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Fiber Bragg grating (FBG) with silica material has limitations in measuring
mechanical quantities such as strain and temperature, this happens because
silica fibers are easy to break at higher transverse or axial strains. This
deficiency can be overcome in several ways, one of which is by coating the
silica FBG with a coating material made of metal or polymer. In this
research, the FBG sensor has been designed by poly methyl methacrylate
(PMMA)-coated FBG and silica. The finite element method (FEM) is used

Keywords: to analyze the electric field distribution on the surface of PMMA coated
FBG coating FBG with a coating thickness of 20 um. Furthermore, the sensitivity of each

coated FBG as a temperature sensor was measured in the range of 25 °C to
FEM 85 °C using coupled mode theory (CMT). From the design and analysis of
Optical sensor coated FBG, it was found that FBG coated with PMMA material had the
Sensitivity highest sensitivity of 395.73pm/°C. However, the FBG sensor coated with

silica material has a sensitivity of 13.73 pm/°C. the shift obtained is also
linear along with the temperature of 25 °C to 85 °C.
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1. INTRODUCTION

Sensing with optical phenomena has become an advanced technology that is developing in various fields,
ranging from industrial technology [1] to the health of material structures [2] to human health [3]. In many
advanced applications where size, remote measurement, the accuracy factor, and the large shift of the Bragg
wavelength are critical, optical fiber-based sensing techniques can provide revolutionary solutions that will give
rise to advanced technologies utilizing the photon phenomenon. Therefore, fiber optic sensing technology is
being developed as a future technology that is currently implemented in various applications. This technology
continues to grow rapidly and widely. Several new types of fiber sensors are emerging, and several fiber sensing
technologies are mature and have been commercially produced and used in specific applications. As light-wave
technology becomes a new technology enabling advanced applications, fiber optic sensors can play an integral
part in this development.

The application of optical fiber sensors, especially fiber Bragg grating (FBG) has increased because of
its special capabilities such as immunity to electromagnetic wave interference, light-weight, small size, low cost
and coded by wavelength. FBG sensor has a good response in physical quantities such as temperature, pressure,
strain, velocity, and force. The commercials FBG sensors are usually made of silica and for some applications
silica FBG can be relied on. The silica fiber has good optical properties such as low optical attenuation [4], [5].
This material has become favorable material dispersion for communication and sensor applications [6].
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However, some properties of silica materials such as strain, temperature, or force sensor commonly used in
FBG. In addition mechanical parameters also can make silica fibers unable to withstand extreme conditions
and can easily break under strain [7] although FBG with silica fiber material has advantages such as basically
this fiber has a layer that can increase mechanical resistance. So, in terms of monitoring high temperature and
cryogenic temperature, silica FBG should be treated differently by coating some polymeric materials or
metallic materials to obtain good performance and desired sensitivity.

The weakness of the silica optical fiber material under external influences can be overcome by
a protective layer, the layer that can usually be used on the fiber is a layer with metal and polymer materials.
The metal coating yield good FBG’s performance as a temperature sensor so that it can cope with the
mechanical behavior of the environment [8], while the metallic layer also allows the use of FBG in
high-temperature scenarios [9]. However, If the sensor is used for measuring mechanical parameters (such as
force and strain) and cryogenic temperatures, the polymer coating is preferable, because it can increase the
operational limits of the sensor [10]-[12]. It should also be noted that the integration of the FBG sensor in the
composite structure has been proposed to expand the sensor’s capabilities for cryogenic temperature sensing
applications [13]. It was reported that FBG coated with acrylic, tax identification number (TiN), indium-bismuth,
and lead over a temperature measurement range, showed that the indium bismuth coated fiber had minimal
sensitivity variation compared to others [14].

Many types of research related to optical sensing have been carried out starting from experiments to
numerical simulations, improving the performance of the Bragg grating fiber sensor must be carried out in
order to achieve efficient and applicable optical components in various fields [15]-[18]. In a previous study,
it was also reported that FBG coating with TiN metal as a sensor at cryogenic temperatures obtained a
sensitivity of 10,713 pm/C and it was found that TiN coating on FBG can change the non-linear characteristics
of the thermo-optical expansion coefficient, in this study other FBG coated with metal material [19], and also
use poly methil methacrylate (PMMA) coated FBG in low-temperature measurement [20]-[22] In this paper,
we use coupled mode theory (CMT) and finite element method (FEM) to investigate the performance of FBG
coating based on the increased sensitivity of the FBG temperature sensor in the range of 25-85 °C PMMA
coating materials, investigating the Bragg wavelength shift for every 10 °C different temperature to the Bragg
wavelength. In addition, the coated FBG profile is also simulated the distribution of electromagnetic waves
for each certain thickness, the thermo-optical coefficient and thermal expansion coefficient are adjusted to
the type of coating material from each FBG temperature sensor design.

