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 Optical sensors have more capabilities than electronic sensors, and therefore 

provide extraordinary developments, including high sensitivity, non-

susceptibility to electromagnetic wave disturbances, small size, and 

multiplexing. Furthermore, fiber Bragg grating (FBG) is an optical sensor 

with a periodically changing grating refractive index, susceptible to strain 

and temperature changes. As a sensor, FBG’s performance required to 

optimize and improve the numerical apodization function and affect the 

effective refractive index is considered. The grating fiber’s apodization 

function can narrow the full width half maximum (FWHM) and reduce the 

optical signal’s side lobes. In all the apodization functions operated by FBG, 

Blackman has the highest sensitivity of 15.37143 pm/°C, followed by 

Hamming and Gaussian, with 13.71429 pm/°C and 13.70857 pm/°C, 

respectively, and Uniform grating fiber with the lowest sensitivity of 

12.40571 pm/°C. Hamming, Uniform, and Blackman discovered the 

sensitivity for a strain to be 1.17, 1.16, and 1.167 pm/microstrain, 

respectively. The results obtained indicated that apodization could increase 

FBG’s sensitivity to temperature and strain sensors. For instance, in terms of 

other parameters, FWHM width, Hamming had the narrowest value of 0.6 

nm, followed by Blackman with 0.612 nm, while Uniform had the widest 

FWHM of 1.9546 nm. 
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1. INTRODUCTION 

Fiber Bragg grating’s (FBG) discovery has been an early milestone in optoelectronics’ history, and 

these fundamental discoveries yielded the incredible application felt today. Nowadays, extensive applications 

have greatly expanded, for instance, optical communications, optical sensing, data filters, dispersion 

compensators, and monitoring of material health structures to applications in the medical world as 

biosensors. In optical communication, FBG is used as a dispersion compensator [1] to produce a long-range 

data transmission, with or without an amplifier. This is also applied in optical filters [2], [3], filtering the 

transmitted wavelengths due to periodic changes in the grating, as well as increasing and reducing in 

wavelength division multiplexing communication, a technology with the ability to combine several optical 

https://creativecommons.org/licenses/by-sa/4.0/
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signals onto one fiber, using various light and laser wavelengths, to allow bidirectional communication 

within a single fiber, in optical sensing or monitoring applications [4]–[6]. 

FBG sensor components are sensitive to physical quantities changes and have better performance 

conventional or electronic counterparts. Based on the application type, the sensor is built on a fiber core with 

the ability to detect changes in physical parameters, including strain [7], [8], temperature [9], [10],  

pressure [9], and other parameters. Furthermore, FBG is superior to mechanical or electronic sensors due to 

the coding of information measured in wavelengths, thus, reducing connector and power losses, working in 

nanoscale sensors, and being more sensitive to physical changes [11]. 

As an optical sensor, FBG has developed and become a topic widely used researched in the last two 

decades. Several developments in applicable research on FBG have been reported, including as a smart 

textile in real-time respiratory monitoring in humans [12], heart frequency monitoring [13], as well as 

temperature and pressure monitoring, hybridized with woven thermoplastic composite fabrics [14]. Also, 

numerical experiments in improving FBG sensor performances have been widely studied with cyclic olefin 

copolymer, or called tool for particle simulation (TOPAS) material, having a higher sensitivity than Tera flex 

and pure silica materials [15]. The results showed apodization was able to narrow the full-wave half 

maximum (FWHM) in FBG. According to the researcher [16], a 𝜋 phase with several apodization functions, 

including Gaussian, sinus, nuttal, Blackman, and raised cosine, is recommended for high-temperature 

monitoring sensors in electric transformers. Meanwhile, [17] reported FBG with nuttal apodization has a high 

sensitivity in monitoring sea surface temperature, with hydrophobic polymer-coated FBG. Fiber optical 

sensor based temperature sensing methodology includes, interferometric sensors [18], [19], photonic crystal 

fiber sensors [20] and FBG [21], [22]. 

