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Abstract—In this paper, the Brillouin spectra of silica-based 

optical fibers were investigated, and their temperature and strain 

dependence were determined. The values of the thermal 

coefficients are more diverse than those of the strain, based on the 

twelve commercially available optical fibers. The values ranging 

from 1.1 to 1.4 MHz/°C and from 0.043 to 0.053 MHz/µε for the 

thermal and strain coefficients, respectively. Furthermore, the 

temperature influence on Brillouin frequency shift was measured 

for tight buffer and loose tube type cables. Long-term 

measurements of the outside ambient temperature were carried 

out to determine the absolute error in comparison to 

thermocouple. 

 

Keywords—Brillouin scattering; distributed sensor; optical 

fiber; temperature 

I. INTRODUCTION 

PTICAL fiber sensing technology has matured into a 

versatile and powerful tool for monitoring and visualizing 

in real-world applications through its unique sensing 

capabilities and compatibility with communication networks. 

Such a technology that works with telecommunication optical 

fibers is Brillouin backscattering. The main advantages are high 

sensitivity and the possibility of distributed sensing of strain and 

temperature along the length of the fiber over several to tens of 

kilometers with satisfying resolution [1-3], which makes them 

unrivaled over their electrical sensor counterparts. These 

sensing capabilities enable a wide range of applications in fields 

like structural health monitoring [4-5], submarine and pipeline 

sensing [6-7], security [8], and more. The principle of operation 

is based on the interaction of the photons of incident light with 

acoustic phonons traveling along the optical fiber. Due to this, a 

small portion of incident light is backscattered, whereas its 

frequency undergoes an upshift or downshift. The Brillouin 

frequency shift is expressed as follows [9]: 

 

 𝜈SBS = 2
𝑛eff𝑉A

𝜆
 (1) 

where: νSBS – Brillouin frequency shift, neff – effective refractive 

index of optical fiber, VA – speed of the acoustic wave in the 

optical fiber, λL – wavelength of laser source. 

 

Fig. 1 shows some examples of Brillouin characteristics for 
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different types of silica-based optical fibers. This variety is 

based on the ITU-T (International Telecommunication Union 

Telecommunications Standardization Sector) telecom-

munications standard dedicated to fiber optics. The difference 

in characteristics occurs not only between different ITU-T 

demands, but also within the same standard and, moreover, even 

comes from the same manufacturer. Detailed results and 

analyses are presented in the previous work [10]. For sensing 

applications, the desired type is a narrow spectrum with high 

intensity. It is well known that the Brillouin backscattering 

phenomenon depends mainly on the optical properties and 

geometry of the fiber [11-12]. In the first case, the refractive 

index and its distribution, transmitted wavelength, and mode 

confinement [13] of the optical signal impact the Brillouin 

scattering. On the other side, the size and shape of the optical 

fiber, such as the core diameter and its number [14-15], can 

influence the acoustic wave propagation also. 

 

Fig. 1. Brillouin spectra of various telecommunication optical fibers 

according to ITU-T: G.657 (a), G.652 (b), G.654 (c), G.655 (d) 

Additionally, the Brillouin backscattering effect is a non-

linear in terms of the laser source parameters: intensity [16], 

pulse width [17], or coherence of the incident laser light. All of 

them can affect on the transition from spontaneous to stimulated 

Brillouin scattering and influence the efficiency of the sensing 

system [9]. Due to this, the shape of the characteristics and the 

number of observed peaks in the entire spectrum can vary [10, 

https://orcid.org/0000-0002-6090-1359, https://orcid.org/0009-0007-4745-
0278, https://orcid.org/0009-0009-4566-9123 ). 
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17]. Regardless, each peak typically drifts in response to 

changes in the longitudinal strain or temperature along the fiber. 

The induced shift of the frequency is linear, which is the basis 

for distributed Brillouin sensing: 

 𝜈SBS = 𝜈B0 + C𝑇(𝑇 − 𝑇0) + C𝜀(𝜀 − 𝜀0) (2) 

where: νB0 - initial Brillouin frequency, CT, Cε - thermal and 

strain coefficients of optical fiber, T, ε - measured temperature 

and strain value, T0, ε0 - reference temperature and strain value. 

 

 Brillouin backscattering in optical fibers is influenced by the 

acoustic, optical, geometric, environmental, and laser properties 

of the system, including active devices, as well as the optical 

fiber itself. Understanding and controlling these factors is 

crucial for optimizing Brillouin-based detection and other 

applications. In this paper, characterization using the BOTDR 

system of 12 commercially available optical fibers was done to 

show the differences in thermal and strain coefficients, which 

have to be taken into account e.g. in sensor application in 

coexistence with the FTTX network (Fiber To The X). 

