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AbstractThis article outlines the development of a Fiber Bragg Grating (FBG) intended for use as a sensor for CH4 and CO2 gases. Followingfabrication, the FBG was effectively treated with a layer of Graphene Material through a modified RF Sputtering process. This coatingprocedure involved introducing argon gas into the chamber and subjecting the FBG, securely held by two vacuum stages, to atemperature range of 27°C to 600°C by adjusting the power supplied to the cathode and anode, ranging from 0 to 125 Watts.Subsequently, the FBG was employed as a key sensing element within an experimental setup aimed at measuring gas concentrationswithin a confined space. The assessment involved analyzing the reflected signal of the FBG using an Optical Interrogator System,which demonstrated a shift in the Bragg wavelength of the reflected signal corresponding to varying gas concentrations. This studyindicates promising outcomes for the Graphene-coated FBG as a gas sensor. The sensor’s sensitivity was evaluated based on theBragg wavelength shift resulting from gas presence within the chamber. The Graphene-coated FBG exhibited sensitivities of 3.3 ppmfor CH4 and 3.7 ppm for CO2, surpassing those reported in prior research efforts.
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1. INTRODUCTION

In the past twenty years, the adoption of optical technology in
both communication and sensor applications has experienced
significant and swift expansion (Kersey, 1996; Measures and
Abrate, 2002; Yeo et al., 2008). Optical technology offers not
just elevated data transfer rates and broader bandwidth, but
it also ensures safety by eliminating the need for direct hu-
man contact. In communication, optical elements facilitate
the transmission, manipulation, and reception of light signals.
Similarly, in sensing applications, they enable the detection
and assessment of diverse physical parameters. Optical sen-
sor technology finds application across a spectrum of fields,
including humidity and temperature sensing, medical diag-
nostics, aviation, and oil and gas engineering (Jiang, 2022;
Shang and Wang, 2021; Stasiewicz et al., 2023; Irawan et al.,
2024). Nevertheless, there hasn’t been significant progress in
the advancement of optical components tailored for gas sen-
sor applications, despite a pressing need for innovation in this
domain. Several studies have been conducted to explore rele-

vant technologies in this area. A research Besson et al. (2006)
reports the configuration involves designing an acoustic reso-
nance setup employing piezoelectricity and servo electronics.
This study quantifies gas concentrations at levels below parts
per million (sub-ppm), with the sensitivity highly contingent
upon the calibration procedure.

Additional research has documented gas detection tech-
niques utilizing a Spectrometer configuration, comprising a
near-infrared tunable fiber laser linked to a sequence of erbium-
doped fiber amplifiers, a fiber acoustic sensor, and a primary
longitudinal resonance photoacoustic cell. This setup offers the
benefits of immunity to electromagnetic interference, safety in
flammable and explosive environments, and remote sensing
capabilities (Satria et al., 2022) . The developed sensor has
effectively monitored methane, acetylene, carbon dioxide, car-
bon monoxide, and water vapor levels in real-time. In fact, this
sensor has a detection limit of 87 ppm for CH4, 1.3 ppm for
C2H2, 4.6 ppm for CO, 5.5 ppm for CO2, and 24 ppm for
H2O (Mao et al., 2016) .

An alternative approach to gas detection involves utiliz-
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ing a sensor featuring a Near-infrared (NIR) distributed feed-
back (DFB) laser, employing long optical path absorption spec-
troscopy (Wu et al., 2022) . This method was devised to enable
the concurrent assessment of atmospheric methane (CH4), car-
bon dioxide (CO2), and oxygen (O2). Fiber optic switches
(FOS) are integrated with time-division multiplexing (TDM)
techniques, facilitating the alternating scanning of different
lasers across the absorption lines of the target gases. Utilizing
long optical path wavelength modulation spectroscopy (WMS)
techniques alongside second harmonic detection, as well as
employing methods to correct for laser power fluctuations, en-
hances the precision and accuracy of the sensor. With gas
absorption lines selected at 6046.945 cm-1, 6361.245 cm-1,
and 7877.647 cm-1, the detection limit (1𝜎) achieves 0.034
parts per million (ppm) for CH4, 11.921 ppm for CO2, and
0.14% for O2, accounting for concentration and noise levels.
Allan deviation analysis demonstrates a 1-second measurement
precision of 0.030 ppm for CH4, 11.518 ppm for CO2, and
0.14% for O2, with potential enhancements to 0.065 ppm,
0.255 ppm, and 0.005% respectively, with optimal time aver-
aging set at 800 seconds (Munir et al., 2020) .

