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Chapter 1

Introduction

Fiber-optic sensor (FOS) technology has developed significantly from its origin in
the 1970s, beginning with first laboratory demonstrations and evolving to the first
mass-produced sensors [1][2]. This evolution has been propelled by improvements
in optoelectronic technology and an increasing comprehension of the distinctive
features of optical fibers. The increasing use of FOS technology in areas such as
structural monitoring, medical diagnostics, quality control systems, and industrial
processes is a direct result of the technology’s rapid advancements. [3][4][5].

The effectiveness of FOSs is based on their capacity to catch essential com-
ponents of light, which is one of their main advantages. Fiber-optic sensors can
measure strain, temperature, and pressure because light changes as it travels via an
optical fiber [4][6]. Changes in wavelength, frequency, polarization, intensity, and
phase are examples of light change. Each of these qualities can precisely identify
physical property changes. By utilizing resonant cavities [7][8], fiber-optic sensors
enhance their sensitivity and selectivity, allowing for precise detection of environ-
mental changes at specific wavelengths. Increased sensitivity, resistance to electro-
magnetic interference, and multiplexing capability are unique features that make
them important across several industries [3][9]. In addition, their small size and
lightweight characteristics provide effortless incorporation into many architectures
without significantly affecting the behavior of the monitored system.

Nowadays, many scientific and commercial applications require the ability to
detect temperature-induced refractive index changes. In this case FOS thermo-
refractometers are utilized. Understanding the relationship between temperature
and refractive index is essential for using thermo-refractometers. Changes in tem-
peratures affect material refractive indices, therefore precise measurement is needed
in temperature management and monitoring systems. This is essential for proper
temperature measurement. The observed patterns remain unsolved by standard
models such as the Lorentz-Lorenz equation [10][11]. The link between liquid re-
fractive index and temperature is complex. For an accurate wavelength-specific re-
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2 Chapter 1. Introduction

fractive index estimate, temperature must be considered. Temperature gives more
accurate refractive index measurements and is more reliable for chemical analysis
and environmental monitoring.

Appropriate for many applications, fiber bragg gratings are among the most ef-
fective techniques for turning optical fibers into sensors [12][13][14]. A Fiber Bragg
Grating (FBG) produced by introducing changes in the refractive index along the
core of fiber. This modulation creates a Bragg-based selective filtering effect that
reflects some wavelengths and transmits others. The reflected Bragg wavelength
is sensitive to external conditions, especially temperature and strain [15]. The in-
teraction between light and the grating structure provides this sensitivity since
environmental changes affect the optical fiber. Refractive index and FBG grating
period of optical fiber change with environmental factors. Two most common ex-
amples are mechanical strain and variations in temperature. Changing the reflected
wavelength enables perfect measurement of given conditions [16]. This capability
makes FBGs vital in applications like structural health monitoring and biomedical
diagnostics, where accurate measurements are essential.

There are several types of Fiber Bragg Gratings, such as chirped [17], apodized
[18], and tilted gratings [19]. The FBG gratings have different purposes and char-
acteristics. This work will make advantage of chirped FBGs. CFBGs are perfect
for thermo-refractometers for several reasons. First they provide spatially resolved
grating length measurements and scattered sensing. In thermo-refractometry, this
is crucial since temperature and refractive index vary over small distances [20].
Furthermore, because of their great sensitivity, CFBGs can find slight environmen-
tal changes. For some uses, this grating maximizes temperature and refractive
index sensitivity. By lowering crosstalk between parameters, a non-uniform refrac-
tive index helps to simplify simultaneous measurements [20]. Moreover, CFBGs
offer real-time data collecting in dynamic environments. Their small scale and
adaptability for many systems make them perfect for thermo-refractometers. This
industry likes CFBGs because of their consistent and accurate measurements.

This project work seeks to build a loose cavity design for fiber-optic sensors.
This design’s unique characteristics are used to improve performance parame-
ters like measurement accuracy and response time without compromising modern
sensor technologies’ compactness and adaptability. The new method makes the
proposed design an appropriate real-time multi-parameter sensing candidate for
effective environment condition measurement.
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1.1 Ethical and Professional Responsibilities

• Ethical Responsibility:
Several ethical issues must be taken into account while developing and imple-
menting a fiber-optic thermo-refractometer with a loose cavity design. One of
the potential problems is making sure that the technology that is being used
is both safe and appropriate. Environmental conditions in the biomedical or
industrial domains, which need strict monitoring, are ideal for this system’s
application. To avoid damaging the environment or the users, it is necessary
to follow safety measures under these conditions. This helps to make ensure
the tools don’t fail or have unexpected results.

