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Abstract: In this study, using state-of-the-art optical simulation software, we design, simulate and quantify the 
comparative accuracies of two types of FBG-based optical sensing systems: one is designed for lengthy, multiplexed 
multi-temperature measurements, the other for single-point measurements. Results and discussion are made to 
analyze the comparative performances, particularly in terms of linearity and accuracy. 
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INTRODUCTION 

 
A decade-and-a-half previously, the standard 

mechanism to measure physical and mechanical 
phenomena was usually with electrical sensors. Despite 
their ubiquity then, these sensors had several inherent 
limitations; such as transmission loss and susceptibility 
to electromagnetic interference (noise), which rendered 
their usage challenging and impractical to many 
applications (John Dakin, 1997; Culshaw, 1989; 
Joseph, 2005; Gerd, 2000). Various techniques and 
solutions then allowed researchers to overcome these 
problems by proposing new methods, such as changing 
the medium from electrical to light. Light was shown to 
have many advantages, due to its own inherent nature 
and was from then on used extensively in sensing using 
optical fiber media. 

One area rapidly “spun-off” from optical fiber 
sensing became the ubiquitous use of Fiber Bragg 
Grating (FBG) sensors written into fiber. In this study, 
we simulate the use of FBGs to measure the physical 
change of temperature. We quantify the potential of two 
differing sensor systems incorporating FBGs. These 
types of sensor have great application value, especially 
in the area of distributed embedded sensing in materials 
used on “smart” structures - such as bridges, wind 
turbine blades, pipelines and dams. 

The Fiber Bragg Grating has an operating principle 
close to that of a Fabry-Perot interferometer, or an 

intensity-based fiber optic sensor. They are a type of 
distributed Bragg reflector, constructed within a short 
segment of optical fiber, reflecting particular 
wavelengths of light but transmitting all others (Kersey 
et al., 1997; Kersey et al., 1993; Rao, 1997). The 
physical characteristics of a FBG typically exist inside a 
very short section (a few millimeters) of Single-Mode 
(SM) fiber. Bragg grating sensors are based on 
reflection and interference of multiple light beams 
traveling through the fiber, each being reflected by a 
small refractive index discontinuity in the grating 
(Othonos,   2000;   Rao   et al.,   1997;   Gebremichael 
et al., 2001). 

The basic structure of a FBG is shown in Fig. 1. It 
is fabricated inside the core of the fiber optic cable and 
there are a number of methods for producing such intra-
core gratings into single mode fiber, as used in 
distributed Bragg grating sensors. The basic operating 
principle of a FBG is shown in Fig. 2. When a broad-
band light source beam is sent to interrogate a FBG, 
reflections from each segment of alternating refractive 
index interfere constructively, only for a specific 
wavelength of light called the Bragg wavelength, 𝜆". 
This effectively causes the FBG to reflect a specific 
frequency of light, while transmitting all others. The 
Bragg wavelength, 𝜆" is a function of the spacing 
between the gratings,	Λ with the effective refractive 
index, 𝑛&	of the fiber core. The equation of the Bragg 
wavelength is shown in Eq. (1) below: 
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𝜆" = 2𝑛&	Λ                 (1) 
 

DESIGN AND SIMULATION 
 

Figure 3 shows a practical array of FBG sensors. 
The working process here can simply be described as 
the   following: a  light   source   passes  through a fiber 
optic coupler, which is then transmitted by fiber optic 
cabling in order to reach the FBG sensors one by one. 
The narrow spectrum that satisfies the Bragg condition 
in each case is then reflected back and occurs an offset 
value relative to its initial wavelength. This initial 
wavelength is the FBG center wavelength, which has 
not been influenced by the measurand (temperature). 
Based on Fig. 3, a similar FBG sensor array system was 

constructed using the Optsim Software. A single FBG 
sensor system was also created. 

The model system for the single FBG sensor is 
shown   in   Fig. 4.  It   consists  of   a  transmitter    arm  
containing a Pseudo-Random-Bit-Sequence (PRBS) 
pattern generator, an electrical generator, an electrical 
filter, an external modulator and a Continuous Wave 
(CW) laser source. The receiver system consists of 
FBG one and FBG two and was embedded in the 
receiver block component itself. The simulation process 
was first done for the single FBG sensor. This was 
calibrated with temperature values from 0°C to 320°C, 
the reflected central FBG wavelength being 1550 nm. 
The wavelength spectrum for the light source is shown 
in Fig. 5.   