Fiber Bragg Grating (FBG) sensors are pivotal in optical
sensing and monitoring across diverse industries. Leveraging
fiber optic technology, FBG sensors present numerous merits,
rendering them the preferred option for monitoring various
physical parameters. Their precise and dependable measure-
ment and monitoring of environmental conditions stand out as
a primary rationale for their widespread adoption. Key advan-
tages of FBG sensors encompass their immunity to electromag-
netic interference (EMI) and radiation, inherent safety, and
capacity to function in challenging environments characterized
by high temperatures, pressures, or harsh chemical conditions
(Riza et al., 2020) .

Another advantage inherent in FBG sensors originates from
the fundamental concept of fiber optics. The optical fiber uti-
lized in FBG sensors possesses a low thermal coefficient, en-
abling operation across a broad temperature spectrum without
necessitating additional temperature compensation. Their re-
sistance to corrosion and electromagnetic interference further
enhances FBG sensors’ suitability for applications demanding
high precision and reliability. Additionally, FBG sensors offer
benefits in terms of their compact size and light weight. Their
relatively diminutive dimensions and minimal mass facilitate
seamless integration into structures or equipment without im-
posing significant additional weight. This adaptability grants
flexibility in designing and deploying monitoring systems. Mul-
tiplexing represents another pivotal feature that renders FBG
sensors highly advantageous. The capability to incorporate
multiple FBGs on a single optical fiber facilitates simultaneous
monitoring of numerous physical parameters. This not only
economizes on expenses but also simplifies the complexity of
the monitoring setup. It’s noteworthy to underscore that FBG
sensors aren’t merely passive measuring instruments; they can
also serve as actuators. By harnessing the piezoelectric effect
in optical fibers, FBG sensors can induce responses or regulate

dynamic systems (Yong et al., 2017) .
FBG technology has been applied to gas sensing, particu-

larly in the measurement of carbon dioxide (CO2) concentra-
tions (Song et al., 2024) . The investigation focuses on eval-
uating the accuracy, sensitivity, and response time of sensor
readings. The FBG is engineered utilizing a combination of
polysulfide (PSF) and polyimide (PI), along with polyethylene
glycol (PEG) surfactant, incorporating temperature as a param-
eter. Findings from this research highlight that the sensitivity
of sensor response is influenced by the doping ratio of PI, while
PEG surfactant proves effective in reducing the response time
for CO2 sensing. Moreover, the sensitivity and response time
of the sensor demonstrate a positive correlation with the thick-
ness of the PSF/PI/PEG CO2 spectrum layer. Furthermore,
the sensor demonstrates the capability to accurately measure
CO2 concentrations within the temperature range of 25–50°C
and relative humidity between 35–80%. The proposed sensor
exhibits a sensitivity of 3.39 pm/mM, a response time of 310
s, a detection limit of 0.087 mM, a maximum relative error of
less than 7.28%, along with high selectivity and durability.

In efforts to boost the sensitivity of the optical fiber sensor,
several coating materials have been implemented, including
aluminum, gold, silica, and PMMA (Saktioto et al., 2021; Ra-
madhan et al., 2022). This study aimed to analyze the charac-
teristics of FBG when coated with various materials, focusing
on their sensitivity. Results revealed that FBG coated with
PMMA exhibited superior sensitivity compared to coatings of
aluminum, gold, and silica. Nevertheless, the sensor’s stability
and durability were compromised as it proved vulnerable to
damage from human contact (Qiao et al., 2023; Gao et al.,
2021; Wang et al., 2018). By coating the optical fiber with
graphene material is a way to enhance the stability and durabil-
ity (Alberto et al., 2015; Hernaez et al., 2017; Syuhada et al.,
2021).