Moreover, another significant factor is the impact of the project on the sur-
roundings, particularly with regard to resource use and disposal of electrical
components. Minimizing the impact the project has on the surroundings
depends on making sure the resources are obtained in an environmentally
responsible manner and can be recycled sensibly. Should these moral con-
cerns—safety and environmental responsibility—be addressed, the project
can be launched in sync with both the growth of knowledge and society’s
values.

• Informed Judgments:
Following these approaches will help us to ensure that the decisions made
during the development of this project are well-informed:

To get information on the current advancements and challenges in the field of
fiber-optic sensing technology, first a thorough literature review and technical
investigation will be conducted. By use of this fundamental information, the
choice of materials and techniques will be guided, thereby ensuring that the
project is based on accepted scientific ideas and progressive methods.

Additionally, the project supervisor, who is very experienced in this area, will
be included in the conversation regarding each and every phase of the project
because of their expertise in this area. The feedback from the supervisor swill
be helpful in evaluating the technological possibilities, which will ensure that
they correspond not only with the requirements of the industry but also with
the aims of the project. When progress is evaluated on a regular basis, it is
possible to evaluate the degree to which decisions and technological goals
are compatible with one another.
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• Global Context:
On a global scale, particularly in the many sectors directly affecting public
health and environmental sustainability, the fiber-optic thermo-refractometer
with a loose cavity design is quite relevant.

In the field of environmental monitoring, for instance, this tool may measure
the variations in refractive index and temperature in natural water bodies
such as rivers and lakes[11]. By means of real-time data delivery, it helps
assess the condition of the ecosystem and spot pollution, both of which are
crucial for the preservation of aquatic life and the assurance of water free for
human use. This use is especially pertinent in areas affected by industrial
and agricultural runoff. This places are in need for water quality monitoring
which is essential for the health of the inhabitants.

In order to track temperature and refractive index simultaneously during
chemical synthesis, the thermo-refractometer can be added into manufactur-
ing configurations in industrial processes. This not only guarantees quality
control and safety but also lessens the potential of dangerous reactions and
the wasted material count. Through addressing worldwide issues of indus-
trial safety and environmental damage, the fiber-optic thermo-refractometer
can have positive effects over a broad spectrum of areas. Its uses might be
catered to the particular needs and criteria of every location.

• Economic Impact:
The development of a fiber-optic thermo-refractometer with a loose cavity ar-
chitecture is poised to have major short-term and long-term economic effects
across several sectors. Using this technology could help businesses like the oil
and gas sector save money in the near future since they depend on accurate
temperature and refractive index readings. For example, the performance of
optical fiber sensors can be improved by utilizing this technology to detect as-
phaltene and wax formation in crude chemical compounds in high-pressure
environments.[21]. Real-time data helps businesses to reduce downtime and
stop expensive equipment breakdowns, so saving money right away.

In many fields, including environmental sustainability, fiber-optic thermo-
refractometers have transformative economic effects. For example, these sen-
sors allow farmers to maximize irrigation systems and lower the amount of
fertilizers thrown into nearby rivers by tracking the water quality in agri-
cultural runoff. By encouraging ecologically friendly farming methods, the
application of this technology offers the possibility to improve crop produc-
tion. This will thereby protect important water supplies. This will result in
a strengthening of the long-term agricultural output and sustainability. First
implementation may face system integration and training challenges, but bet-
ter efficiency, sustainability, and regulatory compliance may yield long-term
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economic benefits in many areas.

• Environmental Impact:
Application of this technology spans environmental monitoring, where it can
be quite helpful in tracking changes in refractive index and temperature in
sensitive environments. By placing the sensor in freshwater and marine habi-
tats, for instance, researchers can spot early pollution signals and changes in
ecosystem health. Maintaining biodiversity and guaranteeing the lifetime of
natural environments depend on such frequent observation.

Furthermore, as it was indicated in earlier sections of ethical obligations, the
great sensitivity of sensors might have a major impact on sectors like environ-
mental management and agriculture. Research on the interactions between
materials and their surroundings can benefit from the fiber-optic thermo-
refractometer, therefore promoting the growth of environmentally friendly
substitutes in production techniques. Industries can create greener manufac-
turing methods by better knowing how materials react to different environ-
ments.

All things considered, this project represents a dedication to environmental
responsibility in addition to concentrating on accurate measuring possibili-
ties. By means of eco-friendly methods and ecological monitoring applica-
tions, the thermo-refractometer supports a more sustainable future.

• Societal Impact:
Some of the key advantages of the fiber-optic thermo-refractometer (FOTR)
were covered in the other sections of Ethical and Professional Responsibili-
ties. This new design will surely benefit society in one way or another. The
fiber-optic thermo-refractometer can become necessary instrument for solv-
ing significant issues in environmental monitoring and healthcare since it can
offer exact measurements in many uses.