FBG is often seen as a component of an optical filtering segment along an optical fiber core 

describing a specific wavelength. Based on the grating’s shape and structure, it is generally classified as 

homogeneous and apodized. Uniform FBG is inherently sensitive to external strain and temperature changes, 

and this sensing property is viewed as a wavelength shift in the sensing unit’s spectrum of reflection. The 

presence of more side lobes characterizes the shown homogeneous FBG spectrum, and the energy is very 

close to the peak wavelength. These side lobes are produced as noise problems that should be filtered. Using 

apodization and FBG sensitivity modification, the optical problems can be solved. Thus, the sensor’s 

detection accuracy is reduced [12], [13], [23]. 

Therefore, this research aims to design, simulate and analyze performance as a component of 

temperature and strain sensors to produce a sensitive one, to be optimized with Blackman, Hamming, and 

Gaussian apodizations, one of the techniques to reduce side lobes, and consequently, produce a narrow and 

sensitive signal. The parameters which are considered for the determination of the effect of sensitivity are the 

grid length and the variation of apodization with TOPAS material [15]. This method utilizes analysis by 

simulating the fiber sensor component in the numerical experiment, analyzing the Bragg wave peak shift for 

each change in temperature and strain, and subsequently optimizing the sensor’s performance to be validated 

in the OptiSystem software. 

 

 

2. THEORETICAL CONSIDERATION 

Optical fiber is a light transmission medium with the ability to carry information in voice and video 

data. It was first introduced in the world of telecommunications by Charle Kao. In application, this 

technology will convert an electrical signal into an optical signal and back into an electrical signal at the 

receiver [24], [25]. Charle Kao also proposed light is transmitted through silica fibers with the ability to 

conduct light [26], [27], and after the discovery of optical fibers, many developments aside from silica have 

occurred, efficiently transmitting light, including germanium, TOPAS, Tera Flex, plastics, and polymers. 

Thus, optical fibers are suitable for replacing conventional counterparts functioning as power cables and have 

numerous advantages over conventional electronic cables, mainly because the data transmitted is modulated 

by laser or light and, therefore, dangerous. Another advantage is the rapid, accurate, and relatively stable 

transmission of data to environmental conditions, compared to conventional cables. Therefore, optical fibers 

are useful for transmitting data across continents with susceptibility to electromagnetic waves, resulting in no 

wave interference, resistance to high temperatures, small transmissive attenuation, and large bandwidth [28]. 

In addition, FBG can reflect specific wavelengths, called Bragg wavelengths, and transmit other 

wavelengths due to a grating in the fiber core. The grid has a periodic pattern, and light is scattered after hitting 

the grind, which is called the Bragg effect. Bragg wavelength 𝜆𝐵 depending on the grid period and FBG guiding 

properties, including the refractive index 𝑛𝑒𝑓𝑓 is formulated mathematically as shown in (1) [29], [30]. 
 

𝜆𝐵 = 2𝑛𝑒𝑓𝑓Ʌ (1) 
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Meanwhile, the formula for calculating the refractive index distribution, 𝑛𝑒𝑓𝑓(𝑧) as long as FBG, is 

outlined (2). 
 

𝑛𝑒𝑓𝑓(𝑧) = 𝑛0 + 𝑓(𝑧)∆𝑛𝑎𝑐𝑣 𝑐𝑜𝑠 ((
2𝜋

Ʌ
) + 𝜃(𝑧)) (2) 

 

Where 𝑧 represents position, 𝑛0 denotes the initial refractive index, Ʌ is grating period, ∆𝑛𝑎𝑐 denotes the 

refractive index modulation amplitude, 𝑓(𝑧) connotes the apodization function, and 𝜃(𝑧) = 2𝜋𝐶𝑧2/Ʌ is a 

chirp function where, 𝐶 is the chirp parameter, and 𝑣 represents peripheral visibility. 

In (1) and (2) proportionally relate to the grating variables for temperature (T), strain (L), and 

changes in wavelength (∆𝜆). By taking 𝑋 mathematically, this relationship is expressed in (3). 
 

∆𝑏 =
𝑑𝑏

𝑑𝑋
∆𝑋 = 𝑏 (

𝛿𝑛𝑒𝑓𝑓

𝑛𝑒𝑓𝑓
+ 𝛼)∆𝑋 (3) 

 

Where 𝛿𝑛𝑒𝑓𝑓/𝑛𝑒𝑓𝑓  represents the sensitivity normalized from the modal refractive index and 𝛼 denotes the 

coefficient of change in physical length, depending on parameter 𝑋. 