 

 
 
Fig. 1: Basic structure of a FBG (Gerd, 2000) 

 

 
 
Fig. 2: Basic principle of a FBG (Kersey et al., 1997) 

 
 
Fig. 3: System design of FBG sensor array (Kersey et al., 1993) 
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Fig. 4: Single FBG sensor 
 

 
 
Fig. 5: Wavelength spectrum of transmitter 
 

Figure 6 and 7 show the spectrum for the 
transmitted and reflected wavelengths respectively, at a 
randomly chosen 40°C value of temperature. Figure 8 
shows the array-based FBG sensing system created, 
consisting of 6 FBG arrays connected in series. In this 
type of sensing system we can detect temperature both 
at multiple and at selective points. A type of 
wavelength division multiplexing approach was 

adopted, with each FBG given a different value of 
Bragg wavelength, as listed in Table 1. The two model 
systems were essentially of the same construction. 
However, the FBG sensor array system will have some 
attenuation and distortion losses, which would cause a 
little degradation in the peak power. Hence, the use of 
the amplifier in this set-up. The transmitted 
wavelengths    were   detected   at   receiver one and the  
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Fig. 6: Transmission pulse at temperature 40°C 
 

 
 
Fig. 7: Reflected pulse at temperature 40°C 
 
Table 1: Bragg wavelengths 

Type of FBG Grating Period, Λ 
The value of bragg 
wavelength (nm) 

FBG 1 0.5450 1548.0 
FBG 2 0.5452 1548.5 
FBG 3 0.5453 1549.0 
FBG 4 0.5455 1549.5 
FBG 5 0.5457 1550.0 
FBG 6 0.5459 1550.5 
 
reflected wavelengths were detected at receiver two. 
Figure 9 and 10 show the wavelength spectrum for the 
transmitted and reflected wavelengths respectively for a 
40°C value of temperature using the array, which 
compliment Fig. 6 and 7.  

RESULTS AND DISCUSSION 
 

The value of Bragg wavelength recorded was 
collated together with the temperature values in each 
case. The graphing software used obtained regression 
values of linearity and sensitivity. These values were 
then used to determine the performances of both 
modeled systems. 

We used OptSim software to design and simulate 
the two types of FBG-based sensing systems, which are 
single FBG sensor and an array type, then we used an 
array one to detect and measure the temperature at 
some selective points and multiple points to clarify the 
performance for both types. 
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Fig. 8: Array-based FBG sensing system 
 

 
 
Fig. 9: Transmission pulse for array FBG sensor at 40ºC 
 
Single FBG sensor: The graph in Fig. 11 shows the 
Bragg wavelength obtained as a function of 
temperature. Regression analyses was carried out, with 
the calculated Line-Of-Best-Fit (LOBF) added. From 
the software, the value of the linear regression 
coefficient here was 0.9993. This value is very close to 
the value of 1, where the ideal linear graph with no 

error would exist. The sensitivity of the model system 
was estimated to be around 8.30 pm/°C. This was quite 
close to the real value of the FBG sensor from the 
datasheet, which was 11 pm/°C. The Root Mean Square 
(RMS) error value has also been estimated using Eq. (2) 
below. The temperature accuracy was inferred from this 
by   dividing   this   value  of   the   RMS   error   by the  
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Fig. 10: Reflected pulse for array FBG sensor at 40°C 
 
Table 2: Analysis for the array 

FBGs 
Regression 
linear 

Sensitivity 
(pm/°C) Linear equation 

FBG1 0.9997 8.13 y = 8.13px-0.1117n 
FBG2 0.9992 8.20 y = 8.20px-0.0696n 
FBG3 0.9995 8.20 y = 8.20px-0.2854n 
FBG4 0.9993 8.10 y = 8.10px-0.1931n 
FBG5 0.9993 8.20 y = 8.20px-0.1392n 
FBG6 0.9991 8.30 y = 8.30px-0.0800n 
 

 
 
Fig. 11: Graph for Single FBG Sensor 
 
sensitivity of the sensor. Full calculations of error 
values are shown in Appendix (A): 

𝑅𝑜𝑜𝑡	𝑀𝑒𝑎𝑛	𝑆𝑞𝑢𝑎𝑟𝑒	𝐸𝑟𝑟𝑜𝑟 = 4∑	(7(89);	<9)	=

>
             (2) 

 
Array FBG sensor: Figure 12 to 17 show data taken 
for the array. These are summarized in Table 2. Linear 
regression coefficients were estimated for all six FBGs 
and were very close to the value of 1, as expected.  