The fiber-optic thermo-refractometer’s innovative design not only increases
measuring accuracy but also ensures data reliability in many different fields.
Whether in environmental assessments or therapeutic environments, this de-
pendability helps to build more confidence in the data being applied to make
important decisions.

Furthermore encouraging multidisciplinary cooperation, the technology brings
together experts in engineering, environmental science, and healthcare. Such
cooperation can result in creative answers for challenging social problems,
advancing technology, while responding to the needs of society.

Using the fiber-optic thermo-refractometer has social consequences since it
conforms with the ideas of improving environmental protection and human
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welfare. Without a doubt, it is a great contribution to the technological terrain
and a major benefit for society.
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Methodology

2.1 Sensor Design and Fabrication Procedure

For the best sensitivity for temperature and refractive index (RI) measurements,
the fiber-optic thermo-refractometer with a loose cavity design was developed us-
ing a structured approach comprising sensor design, manufacturing, testing, and
environmental validation.

To assess their applicability for usage in a thermo-refractometer, first several
forms of Fiber Bragg Gratings (FBGs) were investigated: array of FBGs, apodized
FBGs, and chirped FBGs (CFBGs). The most appropriate for this use, according
to the results, were CFBGs as they had enhanced spectral bandwidth and great
sensitivity to temperature and refractive index variations. For the loose cavity
design, then, CFBGs were selected as they offered the optimum performance for
the specified usage. The advantages of CFBGs were supported by findings from
similar research, where the broad spectral response of chirped gratings allowed
for simultaneous discrimination of temperature and refractive index changes with
minimal cross-sensitivity between the two parameters [22].

To create the loose cavity, a section of the optical fiber was physically cut to form
a precise gap which generates a resonant cavity. This cavity significantly enhances
the interaction between the sensor and environmental changes by amplifying the
reflected light signal, thereby increasing measurement sensitivity. The cutting was
done using a fiber cleaver equipped with a diamond blade, which guaranteed clean
and accurate cuts as shown in Figure 2.1.
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Figure 2.1: Diamond blade cleaver.

Prior to cleaving, the location was carefully measured and marked approxi-
mately 2.5 mm from the start of the grating section to get optimal spacing between
the grating and the fiber-air interface. This ensured effective feedback from both
the chirped grating reflector and the partial reflection at the cavity boundaries,
forming an efficient resonant structure.

Figure 2.2: Precise marking of the optical fiber at a fixed distance ( 2.5 mm)
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2.2 Micron Optics Hyperion si255 Interrogator

As seen in Figure 2.3, the primary data gathering platform for the CFBG-based
thermo-refractometer’s real-time interrogation was the Micron Optics Hyperion
si255 optical interrogator, which was created by Luna Innovations’ Micron Optics
company. This instrument’s multi-channel capabilities and high-speed wavelength
scanning make it ideal for applications that demand dynamic spectral changes.

Figure 2.3: HYPERION si255.[23]

Introducing light into the sensor from a laser source operating in the 1520–1570
nm range allowed an optical spectrum analyzer (OSA) to capture the reflected
spectra. A data collecting system was used to capture the changes in reflected
wavelength under various environmental circumstances. According to official pa-
per of product, the system is able to do static and dynamic full-spectrum analy-
ses, allowing for accurate and dependable measurements taken over an extended
period of time using over a thousand sensors spread out among sixteen parallel
channels, each of which covers a wavelength range of 160 nm [23].
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2.3 Temperature Calibration Experiment

A controlled thermal calibration experiment was carried out using a thermostatic
water bath to check the temperature measurement sensitivity of the built sensor.
The sensor was tested at a series of fixed temperature points, with each point
being raised by 5°C, from 25°C to 80°C. At each temperature step, for optimal
temperature balance, the sensor was placed in the water bath and to settle was
left for a minimum of 3 minutes. As shown in Figure 2.4, the experimental setup
included the water bath, the fiber-optic sensor mounted in a fixed position, and
the connected Hyperion interrogation system.

Figure 2.4: Experimental Setup for temperature testing.

The temperature value was carefully marked at each recorded spectrum. A
magnetic stirrer was attached to the water bath to keep the temperature consistent
and minimize variations in temperature.
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2.4 Refractive Index Calibration Experiment

After the temperature test, the sensitivity to shifts in refractive index was evalu-
ated using the same sensor. In this experiment, the sensor was placed in water
with sucrose at various concentrations, increasing by 0.5 percent each time, from
10 percent to 15 percent by weight. The sensor remained in place and dipped in
a tiny container of fluid. To reduce the effect of temperature fluctuation on RI
measurements, the experiments took place in a thermally stable environment.

Figure 2.5: Experimental Setup for RI testing.