FBG acts as a sensor in cases where changes in physical parameters can shift the Bragg’s 

wavelength to the measured quantities, including temperature, strain, hydrostatic pressure, or refractive index 

from the function, as shown in (3) [31]. The Bragg wavelength’s shift in measuring temperature and strain is 

influenced by the material’s thermo-optic coefficient 𝛼 and thermal expansion 𝛿. One can measure 

temperature and pressure simultaneously as shown in (4). 
 

∆𝑏 = 𝑏(𝛼 + 𝛿) ∆𝑇 = 𝑏 (
1

𝑛𝑒𝑓𝑓

∆𝑛𝑒𝑓𝑓

∆𝑇
+

1

Ʌ

∆Ʌ

∆𝑇
) ∆𝑇 (4) 

 

Meanwhile, insensitivity to strain, the Bragg wavelength’s shift is influenced by the optical strain 

coefficient, Poisson ratio, refractive index, and thermal expansion coefficient, as shown in the (5). 
 

∆𝑏 = 𝑏(1 − 𝜌𝑒) 𝛿 (5) 
 

Where 𝜌𝑒 represents the optical strain coefficient defined as (6). 
 

𝜌𝑒 =
𝑛2

2
(𝜌12 − 𝑣(𝜌11 + 𝜌12)) (6) 

 

And 𝜌𝑒 connotes the Poisson’s ratio while 𝜌11 and 𝜌12 denoting tensors strain. 

Naturally, the FBG sensor is hardto measure one temperature parameter or strain only, both 

quantities are measured simultaneously, as shown by (7). 
 

∆ = 𝑘𝑡∆𝑇 + 𝑘𝑒∆𝛿 + ∆𝑘𝑡∆𝑘𝑒∆𝛿 (7) 
 

FBG’s performance is possibly increased by apodization, a technique where unfavorable parameters 

are removed from the reflected light spectrum. However, there are some disadvantages, including the reduced 

amplitude of the spectrum’s reflectivity peak. Several applications apply different apodization, including 

filtering, dispersion compensation, wavelength adjustment, and sensing in optical and optoelectronic 

communications, as well as improved performance in temperature and range sensors [14]. According to 

previous research results, the best profile apodization in FBG’s account as a temperature and strain sensor 

was the Gaussian function, with a sensitivity of 14 pm/°C and 0.81 m/microstrain [15]. 

Several profiling types and the respective functions are outlined below [28]: 

 Uniform 
 

𝐴(𝑥) = 1, where 0 ≤ 𝑥 ≤ 𝐿 (8) 
 

 Gaussian function 
 

𝐴(𝑥) = 𝑒𝑥𝑝 (− 𝑙𝑛 2 (
2(𝑥−

𝐿

2
)

0.5𝐿
)

2

), where 0 ≤ 𝑥 ≤ 𝐿 (9) 

 

 Hamming (Happ-Genzel) function 
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𝐴(𝑥) = 0.54 − 0.46 𝑐𝑜𝑠 (
2𝜋𝑥

𝐿
), where 0 ≤ 𝑥 ≤ 𝐿 (10) 

 

 Nuttall-Blackman function 
 

𝐴(𝑥) = 0.3635819 − 0.48917755 𝑐𝑜𝑠 (
2𝜋𝑥

𝐿
) + 0.1365996 𝑐𝑜𝑠 (

4𝜋𝑥

𝐿
), where 0 ≤ 𝑥 ≤ 𝐿 (11) 

 

 Tanh function 
 

𝐴(𝑥) = 𝑡𝑎𝑛ℎ (4
𝑥

𝐿
) 𝑡𝑎𝑛ℎ (

1−𝑥

𝐿
), where 0 ≤ 𝑥 ≤ 𝐿 (12) 

 

Apodization is a technique to increase the Bragg grating fiber’s sensitivity. Numerous studies have 

been reported on the effect of modifying apodization [32], [33], including the Nuttall-Blackman function’s 

apodization to suppress the reflection spectrum’s lobe side, compared to no apodization or Uniform type. The 

lobe’s narrower side gives the FBG sensor a high sensitivity. A study by the researcher [15] in monitoring the 

electric transformer’s high temperature, using Bragg grating fiber with phase 𝜋, showed FBG was superior to 

Sinusoidal type for each apodization. In this study, the temperature and strain FBG sensors’ performance is to 

be optimized with variations in apodization, grating length, and reflection peak for respiratory monitoring 

applications in humans. 
 