2. MATERIALS AND METHOD
The laser consisting of various data will be injected into the optical fiber in the form of
electromagnetic waves. This can be explanned from the Maxwell (1).

E(x,w) = E(x,,w)e /®r* 1)

The (1) shows how the relationship between y which is the propagation constant, and x is the position of the
vector on a surface perpendicular to the optical axis. When the signal enters the FBG, it will be forwarded
with fiber optic media and after passing through the FBG, the signal will be partially transmitted and partially
reflected or also called Bragg wavelength. The Bragg wavelength is the peak of the refractive wavelength
produced after the signal passes through the FBG and the shift wavelength will be changed, strain, pressure,
and speed. As directed in (2) as given in Figure 1. Bragg wavelength is [23]:

lBragg = 2NeprA )

The (2) shows the relationship between the Bragg wavelength Ag,.. 4, the effective refractive index n., and
the grating length A which has a directly proportional relationship. The (3) shows that there is a direct
relationship between the change in the Bragg wavelength and the thermal expansion of the coating material
on the FBG with AT the temperature changes, ¢ is the coefficient of thermal expansion and 9 the thermo
optic coefficient. The silica material has thermal expansion coefficients (¢) and thermo-optic coefficients (9) of
0.55 x 1076 /°C and 8.3x 1076/°C respectively. Meanwhile, the normal temperature sensitivity of an FBG is:

ABragg _ AT[e + 9] 3)

ABragg

Therefore, the sensitivity of the uncoated FBG sensor depends on the thermo-optic coefficient,
whereas for polymer-coated FBG, the temperature changes can cause variations in the grating period due to
thermal expansion and strain effects experienced by the fiber. Both equations are proportional to the thermal
expansion of coating polymer materials, which is mathematically explained in (4) [24]. The (4) shows that the
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temperature sensitivity of FBG coating polymers is much higher than uncoated FBG, the sensitivity to
temperature is closely related to the thermal expansion effect of coating materials as well as the thermo-optical
effect of fiber materials. Actually, the influence of strain is inseparable from FBG sensors and one thing that is
not separated. The (5) shows the effect of temperature and strain to the Brag wavelength of FBG sensors [3].

A;Bﬂ = AT[(l - Pe)(pCoating + 19] (4)
Bragg
P, is the photo elastic coefficient and the ¢ expansion coefficient of the coating material.

The (5) clearly shows the relationship between the quantities that affect the performance of FBG
which cannot be separated from the influence of the two quantities, namely temperature and strain, other
quantities that also have an effect, such as the coefficient of thermal expansion ¢, which is related to the
behavior of the material when brought close to different ambient temperatures, Poeckel coefficients P11 and
P12, and v which is the Poisson ratio of the Bragg wavelength shift which will be very important in this case,
and T are strain and temperature change, respectively. Variations in coating materials will provide different
sensitivity of each FBG which is closely related to the optical thermos coefficient and fiber thermal
expansion. The method used in this research is a numerical simulation with FEM to determine the
distribution of the electric field around the fiber surface and the CMT method with OptiGrating to obtain the
transmission and reflection spectrum of the FBG so that a shift in the Bragg wavelength will be obtained
which will affect the performance of the FBG, coating the coating on the FBG will be defined by the physical
quantities that have been observed in the literature, in this case PMMA is used as the FBG coating. All
parameters defined in this study as seen Table 1.

ALy, = 2nA (1 - n;) [P12-v (P11 + P12)]€e + [‘P + (Z_:) /n] AT ©)

The early stages of FBG coating design were to improve the distribution of electromagnetic waves
on FBG. The surface profile will be investigated due to the increased sensitivity of FBG from the temperature
range of 25-85 °C for uncoated FBG and FBG with certain material coatings. Thermo-optic coefficient and
thermal expansion coefficient PMMA is 193 x 107¢/°C and 61 x 107%/°C [21]. Thermo-optic coefficients
and thermal expansions are defined from each FBG device design, especially in defining the grating of FBG
coating. The negative thermo-optic coefficient makes the refractive spectrum of FBG shift towards the
negative x-axis and vice versa. The refractive index of each material is also defined in each grid design and
design on the FBG coating profile. On the FBG coating profile the refractive index of each material provides a
different electric field distribution. Here is the structure of FBG coating on Comsol Multiphysics, coating thickness
of 20 um refers to previous research that showed better performance for coating thickness as shown Figure 2(a)
FBG and Figure 2(b) core. After simulation on Comsol Multiphysics FBG is designed using OptiGrating to
examine the wavelength shifts for different temperatures and to get the sensitivity of each coated FBG.