We can see the actual setup of the process in Figure 2.5. The fiber was con-
nected to the Hyperion interrogator and placed in a container of calibrated solu-
tion. We exported the spectra and labeled them according to concentration once
we repeated each experiment to ensure accuracy. Cleaning and wiping the sensor
with distilled water after each test helped maintain it clear. It was done to prevent
cross-contamination.
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2.5 Methods and Procedure of Data Analysis

MATLAB was used in data analysis of this study to derive understanding from
the spectrum data acquired during testing. MATLAB was imported the spectral
data gleaned from the optical spectrum analyzer (OSA) for study. Extraction of the
wavelength changes connected with temperature and refractive index came first.
Understanding the reaction of the sensor to different environmental circumstances
required knowledge of this kind.

Plotting the changes in wavelength relative to the determined temperature and
refractive index values produced calibration curves. Linear regression analysis
found sensitivity coefficients for refractive index and temperature. The sensitiv-
ity coefficients enabled a quantitative evaluation of the functioning of the sensor,
therefore allowing later study and comparison.

The data was shown using MATLAB in the form of graphs and plots. It allowed
for the detection of trends and relationships. To test the loose cavity design and
investigate the sensor’s behavior, we need to plot its spectrum response under dif-
ferent conditions. Repeated observations under the same environmental conditions
confirms the sensor’s reaction. It ensures consistency and reliability. In order to fix
differences in the data, repeated measurements were carried out. The sensitivity
of the sensor to changes in temperature and refractive index has been evaluated by
sensitivity analysis. The derivation of sensitivity coefficients and evaluation of the
linearity of sensor responses were both done with the use of MATLAB scripts. This
allowed us to make an accurate assessment of the sensor’s ability to differentiate
between changes in refractive index and temperature.
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2.6 Ethical Issues

The concept of integrity of data was fundamental during the entire research pro-
cess. To ensure that we get consistent and accurate results, all experiments were
conducted using calibrated instruments. In order to maintain transparency, we doc-
umented every step of data collection and analysis. The original data was never
changed or modified in any way. Only in the case of signal processing and noise
reduction. We recorded every change and stored the original datasets to allow in-
dependent verification if required. The aim was to guarantee that the study results
were based on actual observations.

Public safety is impacted by the development of this project only in applications
related to critical infrastructure. By helping in the better monitoring of structures
including dams, bridges, and dams, the study aimed to enhance public safety. It
was done to prevent structural disasters while maintaining an eye on accuracy and
reliability.



Chapter 3

Results and Discussions

This study is defined by many experiments, including wavelength-to-power graphs
for various types of Fiber Bragg Gratings (FBGs), temperature and refractive index
measurements with three different chirped FBGs and their spectral response.

3.1 Comparison of FBG Types

First comparing FBGs, apodized FBGs, and chirped FBGs (CFBGs) involves creat-
ing wavelength-to-power graphs to evaluate their spectrum performance as shown
in Figure 3.1. Every kind of FBG was tested under the same conditions.

The most fit for our fiber-optic thermo-refractometer was found to be CFBG.
The findings revealed that CFBGs offered the optimum balance of spectral band-
width and sensitivity. The variety of FBGs showed constant peaks throughout
the spectrum, proving their dependability in pinpointing certain wavelengths. But
compared to the CFBGs, the apodized FBGs—which included suppressed side-
lobes—offers a less strong reflecting signal. Conversely, the most complete spec-
trum response with wider bandwidth provided by the CFBGs allowed for reliable
detection of both temperature and refractive index changes, therefore enabling
multiparameter sensing.
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Figure 3.1: Comparison of FBG Types.

3.2 Temperature experiment

For temperature measurement experiments, three different CFBGs, identified by
their serial numbers (CFBG Serial Number 101122404010, CFBG Serial Number
101121708004, and CFBG Serial Number 101082005011), were tested before and
after being cut to form the loose cavity. The figures of the three fibers before
and after cutting can be seen in Figures 3.2 to 3.4. This process involved careful
analysis of the reflected wavelength shifts before and after the cutting procedure.
Graphs depicting the spectral responses before cutting indicated strong, distinct
reflection peaks, whereas after cutting, the response became a single peak due to
the increased interaction length within the cavity. These shifts confirmed that the
loose cavity design effectively enhanced the sensor’s sensitivity by allowing the
light to interact more with the surrounding environment, thereby improving the
sensor’s ability to detect minute changes in temperature and refractive index.
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Figure 3.2: CFBG Serial Number 101122404010.

Figure 3.3: CFBG Serial Number 101121708004.
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Figure 3.4: CFBG Serial Number 101082005011.