 

3. RESEARCH METHODOLOGY 

This research use TOPAS material. The TOPAS (cycoelefin copolymer) [34] material FBG 

component is designed with parameters (thermo-optic coefficient is -9.3×10-5 °C-1 and thermal expansion is 

6×10-5 °C-1) and quantities affecting the Bragg grating fiber’s performance. Furthermore, the simulation 

results provide an overview of changes in the Bragg wavelength to the varied parameters (10 to 50 mm 

grating length), and the data obtained from FWHM is to be analyzed to produce a more suitable sensor. 

Figure 1 shows the simulation operated on the OptiSystem software. Subsequently, the spectrum profile is 

obtained, and the changes in the reflection wave peaks concerning temperature and strain are depicted. 
 

 

 
 

Figure 1. FBG sequences on OptiSystem 
 

 

FBG is designed based on the core’s geometry and refractive index of the core, cladding, and 

grating shape, according to the parameters of the TOPAS material, with a core refractive index of 1.53 and a 

cladding refractive index of 1.525 [34], [35], earlier defined (dialog box: side lobe left’s (SLL), side lobe 

right’s (SLR), peak) as parametric components. After passing the grating, the light source’s wavelength is 

filtered [2]. 

The proposed system transmitter comprises a laser with power and frequency of 1 mW and  

193.1 THz, respectively, connected to a circulator with a 1549 nm center wavelength. Subsequently, the 

circulator makes a signal loop with a 10 m initial optical fiber length, related to the first FBG data input 

design as a temperature sensor parameter and the second as a strain sensor. The FBG design’s second 

reflection signal is then collected on the 2×1 power combiner and connected again to the circulator with 10 m 

optical fiber. In addition, the output signal on the circulator is monitored by an optical spectrum analyzer and 

optical power meter (OPM) to measure the signal shift. 
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4. RESULTS AND ANALYSIS 

In this study, the effect of apodization was numerically investigated to determine FBG’s impact on 

changes in temperature and strain. The apodization design used was Gaussian, Tanh, Hamming, and 

Blackman function, with a core refractive index and sleeve of 1.53 and 1.525, respectively, at a center 

wavelength of 1549 nm well as a modulation index parameter of 4×10-4, and a 50 mm grating length. 

 

4.1.  Changes in the peak wavelength of Bragg with temperature 

The Bragg wavelength is the wavelength of reflection, and after passing through the grid, part of the 

light is continued, while the remaining is reflected. In this simulation, the thermo optical coefficient is equal 

to the thermal expansion coefficient according to the TOPAS material. Figure 2 shows the change in Bragg 

wavelength peak over temperature. 

 

 

 
 

Figure 2. The shift of the Bragg wave crest to temperature 

 

 

The Hamming and Gaussian apodization functions are almost linear, and so is the change in peak 

wavelength concerning temperature. At 25 °C, Gaussian, Tanh, and Uniform apodizations produce a peak 

wavelength of 1549 nm, while Hamming gives 1549.077 nm, with a 0.077 nm increase, and the average 

results are almost the same. Furthermore, the temperature change is 10 °C, the center wavelength is 1549 nm, 

and most of the Bragg wavelength peaks for each function have different FWHM widths. This, in turn, 

affects the peaks produced by each temperature change. The Bragg wavelength peal’s linearity over 

temperature changes for Blackman apodization is small compared to other apodization functions. However, 

Blackman has higher sensitivity compared to other apodization functions. 