The exceptional properties of graphene offer the potential
to enhance both the sensitivity and durability of optical fibers.
By applying graphene material onto optical fibers, their resis-
tance to pressure and friction can be significantly increased,
owing to graphene’s remarkable mechanical strength. Fur-
thermore, graphene’s high thermal and electrical conductivity
has the capacity to amplify the sensitivity of optical fibers to
alterations in temperature and electric fields. Integration of
graphene holds promise for the creation of optical sensors that
are more responsive and accurate. Utilizing graphene in op-
tical fibers can substantially enhance their performance and
resilience, thereby unlocking new possibilities across a range
of sensing and optical communication applications (Gao et al.,
2021; Yang et al., 2018; Papageorgiou et al., 2017).

In this study, the FBG will undergo a process of layer-
ing with graphene material through a modified RF sputtering
technique. Subsequently, the measurement system will be
employed to assess the sensor component’s ability to detect
CO2 and CH4 gases within a chamber, utilizing the Optical
Interrogator System.
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2. EXPERIMENTAL SECTION

2.1 Fabrication of FBG
The FBG is produced by employing Silica Single Mode Fiber
(SMF) through the Femtosecond laser inscription technique.
In this method, extremely short laser pulses induce alterations
in the local refractive index within the optical fiber core. The
spacing between gratings was maintained at 3 mm. This ap-
proach facilitates the creation of periodic gratings with excep-
tional precision, enabling precise and effective applications in
optical sensing for measuring temperature, voltage, or deforma-
tion in physical structures (Halstuch and Ishaaya, 2023; Zhou
et al., 2003). Throughout the fabrication process, real-time
monitoring of the Bragg wavelength, reflection, and transmis-
sion signal ratio is conducted via a computer system. The
process is programmed to halt automatically upon reaching the
preset parameters.

The Bragg wavelength, depicted in Figure 1, represents the
peak reflection wavelength generated by the FBG grating.

Figure 1. Schematic Diagram of FBG

The peak wavelength undergoes variation in response to
parameter alterations such as temperature, stress, strain, pres-
sure, velocity, etc., as expressed mathematically in Equation
(1).

𝜆Bragg = 2 ∧ ne f f (1)

Where ∧ is grating length, ne f f is effective refractive index, and
𝜆Bragg is Bragg wavelength.

Certain variables impacting the equation include modifica-
tions in the effective refractive index of the optical fiber and the
sensor’s sensitivity to gas detection, as represented by Equation
(2).

Δ𝜆Bragg =
d𝜆Bragg
dΔnne f f

Δne f f = fgas .Cgas (2)

where Cg as is gas concentration.
The sensitivity of the sensor towards gas detection hinges

on how the FBG sensitive layer interacts with a specific gas

and the consequent alterations in the effective refractive index.
Typically, these equations necessitate experimental calibration
to validate the correlation between wavelength changes and gas
concentration. It’s essential to acknowledge that the attributes
of FBG gas sensors can fluctuate based on the sensitive material
employed in the FBG layer.

2.2 Coating Process of FBG Surface
The FBG coating procedure was executed utilizing modified
RF sputtering, as illustrated in Figure 2. An FBG is positioned
on the coating stages, securely held in place by a pair of vacuum
holders. The FBG grid is situated in the coating zone just above
the substrate, which in this instance is graphene material. The
coating process comprises several stages, commencing with
cleaning the FBG of contaminants using alcohol, followed by
preparation on the sputtering tube. In this scenario, graphene
serves as the prepared coating material. Argon gas is introduced
into the tube, and heating ensues with a temperature range of
27°C to 600°C, achieved by supplying power to the cathode and
anode ranging from 0 to 125 Watts. At a specific temperature,
graphene atoms are released and settle on the FBG surface, with
the deposition process directed towards the FBG continuing
until the desired thickness is achieved. The process concludes
with drying and binding. Throughout the coating process, the
reflected and transmitted signals are continuously monitored
using a power meter to ensure the FBG remains in optimal
condition.