The three CFBGs were merged into many channels for the performance test-
ing in a real-world environment during the primary experimental phase. Channel
1 connects specifically to Serial Number 101121708, Channel 2 to Serial Number
101082005, and Channel 3 to Serial Number 10108200500. The experiment con-
sisted on progressively raising the temperature from 25°C to 80°C under observa-
tion of every sensor channel. Every CFBG underwent real-time monitoring and
spectral change logging by means of the Micron Optics Hyperion si255 system.

Channel 1 (CFBG Serial Number 101121708004): Channel 1 connects under
CFBG Serial Number 101121708004. Unfortunately, useless data came from a mis-
take made during data collection for this channel. The mistake came from a hand
cut of the fiber done without a diamond cleaver. The inaccurate cut produced poor
optical coupling and signal quality, therefore rendering the data unreliable. As can
be seen in Figure 3.5, the relationship between temperature and wavelength shift
in Channel 1 is not linear, further demonstrating the impact of the incorrect cut.
This emphasizes the need of maintaining sensor integrity and guaranteeing exact
cuts by use of a diamond cleaver.
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Figure 3.5: Channel 1 – incorrect response.

Channel 2 (CFBG Serial Number 101082005011): Channel 2 connects under
CFBG Serial Number 101082005011. Successful measurements for this channel
revealed a strong linear link between temperature and wavelength shift. The re-
flected wavelength moved linearly from 25°C to 80°C, suggesting a significant re-
lationship between the external temperature and the Bragg wavelength. As Figure
3.6 shows, the connection between temperature and wavelength is nearly linear.
Moreover, Channel 2’s spectral response graph which shown in Figure 3.7 revealed
clear reflection peaks that moved proportionately with rising temperature, there-
fore verifying the accuracy of the sensor in tracking temperature variations.
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Figure 3.6: Channel 2 – Wavelength shift.

Figure 3.7: Channel 2 – Spectral Response.
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Channel 3 (CFBG Serial Number 101122404010): Channel 3’s measures were
the most steady and accurate. With the wavelength rising as the temperature as-
cended, the findings revealed a linear link between temperature and wavelength
change. With only small differences likely caused by experimental factors, its tem-
perature response showed a nearly perfect linear relationship between Bragg wave-
length and temperature rise. Figure 3.8 shows that, for Channel 3, the connection
between temperature and wavelength is ideal linear. The Micron Optics Hyperion
si255 system’s excellent resolution let us precisely follow the spectrum changes
that are shown in Figure 3.9.

Figure 3.8: Channel 3 – Wavelength shift.

Figure 3.9: Channel 3 – Spectral Response.
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3.3 Refraction Index (RI) experiment

The next step, after the temperature calibration tests, was to determine how the
sensor would react to variations in the refractive index (RI). Further RI testing was
carried out on CFBG SN-101122404010 due to its linear temperature sensitivity
and very consistent results. After verification of its exceptional signal accuracy
and consistency in the temperature tests outlined in Section 3.2, this sensor was
chosen for our next investigation.

Apart from temperature readings, the sensors underwent evaluation concern-
ing their reaction to variations in refractive index. These tests were carried out
in air and by submerging the sensors in fluids with varying refractive indices be-
tween 10 and 15 percent sucrose concentration. The sensitivity to refractive index
was measured and can be seen in the figure below.

Figure 3.10: Spectral Response to RI change.

Although there were small changes in the reflected power and peak location,
the spectral response was quite stable throughout a wide range of refractive index
(RI) values, indicating a slight but noticeable sensitivity to RI changes.
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Figure 3.11: Butterworth-Filtered Sidelobes for Different Concentrations.

Figure 3.12: Wavelength Shift.

Additional information on the sensor’s response to changes in refractive index
can be seen in Figures 3.11 and 3.12. Spectra of the Butterworth-filtered sidelobes
with different concentrations of sucrose are shown in Figure 3.11. In addition to a
stable overall spectral shape, the smoothed curves show that the intensity of the the
sidelobes varies a bit with increasing concentration. These signs give confidence to
the trend of decreasing reflected power as RI values rise.

In contrast, Figure 3.12 illustrates the wavelength shift of the main peak with
respect to sucrose concentration. The shift values fluctuate across the concentration
range, which indicates that wavelength shift does not serve as a reliable indicator
of refractive index in this set.
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3.4 Discussion

There was a strong and nearly direct relationship between environmental temper-
ature and Bragg wavelength shift as shown in the temperature calibration experi-
ments. When compared to the other CFBGs that were tested, the CFBG with SN-
101122404010 had the best spectrum stability and consistency.

Figure 3.13: Coefficient of determination and Sensitivity.

The best-performing sensor, resulted a sensitivity of 0.00926 nm/°C and an R²
value of 0.99617, as shown in Figure 3.13. This points to a wavelength shift of
about 9.26 picometers per degree Celsius, which is consistent across all points of
measurement. The sensor’s is suitable for precise thermal monitoring applications.