Table 1 shows the sensitivity of each apodization function. Generally, the Bragg wavelength’s phase 

shift is influenced by the useful refractive index 𝑛𝑒𝑓𝑓, as shown in (2), meaning the apodization function and 

chirp function influence the Bragg grating fiber sensor’s effective refractive index. This takes a linear chirp 

function and tapper of 0.05 and 0.5, respectively. FBG with an apodization function has higher sensitivity 

than Uniform one without an apodization function, as shown in (2). The highest Bragg wave’s peak shift of 

15.37143 pm/°C was obtained with the Blackman apodization function, followed by Hamming and Gaussian, 

with 13.71429-13.70857 pm/°C, respectively, while the lowest sensitivity of 12.40571 pm/°C was obtained 

in the Uniform apodization, at a temperature range of 25 °C (room temperature), to 95 °C, in increments of 

10 °C. This result is more significant compared to previous reports [12]. In addition, the sensor one with the 

highest sensitivity value of 14 pm/°C is Gaussian [13]. In monitoring high-temperature changes in wave 

crests, FBG sensors exhibited a sensitivity of 14.26 pm/°C, at a temperature range of -50 °C to  

250 °C, and a 10 mm diameter of modulation refractive index, as well as grating length. In this study, the 

Blackman apodization function showed the best performance. 
 

 

Table 1. Sensitivity of each apodization to temperature 
Apodization Sensitivity (pm/°C) 

Gaussian 13.70857 

Tanh 12.46429 
Uniform 12.40571 

Hamming 13.71429 
Blackman 15.37143 
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4.2.  Change in wavelength of Bragg with strain 

The Bragg wave peak’s shift to strain is more linear, and the sensor’s measurement was apodized to 

strain, using the photoelastic coefficient 𝜌11=0.121, 𝜌12=0.27 with a 0.17 Poisson ratio, in the range of 100 

microstrain to 200 microstrain [30]. Blackman and Hamming apodization functions can increase the strain 

sensor’s sensitivity, compared to the Uniform counterpart of 1.17, 1.16, and 1.167 pm/microstrain, 

respectively. This result is higher, compared to previous reports, with a sensitivity of 0.84 microstrain [12]. 

 

4.3.  Transmission and reflection of light for each FBG apodization 

Figure 3 (a) shows the identification of reflection and transmission wavelengths, with a central 

material having a wavelength of 1549 nm and a 50 mm grating length. According to the Figure 3 (a), 

Hamming side lobes are in a low wavelength range of 1550-1550.6 nm, and the difference between the side 

and main lobes. Figure 3 (b) shows Blackman main lobe has a more excellent value compared to Hamming. 

However, this slight difference between the side and main lobes indicates a poor performance in temperature 

and strain measurements, where the wavelength is shown in the range 1549.4-1550.6 nm. According to 

Figure 3 (c), the Uniform profile has the smallest side lobe, ranging between 0 dB to -40 dB, followed by 

Blackman and Hamming, ranging between 0 dB to -80 dB and 0 dB to -60 dB, respectively. This difference 

between the primary and side lobes indicates poor performance in Uniform apodization. Figure 3 (d) shows 

the Gaussian profile, the main lobe in the -80 dB range, as well as larger main and side lobes, compared to 

the Uniform counterpart. Figure 3 (e) shows the transmission and reflection wavelengths range of  

1548.5-1549.5 nm, indicating poor performance in strain and temperature monitoring, describing Tanh 

apodization and the range of 0 dB to -80 dB, with the Bragg wavelength at a value of -20 dB. 

 

 

  
(a) (b) 

  

  
(c) (d) 

  

 
(e) 

 

Figure 3. FBG spectrum for each apodization function: (a) Hamming, (b) Blackman, (c) Uniform,  

(d) Gaussian, and (e) Tanh 
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4.4.  FWHM side lobe and ripple factor values 
Blackman apodization for the wavelength range of 1550-1552 nm shows the side lobe left’s (SLL) 

value and position is not found and the side lobe right’s (SLR) value, place, and ripple factor. A low sidelobe 

value provides a good FBG sensor performance [28]. The following are some of the specific parameters 

obtained from each type of apodization for the FBG sensor as shown in Table 2. 