Sensor FBG 1 showed the highest linearity. All 
sensitivity values were again quite close to 11 pm/°C. 
The linear equations in Table 2 above were used to 
determine the calculated values (as opposed to 
measured values) of temperature. These values 
therefore allowed us to estimate the errors on each 
sensor over the full range. A full error analyses for the 
array is shown in Appendix (B). Table 3 shows an 
analysis comparison between the two types of sensing 
systems. 
 

CONCLUSION 
 

OptSim software has been used to design and 
simulate two types of FBG-based sensing systems; a 
single FBG sensor and an array type, the latter used to 
detect temperature at selective and multiple points. The 

 
Table 3: Analysis comparison between single FBG sensor and array-based FBG sensor  systems 
FBG sensor characteristics Single FBG Sensor Array-based FBG sensors system 
Description of model system Used single FBG as a sensor Use Multiple of FBG that put in array and in 

series or parallel  
Number of Sensor (FBG)  1 6 
Detection Can detect parameter (i.e., temperature) at one 

point only  
Can detect parameter (i.e., temperature) at 
multiple points  

Center Wavelength 1550 1548-1550.5 
Regression 0.9993  0.9994 (mean) 
Sensitivity 8.30pm/°C  8.30pm/°C (mean) 
Temperature Accuracy ±1.32°C  ±0.66°C (mean) 
Resolution Low  High  
Length 1 km 6 km 
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Fig. 12: Graph for FBG 1 
 

 
 
Fig. 13: Graph for FBG 2 
 

 
 
Fig. 14: Graph for FBG 3 
 
RMS error of the temperature accuracy for the single 
FBG sensor was found to be 1.32°C and for the array 
based sensor 0.66°C on average, both having a dynamic 
range from 0 to 320°C. The array-based FBG sensor 
system therefore showed 50% greater accuracy than the 
single FBG sensor. 

 
 
Fig. 15: Graph for FBG 4 
 

 
 
Fig. 16: Graph for FBG 5 
 

 
 
Fig. 17: Graph for FBG 6 
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Appendix (A): Single FBG Sensor 
 
Table 4: Estimate for root-mean-square (RMS) error of single FBG sensor: 
Temperature (°C) y (simulated/measured) (nm) y (calculated) (nm) Error Error	C 
0  -0.2 -0.1549  0.0451 0.00203400 
20 0 0.0111  0.0111 0.00012321 
40 0.2 0.1771 -0.0229 0.00052441 
60 0.4 0.3431 -0.0569 0.00323760 
80 0.5 0.5091  0.0091 0.00008281 
100 0.7 0.6751 -0.0249 0.00062001 
120 0.8 0.8411  0.0411 0.00168920 
140 1.0 1.0071  0.0071 0.00005041 
160 1.2 1.1731 -0.0269 0.00072361 
180 1.3 1.3391  0.0391 0.00152880 
200 1.5 1.5051  0.0051 0.00002601 
220 1.7 1.6711 -0.0289 0.00083521 
240 1.8 1.8371  0.0371 0.00137640 
260 2.0 2.0031  0.0031 0.00000961 
280 2.2 2.1691 -0.0309 0.00095481 
300 2.3 2.3351  0.0351 0.00123200 
320 2.5 2.5011  0.0011 0.00000121 
    sum = 2.0340e-3 
 
By referring to Table 4, we can estimate the value of the RMS error for the single FBG sensor.  
 

𝑅𝑜𝑜𝑡	𝑀𝑒𝑎𝑛	𝑆𝑞𝑢𝑎𝑟𝑒	𝐸𝑟𝑟𝑜𝑟 = 4∑ 	(7(89);	<9)	=

>
                                                        (3) 

 where, 
f(xF)  = Mean of estimated error 
yF  = Estimate of error 
n  = Number of data (17) 
 
Using the formula in Eq. (3), the calculation is: 
 

 𝑅𝑀𝑆	𝑓𝑜𝑟	𝑆𝑖𝑛𝑔𝑙𝑒	𝐹𝐵𝐺 = 4C.PQRPS;Q
TU

 = + 0.01094 nm (sensitivity = 8.30 pm/°C)  