Table 1. FBG parameters

Parameter Value
Core diameter 8 um
Core refractive index 1.46
Cladding refractive index 1.45
Diameter of cladding 125 um
Coating thickness 20 um
Peak wavelength 1550 nm
Refractive index, PMMA 1.49
Grating length 4000 pm
Modulation index 0.0001
i i ;'ngg Grating VV‘U“N
! Ve, \ Transmission |/
LT e
A )
Cladding

Coating

Reflection

Figure 1. FBG work scheme
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Figure 2. Finite structure of FBG coating element in Comsol Multiphysics at (a) FBG and (b) core

3. RESULTS AND DISCUSSION
3.1. Electric field distribution on FBG coating surface

In this paper, the design of a layered FBG sensor using FEM and spectrum analysis with CMT
produces an optimal temperature sensor in terms of sensitivity, the distribution of the electric field around the
core and cladding is investigated, then observed the effect of the coefficient of thermal expansion on the
Bragg wavelength shift and compares it with research done before. PMMA has a thickness of 20 um after the
cladding layer, high sensitivity will provide good performance in measuring temperature, a significant shift in
the Bragg wavelength indicates the FBG is performing well. The simulation was carried out using the FEM
method based on Comsol Multiphysics 5.6 software, after parameter definition and 2D geometry design of
the FBG profile, the work continued with defining the FBG material based on the refractive index of each
material, The simulation is carried out by investigating 2D surfaces, the first layer is a core made of silica, the
second layer of cladding is also made of silica, then the coating material is PMMA. After investigating the
electric field around the layer as shown in Figure 3(a) PMM-coated FBG cross-section and Figure 3(b)
electric field distribution graph around the FBG cross-section.

The Figure 3 shows the distribution of electric fields for two different effective refractive indexes,
based on the FEM so that it can model propagation behavior on FBG coating. For the effectiveness index of
each fiber optic material, it is shown that the electric field around the fiber surface with the highest electric
field magnitude is 400 V/m. FBG coating has a thickness of 20 pm for core materials and the cladding is
silica, while the coating materials are PMMA. The wavelength used in the simulation is 1550 hm, FEM can
show the effective refractive index of each FBG coating design, the value of the effectiveness refractive
index will affect the sensitivity of FBG coating as in (4), while for the electric field distribution graph around
the surface of the fiber optic for different materials addressed in Figure 4.
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Figure 3. Cross-section of core cladding and coating FBG: (a) distribution of the electro field on the fiber
surface and (b) graph of the value of the electro field on the surface of PMMA-coated FBG
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3.2. FBG coating sensitivity for coating materials

An important parameter of an optical sensor is a very sensitive response to changes in the environment,
such as temperature. In FBG the coefficient of thermal expansion is directly proportional to the shift in the
Braag wavelength. In this study, FBG was tested with a temperature range of 25 °C to 85 °C. After defined and
testing for each temperature change, the Bragg wavelength shift was obtained in Figure 4(a) and the effect of the
coefficient of thermal expansion on the wavelength in Figure 4(b).

Figure 4 shows the linear increment of the Bragg wavelength to the change of temperature (a) and to
the thermal expansion (b). This yields a good results, although the gradient of each material determines the
sensitivity of each material. FBG coating has Bragg wavelengths that shift to temperature changes, this shift
dependency is on the thermo optic coefficient and the thermal expansion coefficient of each material,
materials with negative thermo optical coefficient values will make the FBG reflection spectrum move to the
left from the center of the wavelength as well as in turn. Each material designed for FBG coating shows the
linearity of the shift in Bragg wavelength to the temperature change, in this case the temperature range used
was 25 °C — 85 °C, the same treatment was shown in all coating materials. The sensitivity of each coating
material PMMA 395.73 (pm/°C).