Shown from Table 2 the width of each FWHM apodization, with the best FBG sensor performance 

for FWHM parameters are Hamming, Blackman, and Gaussian apodization with a width of 0.6 nm,  

0.612 nm, and 0.636 nm respectively, the narrower the FWHM will give sensitive results. Monitoring 

temperature and strain by the lattice fiber sensor compared to the Uniform apodization value. Hamming, 

Blackman, and Gaussian apodization are also able to improve the performance of the Bragg grid sensor so 

that the output signal from FBG can be narrowed, if seen from the ripple factor value, Uniform FBG has the 

most value high and indicates a good performance, namely -0.99999, followed by Tanh apodization -0.99998 

and Gaussian apodization -0.99836. In this case, the Blackman apodization did not reveal the value of the 

ripple factor to the left lobe and the rights side lobe, this occurred in the wavelength range of 1550-1552 nm. 

Blackman apodization formed a small Bragg wavelength response. The difference between the main lobe and 

the left side of the Blackman apodization indicated a good performance, this happened because it had the 

largest main and left lobe size, which was 0.566 nm followed by Tanh and Uniform, while Gaussian 

apodization had a small main and side lobe difference, namely 0.372 nm. For the rights side lobe, the 

Hamming apodization also had a bigger difference of 0.754 nm. 
 

 

Table 2. FBG sensor analysis for each apodization with a grating length of 10 mm and a temperature of 25 °C 
Parameter Unit Uniform Gaussian Tanh Hamming Blackman 

Bandwidth nm 1.9546 0.636 1.95 0.6 0.612 

Peak position nm 1550.88 1550.88 1550.88 1550.786 1550.8 
Peak value dB -0.00026 -0.05325 -0.00033 -40.9078 -36.2341 

SLL position nm 1550.426 1550.508 1550.426 1550.22 - 

SLL value dB -9.78892 -32.8936 -10.3135 -62.4393 - 
SLR position nm 1551.335 1551.254 1551.334 1551.54 - 

SLR value dB -9.79369 -32.8994 -10.3156 -62.4467 - 

Ripple factor - -0.99999 -0.99836 -0.99998 -0.24552 - 

 
 

4.5. Results from OptiSystem 
The OptiSystem simulation input the FBG design for each apodization at the same temperature, and 

the power of lightwave reflection and transmission and the form of graph response was obtained. Table 3 

shows the power produced after running the optical circuit (Figure 1). Based on each OPM output power 

result, column 1 shows OPM’s power after the signal passes through FBG. Blackman apodization was 

discovered to have the greatest continuous power of 999.952 W, followed by Hamming and Gaussian, with 

999.95 W and 999.81 W, respectively. The sensitivity results also show these three apodizations have high 

sensitivity. Thus, more power is transmitted after OPM detection, where the initial laser signal inputted in the 

optical circuit is 1 mW. 

Subsequently, the signal is forwarded to the FBG 2 component, similar to the optical circuit above 

(Figure 1), partially delivered and reflected, and the two signals produced are collected on the 2×1 power 

combiner for further detection of the output power. In this second OPM, Uniform apodization’s output power 

of 19.076 W is significantly greater, compared to the others, followed by Tanhapodization with 17.16 W, 

while Blackman has the smallest output power of 556.95×10-6 W. 
 
 

Table 3. Apodization forms of power 
Apodization Power Transmissions (W) Power Reflections (W) 

Uniform 952.077 19.076 
Tanh 957.925 17.16 

Hamming 999.95 0.002925 

Gaussian 999.81 0.079213 
Blackman 999.952 556.95 × 10-6 

 

 

5. CONCLUSION 

The TOPAS FBG sensor with Blackman apodization has the most extraordinary sensitivity of 

15.37143 pm/°C compared to other apodized grating fiber sensors. In contrast, the Bragg TOPAS grating 

fiber sensor in measuring Uniform apodization strain has the highest sensitivity of 1.167 pm/microstrain. 

Generally, Gaussian apodized FWHM has a better performance with a width of 0.36045 nm, while the 
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Blackman has the widest FWHM of 0.552 nm. In addition, Hamming has the highest difference between the 

left side and the main lobes compared to the others. This apodization does not show the side lobe values and 

the position of graph transmission as well as reflection signal, and between 1550-1552 nm, a small output 

signal is obtained. Thus, there are no ripples and side lobes. The apodization right side lobe also indicates the 

best performance as a bigger difference of 0.754 nm was obtained in the optical circuit. Also, the apodization 

with high sensitivity has refection power. 
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