II. MATERIALS AND METHOD 

In Table 1, the used samples of optical fibers are listed with 

their parameters for the 1550 nm wavelength: effective group 

index of refraction neff, mode field diameter MFD, and 

attenuation. As can be noticed, the samples represent different 

types of ITU-T standards and in some cases, various 

manufacturers. 

The setup for temperature and strain coefficient measurement 

is shown in Fig. 2. The optical system is based on a Brillouin 

Optical Time Domain Reflectometer (BOTDR) unit from 

OZOptics. During the measurements, the minimal spatial 

resolution and spatial step were equal to 1 m (pulse width of 10 

ns) and 0.5 m, respectively. The BOTDR was based on 1550 nm 

wavelength laser and was connected to the fiber under test 

through a 50 m long optical fiber jumper with an angled physical 

connector to minimize signal loss due to reflections. 

 

Fig. 2. Schematic diagram for temperature (a) and axial tensile (b) 

measurements 

For the purpose of temperature cycle measurements, the 

optical fibers were connected in series using fusion splices and 

then placed into the dynamic climate chamber Binder MKT115. 

The optical path baseline at room temperature is shown in Fig. 

3. As can be noticed, the fibers were sorted due to their main 

Brillouin frequency spectrum, and the total length was equal to 

about 0.7 km. Clearly visible peaks on the graph indicate the 

locations of splices between different types of optical fibers. 

Due to the disturbance in the homogeneous structure of the 

optical fiber core, random Brillouin frequency readings occur in 

these regions. During temperature tests, the chamber value was 

ranging from –20°C to +70°C. To exclude the influence of 

Brillouin optical signal strength, the measurements were 

repeated 3 times and compared for both ends of the optical path. 

 

Fig. 3. Baseline of optical path including twelve bare optical fibers 

To induce linear deformation of the optical fiber, the frame 

schematically presented in Fig. 2b was used. The 1.8 m long 

fiber under test was placed in the holder of the dynamometer 

from one side and in the micrometer positioning stage on the 

other. The maximum available tensile test was carried out for 

standard silica-based optical fiber, and the result is presented in 

Fig. 4. The linear response was observed for tensile deformation 

of optical fiber up to 7777 µε, which corresponds to 14 mm 

elongation of 1.8 m long optical fiber. During further research 

using various optical fiber samples, tests were repeated 3 times 

for tensile and compressive strain measurements. 

 

Fig. 4. Brillouin frequency shift of standard silica-based optical fiber during 

tensile test 

  

     

           

              

              

    

      

      

     

          

     

     

             

       
          

     

     

     

     

     

             

 
  
   

 
  

  
  

 
 
 
 
 
  

  
 

 
 

            

                   
           

                   
           

   

   

   

   

   

   

   

   

   

   

     

     

     

     

     

                 

 
 
  

 
  
 

 

 
  
   

 
  

  
  

 
 
 
 
 
  

  
 

 
 

           

             

           

TABLE I  

TECHNICAL DATA OF TESTED OPTICAL FIBERS FOR 1550 NM WAVELENGTH 

No. ITU-T neff (-) MFD a (µm) Attenuation (dB/km) 

#1 G.652.D 1.4679 10.4±0.5 ≤0.20 

#2 G.652.D 1.4682 10.4±0.5 ≤0.20 
#3 G.654.C 1.462 10.5±0.5 ≤0.16 

#4 G.654.E 1.4650 12.4±0.5 ≤0.17 

#5 G.655.C 1.4700 8.4±0.6 ≤0.22 
#6 G.655.D 1.4693 9.6±0.4 ≤0.19 

#7 G.657.A1 1.467 10.3±0.5 ≤0.18 

#8 G.657.A1 1.468 9.9±0.5 ≤0.21 
#9 G.657.A2 1.4677 9.6±0.5 ≤0.20 

#10 G.657.A2 n.a. 10.4±0.5 ≤0.20 

#11 G.657.B3 1.4677 9.65±0.5 ≤0.20 
#12 G.657.B3 1.468 9.8±0.6 ≤0.21 
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The second part of research was concentrated on temperature 

measurement of different type of optical fiber construction, as a 

valuable supplement to tests of bare optical fiber. The 

construction of optical fiber cables is dependent on 

environmental conditions and installation requirements, with 

outdoor and underwater cables typically featuring more 

complex, layered protection than indoor ones.  