The same sensor was then tested in settings with different refractive indices by
submerging it in sucrose solutions with concentrations ranging from 10 percent to
15 percent. The refractive indices that they correspond to range from around 1.3477
to 1.3597.

The refractive index response of the sensor was evaluated by plotting the wave-
length shift of the reflection peak against sucrose concentration. Results from the
linear fit showed a low coefficient of determination (R² = 0.1065) and a sensitivity
of -0.0010. This indicates the relationship between sucrose concentration and Bragg
wavelength shift is weak and inconsistent. It can be due to weak coupling between
the external refractive index and the Bragg reflection peak position.
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Figure 3.14: Coefficient of determination and Sensitivity.

We switched our focus to examining the attenuation in reflected power across
various sucrose concentrations because the wavelength data did not show any rel-
evant association. For each concentration step, the average power was retrieved
within a limited wavelength window (1512.6-1513.1 nm). We were able to do a
linear fit and calculate the sensitivity (dP/RIU) due to this method, which showed
a consistent trend. The enhanced R² value and the consequent slope showed that
intensity-based detection was better than wavelength shift for tracking changes in
the refractive index in this setup.

This method resulted a sensitivity of dP/RIU = –46.6451, with a strong corre-
lation coefficient of R² = 0.9105. These results confirm that intensity-based sensing
is more robust and reliable for refractive index detection in this CFBG-based loose
cavity sensor compared to wavelength shift analysis.

Figure 3.15: Attenuation in Power vs Concentration of Sucrose.



Chapter 4

Conclusion

This study demonstrated the development and experimental verification of a fiber-
optic thermo-refractometer that uses a chirped fiber Bragg grating (CFBG) in a
loose cavity configuration. The sensor’s strong steady temperature sensitivity
proved that the cavity-enhanced grating construction performed as intended. A
better indication of RI shifts was obtained by switching to power attenuation anal-
ysis from monitoring wavelength shifts, the original method of refractive index
sensing, which produced inconsistent findings.

The results show that the sensor can detect two parameters at once: tempera-
ture and refractive index. The first can be measured precisely by spectrum shifts,
while the latter can be better seen by intensity modulation. To further enhance de-
tection sensitivity and linearity, further enhancements might involve improving the
cavity length and cleaving accuracy, improving the signal processing approaches,
and investigating larger refractive index ranges.

25
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Appendix A

Appendix A Matlab Code

1 close all

2 clear

3 clc

4

5 delimiterIn = '\t';

6 headerlinesIn = 70;

7 x_wavelength = linspace (1460 , 1620, 20000);

8

9 % Importing data from txt files

10 filename_1 = 'Spectral Response Before Cut SN

-101122404010 (2).txt';

11 filename_2 = 'Spectral Response After Cleaving SN

-101122404010 (2).txt';

12

13 CFBG_SN_101122404010_initial = importdata(filename_1 ,

delimiterIn , headerlinesIn);

14 CFBG_SN_101122404010_aftercut = importdata(filename_2 ,

delimiterIn , headerlinesIn);

15

16 % Collecting response data

17 FullRes_101122404010_initial =

CFBG_SN_101122404010_initial.data(1, :);

18 FullRes_101122404010_aftercut =

CFBG_SN_101122404010_aftercut.data(1, :);

19

20 % Plotting spectral responses

21 figure('Name', 'CFBG SN -101122404010 Spectral Response '

);

22 plot(x_wavelength , FullRes_101122404010_initial , '

LineWidth ', 2.5);

23 hold on

29
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24 plot(x_wavelength , FullRes_101122404010_aftercut , '

LineWidth ', 2.5);

25 hold off

26

27 xlim ([1460 1620]);

28 ylim ([-70 -10]);

29

30 legend ({'SN 101122404010 Initial ','SN 101122404010 

After Cut'}, 'Location ', 'southwest ');

31 xlabel('Wavelength (nm)');

32 ylabel('Power (dBm)');

33 set(gca , 'fontsize ', 32);

34 grid on;

35 grid minor;

Listing A.1: Plotting of spectral graphs.

1 close all;

2 clear

3 clc

4

5 filenames = { '25_1.txt', '30_1.txt', '35_1.txt', '40_1

.txt', '45_1.txt', '50_1.txt', ...

