT

In the experiment, the applied strain was increased from 100—1600 microstrain
while the applied temperature was varied between 20—60 °C. To show the quality of
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the sensor over this wide range of temperature and strain, measured strain versus
applied strain was plotted along with simultaneously measured temperature versus
applied temperature in Figs. 9a and 9b, respectively. The deviation of the measured
strain from the applied one was found to be + 11 microstrain. Similarly, the measured
and the applied temperatures were compared and the deviation wasfound to be +2 °C.

4. Conclusions

A better approach for the accurate measurement of strain and temperature
simultaneously with high accuracy has been simulated and demonstrated. The hybrid
sensor has the advantage of using the properties of both the FBG and LPG sensors,
which in turn, improvesits calibration. However, the sensor performance depends on
the precision of the grating parameters and the accuracy of the applied strain and
temperature for better calibration and the use of sophisticated interrogator system.
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