Figure 2. Experimental Set up inside of Sputtering Chamber

2.3 To Analyze the Performance of FBG sensor
Utilizing Graphene on FBG for sensor applications relies on the
modulation of the Bragg wavelength. The sensor setup is de-
picted in Figure 3, where a light source emitting at a wavelength
of 1550 nm is coupled through Single Mode Fiber (SMF) to a
circulator before reaching the FBG. The FBG is situated within
a cylindrical chamber measuring 20 cm in diameter and 30 cm
in length. This chamber is equipped with two gas inlets, one
for Retaining Gas (CH4) and the other for Carbon Dioxide
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Gas (CO2). The output signal is then conveyed via SMF to the
Optical Spectrum Analyzer (OSA) for further examination of
the power spectrum at various wavelengths.

The Bragg grating embedded within the FBG causes a
portion of the input signal to be reflected back towards the
circulator, which subsequently directs this signal to the sensing
analyzer, often referred to as the Optical Interrogator. This
Optical Interrogator then displays the reflection signal in real-
time as a wavelength-dependent function.

Figure 3. Experimental Set up of CH4 and CO2 Gas Sensor
System

Optical circulators are employed to steer the flow of light in
a designated direction along optical fibers, ensuring the desired
transmission of input signals and reflected rays. This direc-
tional control simplifies the optical system’s design, thereby
minimizing its complexity and size, potentially leading to cost
savings and enhanced efficiency. Moreover, by segregating
input and output lines, these circulators bolster system redun-
dancy and reliability; even if one pathway is disrupted, the
remaining lines can operate without interference.

Furthermore, integrating optical interrogators as analyz-
ers for reflected signals is pivotal in this configuration. These
interrogators are vital elements within optical sensor systems,
responsible for gathering and processing data from optical sen-
sors. Specifically, in the context of monitoring environmental
parameters such as atmospheric gas levels, optical interroga-
tors serve as indispensable tools. They swiftly capture and
assess this data in real-time, furnishing essential insights for
environmental surveillance. Compared to analyzing signals
using an Optical Spectrum Analyzer (OSA), leveraging optical
interrogators within optical sensor systems offers substantial
benefits in terms of precision, speed, and responsiveness. This
technological advancement enables optical sensor applications
to furnish invaluable data across diverse industries, thereby
fostering the continual evolution of optical sensor technology.

3. RESULTS AND DISCUSSION

3.1 Fabricated FBG
A diverse range of fiber Bragg gratings (FBGs) with varying
reflection and transmission ratios, spanning from 1% to 99%,
has been successfully manufactured. FBGs, which leverage
fiber optics, present several advantages that position them as a

promising solution for detecting and surveilling gas concentra-
tions across different settings. Their high sensitivity to changes
in wavelength enables responsive and precise monitoring ca-
pabilities. The utility of FBGs in gas sensors extends beyond
merely detecting specific gas concentrations; it extends into
broader environmental monitoring contexts. Their capacity to
function effectively at elevated temperatures without necessi-
tating additional compensation renders them well-suited for
applications within the oil and gas industry.

This study has presented a graphene-coated fiber Bragg
grating (FBG) designed for the detection of methane (CH4)
and carbon dioxide (CO2) gases. The fabrication process
achieved success, adhering to the parameters outlined in Table
2.