 Therefore the estimated temperature accuracy of the single FBG sensor over the range 0-320°C = RMS error/sensitivity for single FBG 

      = ± 1.318 deg C 

Appendix (B): Array-based FBG sensor 
  
Table 5: Estimate for root-mean-square (RMS) error of array FBG sensor 

Temp.(deg C)  

 Estimate error (Ycalculated- Ymeasured) (nm) 
 ------------------------------------------------------------------------------------------------------------------------------------------------- 
 FBG 1  FBG 2  FBG 3  FBG 4  FBG 5  FBG 6 

0 -0.0117 -0.0696  0.0146  0.0069  0.0608  0.0200 
20  0.0509 -0.0056 -0.0214  0.0689  0.0248 -0.0140 
40  0.0135 -0.0416 -0.0574  0.0309 -0.0112 -0.0480 
60 -0.0239  0.0224  0.0066 -0.0071 -0.0472  0.0180 
80  0.0387 -0.0136 -0.0294 -0.0541  0.0168 -0.0160 
100  0.0013  0.0504  0.0346 -0.0831 -0.0192  0.0500 
120 -0.0361  0.0144 -0.0014 -0.0211 -0.0552  0.0160 
140 -0.0735 -0.0216  0.0626  0.0409  0.0088 -0.0180 
160 -0.0109  0.0424  0.0266  0.0029 -0.0272  0.0480 
180 -0.0483  0.1064 -0.0094 -0.0351  0.0368  0.0140 
200  0.0143  0.0704 -0.0454  0.0269  0.0008 -0.0200 
220  0.0769 -0.0656  0.0186 -0.0111 -0.0352  0.0460 
240  0.0395  0.0016 -0.0174  0.0509  0.0280  0.0120 
260  0.0021 -0.0376  0.0466  0.0129 -0.0072 -0.0220 
280 -0.0353  0.0264  0.0106 -0.0251 -0.0432  
300  0.0273 -0.0096 -0.0254  0.0369  0.0208  
320  0.0101 -0.0456  0.0386 -0.0011 -0.0152  
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By referring to Table 5, we can estimate the value of the RMS error for each FBG sensor. These calculations were the same as for the single 
FBG (i.e., in each case). 
 
FBG 1 
 

𝑅𝑀𝑆	𝑒𝑟𝑟𝑜𝑟 = 4T.QVWX&;R	

TU
 = 0.0028377 𝑛𝑚 

 
Temperature accuracy = RMS error / sensitivity (sensitivity = 8.30 pm/°C) 
= + 0.349 °C 
 
FBG 2 

𝑅𝑀𝑆	𝑒𝑟𝑟𝑜𝑟 = 4R.WRRC&;Q	

TU
 = 0.0168805 nm 

 
Temperature accuracy = RMS error / sensitivity (sensitivity = 8.30 pm/°C) 
= + 2.0338°C 
 
FBG 3 

𝑅𝑀𝑆	𝑒𝑟𝑟𝑜𝑟 = 4C.TQTV&;R	

TU
 = 0.0035410 nm 

 
Temperature accuracy = RMS error / sensitivity (sensitivity = 8.30 pm/°C) 
 = + 0.42663°C 
 
FBG 4 

𝑅𝑀𝑆	𝑒𝑟𝑟𝑜𝑟 = 4R.UVTP&;Z
TU

 = 0.002608 nm 

 
Temperature accuracy = RMS error/sensitivity (sensitivity = 8.30 pm/°C) 
= + 0.31422°C 
 
FBG 5 

𝑅𝑀𝑆	𝑒𝑟𝑟𝑜𝑟 = 4Q.VXVV&;Q	

TU
 = 0.0016735 nm 

Temperature accuracy = RMS error/sensitivity (sensitivity = 8.30 pm/°C) 
 = + 0.20163°C 
 
FBG 6 

𝑅𝑀𝑆	𝑒𝑟𝑟𝑜𝑟 = 4R.PPPP&;R	

TR
 = 0.0053452	nm 

 
Temperature accuracy = RMS Error/sensitivity (sensitivity = 8.30 pm/°C) 
 = + 0.644°C 
 
Therefore the average estimated temperature accuracy for the complete array-based FBG sensor over the range 0 – 320 °C is given by 
 
RMS FBG1 + ………………………………………..+ FBG6/= + 0.66155 ºC. 
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