 

Fig. 5. Example optical fiber cable construction for outside applications 

Fig. 5 presents a cross section of an example cable. A central, 

internal strength member, typically composed of fiberglass or a 

composite material, serves to absorb mechanical stress during 

the use, thereby protecting the optical fiber tubes. The role of 

buffer coatings for tubes, which can be divided into loose or 

tight buffers, is also significant. Loose tube permit the single or 

multiple number of optical fibers to move within the sheath, 

thereby reducing stress transmission. Conversely, tight tube 

construction provide high crush resistance, although this may 

result in increased stress under high loads. The incorporation of 

aramid yarns, enhances the tensile strength of the cable, 

absorbing tensile forces and preventing stress transfer to the 

optical fiber. The outer jacket, composed of materials such as 

PE (polyethylene) or PVC (polyvinyl chloride), serves to 

safeguard against mechanical damage and environmental 

factors. Moreover, flexible jackets are designed to absorb 

vibrations, while rigid ones offers higher crush resistance. 

Furthermore, some cables utilize protective gel or fillers that 

stabilize the fiber and cushion it against shocks and vibrations. 

Taking all these variables into account, the proper design of a 

fiber optic cable is important to minimize impact of external 

factors on measurements and can affect on the performance and 

durability of the cable. Simultaneously, the possibly internal 

stresses coming from cable construction on Brillouin frequency 

shift have to be consider to avoid temperature reading mistakes.  

III. RESULTS 

A. Strain coefficient 

 As a result of the impact of the tensile force on the optical 

fiber, the Brillouin frequency drifts towards a higher frequency. 

Simultaneously, the signal level is slightly decreasing. The 

example spectrum shift is shown in Fig. 6, where experimental 

data were fitted by the Lorentzian function.  

In Fig. 7, the comparison of strain coefficient results for 

different optical fibers is presented. The results ranging from 

0.043 MHz/µε to 0.053 MHz/µε for all tested optical fibers. In 

our opinion, there is no significant difference in measured strain 

coefficients, and it is difficult to distinguish outstanding optical 

 

Fig. 6. Influence of tensile force on optical fiber Brillouin spectrum 

fiber types for strain sensor applications. The sensitivity may be 

strongly dependent on the manufacturer’s production technique 

itself, as proven by the results for both G.652.D optical fibers. 

 

Fig. 7. Comparison of strain coefficient results for different optical fibers 

B. Thermal coefficient 

 In the case of temperature measurements, the Brillouin 

frequency shift towards a higher frequency is observed when the 

temperature increases (Fig. 8). Nevertheless, in contrast to the 

strain measurements, the signal level is increasing. Fig. 9 

summarizes the thermal coefficient values for twelve optical 

fibers, distinguishing the results achieved for heating and 

cooling cycles. The ITU-T G.654 type of optical fibers reaches 

higher values of thermal coefficient than the other types. 

Moreover, the differences in results among the same type but 

various manufacturers are also observed (e.g. G.657.A1). 

 

Fig. 8. Influence of temperature on optical fiber (#4) Brillouin spectrum 
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Fig. 9. Comparison of thermal coefficient results for different optical fibers 

The aim of this research on bare optical fibers was to find the 

correlation between the achieved coefficients and their optical 

parameters. No significant correlation was observed between 

the strain coefficient and the variables. However, in Fig. 10, the 

observation for the thermal coefficient is present. Based on 

datasheet information (Tab. 1), it can be noticed that as the 

refractive index of optical fiber increases, the value of the 

measured coefficient decreases. A similar situation applies to 

the maximum attenuation of the optical fiber, however, 

stabilizes above the value of 0.19 dB/km. 

 

Fig. 10. Influence of effective group index of refraction (a) and attenuation 

of optical fiber (b) on the thermal coefficient.. 

C. Optical cable construction 

The presented above results shows variety of determined 

coefficients. Nevertheless, the obtained characteristics in their 

temperature range were characterized by the high linearity. 

Next, the measurement of thermal coefficient of optical fibers 

in four different cable construction, shown in Fig. 11, were 

done. Loose-tube cable including 12 optical fibers and gel 

filled allows for their movement, thereby protecting it from 

mechanical stress. In contrast, tight-buffer designs hold the 

fiber more securely, offering crush protection but potentially 

exposing it to tensile stress. For both cables the outer sheath 

was made from PU (polyurethane) with 0.7 mm and 0.3 mm 

thickness, respectively for loose tube and tight buffer type 

cable. 