Table 1. Initial Parameter set up of Coated FBG

Parameters Value
Core Diameter 8 𝜇m

Core Refractive Index 1.47
Cladding Refractive Index 1.46

Aluminum Refractive index 1.37
PMMA Refractive index 1.49

Graphene Refractive Index 2.7
Chromium(III) Oxide 2.551

Cladding Diameter 125 𝜇m
Graphene layer thickness 0.3 𝜇m

Coating Thickness 20 𝜇m
Peak Wavelength 1550 nm

Grid length 4000 𝜇m
Modulation index 0.0001

3.2 The Graphene Coated FBG
Figure 4 illustrates an FBG comprised of cores and cladding
composed of silica single-mode fiber (SMF), essentially form-
ing a grating structure. Subsequently, the SMF FBG under-
goes coating with a graphene material layer, approximately
20 micrometers thick. The diagram depicts the geometric ar-
rangement of the graphene-coated FBG, encompassing cores,
cladding, grating, graphene coating, and enclosures.

The application of modified RF sputtering was employed
for the coating process, depositing graphene material onto the
surface of the FBG, thereby influencing its optical properties.
Figure 5 clearly illustrates the spectrum of the reflected signal
for each apodization profile (Tanh, Uniform, and Gaussian) on
the FBG coated with a single layer of graphene material. The
Gaussian apodization notably reduced the peak of the reflected
signal to a greater extent compared to Uniform apodization. Al-
though apodization can narrow the Full-width Half Maximum
(FWHM), the distinction lies in the main lobe and side lobe
of the FBG sensor. Gaussian apodization exhibited significant
differences in both the main lobe and side lobe compared to
Uniform apodization, with a variance of 1.3 nm. Conversely,
Uniform apodization demonstrated variances of 3,732 nm.
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Table 2. Comparison between Propose Study with Previous Results

Inventor Gas type Material Sensor Sensitivity
(Shen et al., 2021) CO2 Polymer Nanocomposite 3 ppm
(Zhao et al., 2022) CH4 Carbon Nanostructure 2.2 ppm

(Abdali et al., 2019) CO2

Amino-functionalized graphene
1.7 ppm(AmG)/polyaniline (PANI)/poly(methyl

methacrylate) (PMMA) nanofiber
(Zhang et al., 2016) CH4 Nanostructured Material 1 ppm
(Huang et al., 2003) CO2 Polyaniline nanofibers 1 ppm

(Ameloot et al., 2011) CO2
Metal-organic frameworks (MOFs) 2.4 ppm

(below 5 ppm)
This propose study CH4 Graphene Coated FBG 3.3 ppm
This propose study CO2 Graphene Coated FBG 3.7 ppm

Figure 4. Graphene-Coated FBG for CH4 and CO2 Gas
Sensor Application

Figure 5. FBG Coating Reflection Spectrum with Different
Apodization Grating Structure

These disparities in the main lobe and large side lobe suggest
enhanced and precise performance of the FBG sensor, facilitat-

ing easier interpretation of the obtained reflections. Apodiza-
tion significantly influences the grating structure of the FBG,
narrowing the FWHM in the resulting reflection spectrum.
This enhancement in spectrum resolution through apodization
augments the accuracy of the resulting spectrum, as depicted
in Figure 5. The apodization function directly correlates with
the effective refractive index derived from the coated FBG.

The disparities in the positioning of the main lobe and side
lobes within the graphene-coated FBG gas sensor, as observed
in the reflection spectrum, directly influence the accuracy and
sensitivity of the sensor. Optimal sensor performance is dis-
tinguished by substantial discrepancies between the lobes and
side lobes. The discrepancy in the main lobe and side lobe
of Gaussian apodization is the most pronounced among the
various apodizations, with a categorized difference of 0.956
nm, followed by Tanh apodization at 0.508 nm and Uniform at
0.3 nm. Additionally, the analysis of ripple factor indicates that
apodization minimizes the ripple factor compared to Uniform
apodization.

The graphene-coated Silica SMF FBG, featuring a 20-
micrometer-thick graphene layer, exhibits transmission and
reflection spectra, as depicted in Figure 6. A FBG design
comprising a Silica core and cladding, with a coating layer
of PMMA, showcases its transmission and reflection spectra.
The FBG structure comprises a core and cladding of Silica
material, with a coating layer having a refractive index of 1.5.
The transmission spectrum is represented by Figure 6(a), while
Figure 6(b) illustrates the reflection spectrum.