6 '55_1.txt', '60_1.txt', '65_1.txt', '70_1.txt',

'75_1.txt', '80_1.txt' };

7

8 num_files = length(filenames);

9 colors = lines(num_files);

10 temperature_labels = 25:5:80;

11 wavelengths = cell(num_files , 1);

12 power_values = cell(num_files , 1);

13

14 %% Spectral responses

15 figure; hold on;

16 for i = 1: num_files

17 data = readmatrix(filenames{i});

18 wavelengths{i} = data(:, 1);

19 power_values{i} = data(:, 2);

20 plot(wavelengths{i}, power_values{i}, 'Color ', colors(i

, :), 'LineWidth ', 1.5);

21 end

22 hold off;

23 xlabel('Wavelength (nm)', 'FontSize ', 24);

24 ylabel('Power (dB)', 'FontSize ', 24);

25 title('CFBG Response at Different Temperatures ', '

FontSize ', 24);

26 legend(arrayfun(@(x) sprintf('', x), temperature_labels



31

, 'UniformOutput ', false));

27 set(gca , 'FontSize ', 24);

28

29 %% Threshold intersections

30 max_powers = cellfun(@max , power_values);

31 avg_max_power = mean(max_powers);

32 threshold_power = avg_max_power - 1;

33

34 intersection_wavelengths = NaN(num_files , 1);

35 for i = 1: num_files

36 idx = find(power_values{i} >= threshold_power , 1, '

first ');

37 if ~isempty(idx)

38 intersection_wavelengths(i) = wavelengths{i}(idx);

39 end

40 end

41

42 %% Wavelength shifts

43 reference_wavelength = intersection_wavelengths (1); 25

C as reference

44 wavelength_shifts = intersection_wavelengths -

reference_wavelength;

45 disp('Temperature (C) | Intersection Wavelength (nm) | 

Wavelength Shift (nm)');

46 disp([ temperature_labels ', intersection_wavelengths ,

wavelength_shifts ]);

47

48

49 p = polyfit(temperature_labels , wavelength_shifts , 1);

50 sensitivity = p(1);

51 fit_shifts = polyval(p, temperature_labels);

52 R = corrcoef(temperature_labels , wavelength_shifts);

53 R_squared_alt = R(1,2)^2;

54 %% Plot Wavelength Shift vs. Temperature with legend

55 figure;

56 scatter(temperature_labels , wavelength_shifts , 50, 'r',

'filled ');

57 hold on;

58 fit_temps = linspace(min(temperature_labels), max(

temperature_labels), 100);

59 fit_curve = polyval(p, fit_temps);

60 plot(fit_temps , fit_curve , 'b-', 'LineWidth ', 1.5);

61 hold off;

62

63 xlabel('Temperature (C)', 'FontSize ', 24);

64 ylabel('Wavelength Shift (nm)', 'FontSize ', 24);

65 title('Wavelength Shift vs. Temperature ', 'FontSize ',
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24);

66 set(gca , 'FontSize ', 24);

67 grid on;

68 legend (...

69 sprintf('Fit: slope = .5f nm/C\nR^2 = .5f', sensitivity

, R_squared_alt), ...

70 'Location ', 'best', ...

71 'FontSize ', 18 ...

72 );

Listing A.2: Temperature Data Processing.

1 close all

2 clear

3 clc

4

5 filenames = { 'RI1_1.txt', 'RI2_1.txt', 'RI3_1.txt', '

RI4_1.txt', 'RI5_1.txt', 'RI6_1.txt', ...

6 'RI7_1.txt', 'RI8_1.txt', 'RI9_1.txt', 'RI10_1.

txt', 'RI11_1.txt'};

7

8 num_files = length(filenames);

9 colors = lines(num_files);

10 concentration_labels = 10:0.5:15;

11 wavelengths = cell(num_files , 1);

12 power_values = cell(num_files , 1);

13

14 figure; hold on;

15 for i = 1: num_files

16 data = readmatrix(filenames{i});

17

18 wavelengths{i} = data(:, 1);

19 power_values{i} = data(:, 2);

20

21

22 plot(wavelengths{i}, power_values{i}, 'Color ', colors(i

, :), 'LineWidth ', 3);

23 end

24 ylim ([-60 0]);

25 hold off;

26

27 xlabel('Wavelength (nm)');

28 ylabel('Power (dB)');

29 legend(arrayfun(@(x) sprintf('%g%%', x),

concentration_labels , 'UniformOutput ', false), ...

30 'Location ', 'best');

31 set(gca ,'FontName ', 'Times New Roman ', 'FontWeight ','
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bold', 'FontSize ', 30);

32

33 grid on

34 grid minor

Listing A.3: RI data processing.

1 close all;

2 clear;

3 clc;

4

5 filenames = { 'RI1_1.txt', 'RI2_1.txt', 'RI3_1.txt', '

RI4_1.txt', 'RI5_1.txt', 'RI6_1.txt', ...