Above it is explained that the magnitude of the coefficient of thermal expansion of each material is
directly proportional to the resulting Bragg wave shift, the larger the Bragg wave shift will enhance the FBG
performance well and be able to easily define a very small temperatures measurement. This result allows
FBG for application at very small temperature changes because for a temperature change of 1 °C PMMA
coated FBG is able to shift the Bragg wavelength as far as 395.73 pm. Figure 4(b) shows the relationship
between the coefficient of thermal expansion and the wavelength, the relationship is linear, this graph is
obtained at a temperature of 25 °C. In Figure 4(a) we can see that if we compare it with different materials
such as aluminum and silica, the slope gradient of FBG with PMMA layer is larger and this gives an idea that
FBG with PMMA layer has good sensitivity.

3.3. Analysis of Bragg wavelength coated FBG temperature sensor

The transmission and reflection spectra of FBGs are obtained because of the behavior of FBGs that
can filter certain wavelengths, wavelengths are filtered because FBGs have a grating whose refractive index
changes periodically. In this design, the FBG uses a uniform grating with a core material and cladding in the
form of silica, then the FBG is coated with PMMA material. After the simulation process is carried out,
Figure 5 shows the reflection spectrum of PMMA-coated FBG with respect to temperature changes and
Figure 6 shows a shift in the reflection spectrum of silica-coated FBG with respect to temperature changes.
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Figure 4. The effect of shifting the Bragg wavelength: (a) on changes in temperature and (b) on changes in
the coefficient of thermal expansion

Bragg-wavelengths shift varies linearly to temperature. Figure 4 shows the significant sensitivity
difference of FBGs with each coating material. However, FBG coated with PMMA material provides the
greatest shift at a 25 °C, The two wavelengths of the coating material are at a wavelength of 1550 nm after
the temperature is increased to 10 °C the shift of the two wavelengths shows different results. PMMA coated
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FBG at a temperature of 35 °C has a Bragg wavelength which is at 1553.95 nm experiencing a shift of 3.95 nm.
This increase is linear for every 10 °C increases if we look at the shift in the Bragg wavelength for silica
materials at a 35 °C, the wavelength peak is at 1550.13 nm or experiences a shift of 0.13 nm. This is much
smaller when compared to shift experienced by PMMA coated FBG. Physically it can be explained by the
large coefficient of thermal expansion of the PMMA material directly proportional to the shift in the Bragg
wavelength as shown in (4), that the coefficient of thermal expansion of the FBG coating material is directly
proportional to the shift in the Bragg wavelength which shows the ability of the FBG to monitor the
temperature and so on for temperatures of 25 to 85 °C which are the measurement limits in this study.
PMMA coated FBG has good linearity in temperature measurement and has a large wavelength shift. At the
temperature limit of 85 °C PMMA coated FBG has a Bragg wavelength of 1573,744 nm compared to Silica
material at a wavelength of 1550.8 nm. So that along the temperature of 25 °C to 85 °C PMMA coated FBG
experienced a shift of 23,744 nm while silica FBG was 0.8 nm. The following is a comparison of the
performance of layered FBG with previous studies in Table 2 which we can see a comparison with previous
research, that PMMA-coated FBG with a thickness of 20 um and a grating length of 4000 pm has the highest
sensitivity to temperature in the range of 25-85 °C.
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Figure 5. Reflection specttrum of PMMA coated FBG Figure 6. Silica FBG reflection spectrum
Table 2. Performance comparison with research related
Research related Results Reference
PMMA coated FBG for low temperature Sensitivity 0.039 nm/K in the 1550 nm wavelength. temperature range 77 K to 330 K [22]
TiN-coated FBG for cryogenic temperature Sensitivity 10.713 pm/°C, temperature range 25 to 195 °C [12]
measurement
PMMA-coated FBG for ethanol sensing Concentration in the range 0 to 3%, linear response with respect to the amount of [25]
adsorbed ethanol
PMMA-coated FBG for measurement of ethanol Concentration range 0 to 38%, showing a response time of about 290 s, while the [26]
in liquid solution recovery time 660 s was almost twice
PMMA-coated FBG for temperature measurement  Sensitivity is 395.73 pm/°C. With 20 um coating thickness and 4000 pum grating length. This
Temperature range 25 to 85 °C study

4. CONCLUSION

In this paper we design the PMMA coated FBG using the FEM, the electric field distribution on the
profile of the core, cladding, and coated FBG is obtained. Then by using CMT on the coated-FBG,
the transmission and reflection spectrum and wavelength shift were obtained, the PMMA coated FBG shifted
by 395.73 pm for a change of 1°C temperature. This result is very good compared to silica FBG with a shift
of 13.73 pm. these results indicate that layered FBG can increase the shift of the wavelength and has a good
ability as a temperature sensor.
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