The application potential of FBG continues to expand, with
its efficacy hinging not only on the fundamental FBG structure
but also on the sensitive layer overlaid onto the FBG grating.
The judicious selection of sensitive materials stands as a cru-
cial parameter in enhancing sensor selectivity towards specific
gases. Innovations in sensitive materials, including the incor-
poration of nanomaterials or functionalization with specialized
compounds, offer avenues for enhancing sensor responsiveness
and selectivity.

The benefits of FBG multiplexing enable the deployment
of multiple gas sensors on a single optical fiber, optimizing
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Figure 6. (a) FBG PMMA Reflectivity, (b) FBG PMMA Transmittivity Spectrum

Figure 7. The Spectrums of Reflected Signal of FBG for Difference Gas Concentration Measurement by Optical Interrogator
System

resource utilization and reducing installation expenses. This
confers the flexibility and efficiency necessary for gas monitor-
ing in intricate industrial settings. Furthermore, the integration
of FBG into centralized monitoring systems yields additional
advantages in the comprehensive management and interpreta-
tion of data.

While FBG presents numerous advantages, its utilization in
gas sensors is not devoid of challenges. Ongoing research and

development are imperative for the proper selection of sensitive
materials and a comprehensive understanding of the properties
of the gases being measured. A meticulous calibration process
is essential to ensure the FBG gas sensor delivers accurate and
consistent responses.

The emergence of FBG-based gas sensor concepts has
spurred further innovation. Integrating nanotechnology-based
materials into sensitive coatings or combining FBG with other
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technologies holds promise for enhancing sensor sensitivity and
reliability. In prospective scenarios, FBG applications could
extend to monitoring gases in urban environments, facilitating
more precise air quality measurements and furnishing invalu-
able data for environmental policymaking.

3.3 Sensor Sensitivity
In summary, the incorporation of FBG into gas sensors not only
addresses the detection of hazardous gases but also facilitates
a more comprehensive approach to environmental monitor-
ing. Its inherent safety, heightened sensitivity, and adaptable
design render FBG a promising option for realizing advanced
and dependable gas monitoring systems. The measurement
process, as depicted in Figure 3, involves pumping gas into
the chamber, followed by comparing specific conditions with
an ideal reference, ultimately yielding a spectrum of Bragg
wavelengths, as illustrated in Figure 7.

The Bragg wavelengths of these two signals are determined
to be 1549.9017 nm and 1549.9716 nm. This resultant wave-
length shift of 0.07 nm is subsequently formulated into a gas
concentration of 3.3 ppm for CH4 gas. Likewise, the sensi-
tivity of the proposed sensor for CO2 gas is calculated to be
3.7 mm, surpassing the performance of previous studies, as
demonstrated in Table 2.

The mean Bragg wavelength under ideal conditions is de-
termined to be 1549.9017 nm after measuring fresh air for ap-
proximately 2-3 hours. Additionally, with the precise chamber
volume established, the gas concentration within the chamber
can be computed utilizing a gas flow meter. For comparison and
calibration of gas concentration within the chamber, a conven-
tional CO2 and CH4 gas detector were also employed. Utilizing
coated FBG for gas concentration detection involved conduct-
ing various measurements for both CO2 and CH4 gases.

4. CONCLUSIONS

The utilization of Fiber Bragg Grating (FBG) as a gas sensor
presents significant promise in gas monitoring and detection
endeavors. FBG demonstrates the capability to accurately and
promptly detect gas concentrations with heightened sensitiv-
ity, facilitated by alterations in the Bragg wavelength. This
study introduces a sensor element comprising FBG coated with
graphene material, along with an experimental setup tailored
for measuring gas concentration using a sensor interrogator
system. By measuring the reflected signal, the shift in Bragg
wavelength is determined and subsequently converted into sen-
sor sensitivity. For the proposed design, sensitivities of 3.3 ppm
and 3.7 ppm are attained for CH4 and CO2 gases, respectively.
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