6 'RI7_1.txt', 'RI8_1.txt', 'RI9_1.txt', 'RI10_1.

txt', 'RI11_1.txt'};

7 num_files = length(filenames);

8 concentration_labels = 10:0.5:15; % in %

9

10 right_sidelobe_range = [1570 , 1620];

11 order = 5;

12 cutoff_freq = 0.01;

13 [b, a] = butter(order , cutoff_freq , 'low');

14 peak_wavelengths = NaN(num_files ,1);

15

16 for i = 1: num_files

17 data = readmatrix(filenames{i});

18 wavelengths = data (:,1);

19 power_values = data (:,2);

20

21 idx = wavelengths >= right_sidelobe_range (1) &

wavelengths <= right_sidelobe_range (2);

22 wl_sub = wavelengths(idx);

23 pw_sub = power_values(idx);

24 smooth_pw = filtfilt(b, a, pw_sub);

25 [peaks , locs] = findpeaks(smooth_pw , wl_sub);

26 if ~isempty(peaks)

27 [~, maxIdx] = max(peaks);

28 peak_wavelengths(i) = locs(maxIdx);

29 end

30 end

31

32 disp('Concentration (%)    Peak Wavelength (nm)');

33 disp([ concentration_labels ', peak_wavelengths ]);

34

35 ref_wl = peak_wavelengths (1);

36 wavelength_shifts = peak_wavelengths - ref_wl;

37 p = polyfit(concentration_labels ,
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wavelength_shifts , 1);

38 sensitivity = p(1);

39 R = corrcoef(concentration_labels ,

wavelength_shifts);

40 R_squared_alt = R(1,2)^2;

41

42 fprintf('Sensitivity: sensitivity);

43         fprintf(' R (corrcoef): R_squared_alt);

44 figure;

45 scatter(concentration_labels , wavelength_shifts , 60, '

filled ');

46 hold on;

47 x_fit = linspace(min(concentration_labels), max(

concentration_labels), 100);

48 y_fit = polyval(p, x_fit);

49 plot(x_fit , y_fit , 'r--', 'LineWidth ', 1.5);

50 hold off;

51

52 xlabel('Sucrose Concentration ()', 'FontSize ', 16);

53 ylabel('Wavelength Shift (nm)', 'FontSize ', 16);

54 title('Wavelength Shift vs. Sucrose Concentration ', '

FontSize ', 18);

55 grid on;

56 set(gca ,'FontSize ' ,14);

57

58 legend( ...

59 'Data', ...

60 sprintf('Fit: slope = %.4f nm/%%\nR^2 = %.4f',

sensitivity , R_squared_alt), ...

61 'Location ','best', 'FontSize ' ,12 ...

62 );

Listing A.4: Wavelength Shift vs. Sucrose Concentration.

1 close all; clear; clc;

2

3 files = { ...

4 'RI1_1.txt','RI2_1.txt','RI3_1.txt','RI4_1.txt'

,'RI5_1.txt', ...

5 'RI6_1.txt','RI7_1.txt','RI8_1.txt','RI9_1.txt'

,'RI10_1.txt','RI11_1.txt' ...

6 };

7 nFiles = numel(files);

8 leftRange = [1460, 1530];

9 rightRange = [1550, 1620];

10 [b,a] = butter(5, 0.01, 'low');

11



35

12 figure;

13 tiledlayout (2,1,'TileSpacing ','compact ');

14

15 ax1 = nexttile;

16 hold(ax1 ,'on');

17 for i = 1: nFiles

18 data = readmatrix(files{i});

19 wl = data (:,1);

20 pw = data (:,2);

21 idxL = wl >= leftRange (1) & wl <= leftRange (2);

22 wlL = wl(idxL);

23 pwL = filtfilt(b, a, pw(idxL));

24 plot(ax1 , wlL , pwL , 'LineWidth ', 1.5);

25 end

26 hold(ax1 ,'off');

27 title(ax1 ,'Smoothed Left Sidelobe ');

28 xlabel(ax1 ,'Wavelength (nm)');

29 ylabel(ax1 ,'Power (dB)');

30 grid(ax1 ,'on');

31 grid(ax1 ,'minor');

32

33 ax2 = nexttile;

34 hold(ax2 ,'on');

35 for i = 1: nFiles

36 data = readmatrix(files{i});

37 wl = data (:,1);

38 pw = data (:,2);

39 idxR = wl >= rightRange (1) & wl <= rightRange (2);

40 wlR = wl(idxR);

41 pwR = filtfilt(b, a, pw(idxR));

42 plot(ax2 , wlR , pwR , 'LineWidth ', 1.5);

43 end

44 hold(ax2 ,'off');

45 title(ax2 ,'Smoothed Right Sidelobe ');

46 xlabel(ax2 ,'Wavelength (nm)');

47 ylabel(ax2 ,'Power (dB)');

48 grid(ax2 ,'on');

49 grid(ax2 ,'minor');

Listing A.5: Smoothed Sidelobes.
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