 

Fig. 11. Optical fiber cables construction cross sections: 12-fiber loose tube 

without (a) and with outer sheath (b), single fiber tight buffer without (c) and 

with outer sheath (d). 

To determine their Brillouin frequency shift the temperature 

were ranging from –10°C to +70°C, with 10°C step, and 

repeated as one cycle including heating and cooling processes. 

Before test, the thermal time constants for cables were 

determined and taken into account. In Fig. 12 the baseline of 

tested optical fiber link is presented. The Brillouin frequency 

results for these cables may indicates on initial stresses, and 

their value fluctuates depending on the type of cabling. It is 

particularly evident in the case of a tight buffer cable, where 

the frequency is about 50 MHz higher for the cable without 

outer PU jacket. 

 
Fig. 12. Baseline of optical path for optical fiber cabling test. 

Fig. 13 present dependence of temperature on the Brillouin 

frequency shift for all tested cables. The thermal shift obtained 

for the both loose tube cable samples exhibit a high degree of 

linearity. The small difference in readings is only visible around 

0°C. The achieved thermal coefficient is slightly lower for the 

loose tube without additional outer PU sheath. In the second 

case, the determination of reliable and repeatable value of 

thermal coefficient is more challenging. The evident hysteresis 

is present for both samples of tight buffer cables. The both 

characteristics have rather polynomial tendency than linear. 

Only for tight buffer cable in 0.9 mm outer jacket a linear 

relationship is noticeable in a limited range from 30 to 70°C. 

Nevertheless, further research is required to confirm the 

repeatability of this finding.  
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Fig. 13. Influence of temperature on Brillouin frequency shift for loose (a) 

and tight buffer (b) cables. 

D. Long-term application test 

 Long-term measurement of ambient temperature in outdoor 

conditions were carried out using: a single, bare optical fiber 

(covered with a 245 µm acrylic coating) and loose-tube cable 

construction (with outside jacket with 2.5 mm diameter) with a 

total length of approximately 50 m. The measurements were 

taken occasionally during a period of 5 month, including the 

summer, autumn, and winter seasons. During this period of 

time, the ambient temperature was also read from the K-type 

thermocouple.  

Fig. 14 and Fig. 15 presents the achieved results for both 

optical fibers. The temperature value for optical method of 

measurement was calculated using Eg. (2) using the previously 

determined values of the thermal coefficients. As the samples 

was loosely placed and loose tube cable was used, it was 

assumed that strain component was not occurred during 

measurement. The absolute error (related to secondary axis) is 

defined here as the difference between readings from the optical 

fiber and thermocouple. As can be noticed for the bare optical 

fiber results, the absolute error of temperature is significant. 

Importantly, the hot or cold season does not affect on that error 

level. The use of optical fiber cable with additional covering 

significantly improves these outcomes, as can be seen in Fig. 15.  

 

Fig. 14. Long-term measurement of ambient temperature using bare optical 

fiber. 

 
Fig. 15. Long-term measurement of ambient temperature using optical fiber 

in loose tube type cable. 

 

Fig. 16. Absolute error comparison for both tested optical fiber types. 

However, the accuracy of readings using optical fiber and the 

BOTDR device is worth attention. On the one hand, the 

accuracy of the BOTDR device's temperature measurement is 

0.8°C only. On the other hand, many external factors may 
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influence on the fluctuation of Brillouin frequency. The graph 

in Fig. 16 shows the comparison between values of the absolute 

errors for both optical fibers from whole measurement (N=52). 

The average value is 59% higher for the use of bare optical fiber. 

The maximum error at the level of about 7°C is unacceptable for 

this application. Besides the fact that both optical fibers were 

loosely placed, the most significant impact on temperature 

readings could be the changes in humidity or solar radiation. 

Due to this fact, the use of bare fiber is not recommended for 

application in an outside environment without any additional 

cable coatings. 

IV. CONCLUSIONS 

 Among the tested samples, the highest thermal and strain 

coefficients were obtained for the ITU-T G.654.C compatible 

optical fiber type. One can notice that fiber has the lowest 

effective group index of refraction neff and attenuation, whereas 

relatively high value of mode field diameter. Based on the 

datasheet information, it was generally observed that the 

decrease of neff influences the increase in the value of the 

thermal coefficient. For the strain coefficient, no significant 

correlation was noted. However, the internal stresses have to be 

taken into account when optical fiber with additional outer 

jackets is using. The long-term measurements of outside 

ambient temperature using bare optical fiber confirmed a 

significant influence of external factors on the temperature 

readings. The absolute error was definitely lower for the results 

achieved using optical fiber in loose-tube cable. 
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