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This paper reports on examination of the latest generation of telecom optical fibers for the Brillouin 
backscattering strain sensor application. Over 30 fibers from 5 different manufactures have been 
tested in terms of their ability to create a stable and accurate strain sensor. It has been proved that 
fibers that belong to the same standard, according to ITU-T (International Telecommunication Un-
ion), and even if provided by one manufacturer, demonstrate fundamentally different Brillouin 
backscattering response. It has been shown that unimodal Brillouin spectrum cannot be treated as 
the main parameter for fiber selection. In order to achieve accurate and reproducible results of strain 
measurement, it is necessary to perform initial examination of the fibers over the range of laser 
pulse width. 
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measurement. 

1. Introduction 

Optical fiber strain sensing devices are widely used in the industry for strain and tem-
perature monitoring [1]. Their applications include sensing in nondestructive health 
monitoring [2], aviation [3], marine [4] and geotechnical engineering [5–7]. Optical 
fiber sensors are build based on Bragg gratings [8], Fabry–Perot sensors (F-P) [9] or 
based on Brillouin or Raman scattering effects [10]. Brillouin scattering [11] is the most 
popular method as it is based on frequency shifting rather than intensity (as Raman 
scattering), thus providing good stability and incurring lower influence from any po-
tential bias caused by step loss [12]. BOTDR (Brillouin optical time domain reflec-
tometer) is a valuable tool for identifying strain and temperature distribution along the 
sensing fiber [13,14]. BOTDR is based on the coherent detection method that uses 
a pulsed light launched into the optical fiber to generate spontaneous Brillouin scat-
tering. The sensor technology utilizing Brillouin backscattering is distinguished by the 
accuracy of the measurement and the possibility of using conventional, commercially 
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available optical fibers as a sensing medium [15]. Moreover, the type of optical fiber 
cable is significant, due to the material strain transfer to sensor fiber issue [16]. Although 
sensing based on Brillouin effect has been reported for many other types of fibers as: 
polarization-maintaining fiber [17], large effective area fibers [18] or trench-assisted 
multimode fiber [19], regular single  mode communication  fibers  are providing the 
most cost effective solution. Recently, using G. 652.D commercial fiber. HU et al. [20] 
presented distributed strain and temperature sensor based on spontaneous scattering. 
XING et al. [21] apply the G. 652.D fiber as a sensing element based on the SBS (stim-
ulated Brillouin scattering) effect to eliminate the crosstalk caused by temperature and 
strain. 

Brillouin frequency shift depends on the acoustic velocity and refractive index of 
the fiber and is affected by fiber design and environmental effects such as temperature 
and strain. Due to the fact that manufacturers constantly optimize fibers to improve 
their transmission parameters while reducing production cost, it is very difficult to ob-
tain reproducible results for a specific fiber type, laser source and signal modulation 
method. Optical fibers specified in the same standard group, e.g. ITU-T G.652D, but 
from other manufacturers, may differ significantly in terms of core impurities or the 
refractive index profile. This can be true even for the fibers coming from one manu-
facturer but different production batches. For example, the effect of the optical fiber 
refractive index profile on the Brillouin gain spectrum (BGS) and on the magnitude 
of the Brillouin gain coefficient (BGC) is significant and needs to be considered for 
proper fiber selection. 

We examined the latest generation of optical fibers, i.e. those manufactured after 
2019, (all meeting ITU-T standards) in terms of usefulness for spontaneous Brillouin 
backscattering based strain sensors. Over 30 fibers from 5 manufactures have been test-
ed. Spectral characteristics, number of Brillouin frequencies, as same as they FWHM 
(full width at half maximum) and intensity level have been investigated. In the last part, 
the influence of these parameters on strain measurement has been analyzed. 

2. Brillouin backscattering for optical fiber sensor 

The Brillouin light backscattering phenomenon (BLS), present in optical fibers, is based 
on the interaction of light and acoustic waves. A light beam from a pulsed laser source 
is introduced to the one of the ends of the optical fiber. A small part of the light is re-
flected back towards the transmitter, as a result of interaction with locally excited vi-
brations of the lattice of the optical fiber structure. 

The spectral analysis of the signal resulting from the Brillouin phenomenon allows 
to determine the peak value of the Brillouin frequency for a given material medium [22]: 

νSBS = 2neff VA λ 
–
L
1 

(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 light. 
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Using the BOTDR device (Brillouin optical time domain reflectometer), it is pos-
sible to determine the frequency νSBS occurring along the entire length of the tested 
optical fiber. In the Eq. (1), the effective refractive index neff depends on its distribution 
in the optical fiber and the method of core doping. As indicated by studies [11,23], 
these parameters play a significant role in the selection of the appropriate transmission 
medium for sensor applications. Physical quantities, such as temperature or stress af-
fecting the fiber, have an influence on the change of the refractive index neff . Thus, 
the Brillouin scattering phenomenon can be used for the detection of these quantities, 
which is described by the relationship [24]: 

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

where: νB0 – initial Brillouin frequency, CT, Cε – temperature and stress coefficients 
of optical fiber, T, ε – measured temperature and stress value, T0, ε0 – reference tem-
perature and stress value. 

Equation (2) describes the Brillouin frequency shift under the influence of temper-
ature changes and stresses along the length of the fiber. In order to distinguish measured 
value of strain only, it is necessary to use compensation methods, e.g. to use two parallel 
fiber optic lines, one of which will not be susceptible to any stresses. 

3. Experimental results 

In order to determine precisely the Brillouin spectrum, as defined by Eq. (2), a BOTDR 
test system was used. Figure 1 shows block diagram of the measurement setup. System 
contains BOTDR DSTS (distributed strain and temperature sensor) unit from OZOptics, 
connected to PC for data acquisition and analysis. BOTDR is based on λL = 1550 nm 
laser source, whereas the accuracies of measured strain and temperature are equal to 
±16 µε and ±0.8°C, respectively. Regarding the optical path, first of all there is a hybrid 
optical jumper with both angled polished connector (APC) for lower return loss. The de-

Fig. 1. Measurement system block scheme. 
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Fig. 2. Rough spectral characteristics of several optical fibers. 

vice under test (DUT) was connected to the jumper through the thermally spliced ad-
ditional optical fiber pigtail. The DUTs were different bare optical fiber types with a fixed 
length, equal to 20±0.1 m. All the measurements were conducted in room temperature 
21±0.5°C. 

The BOTDR device is designed to work with single-mode optical fibers (SMF). 
However, to ensure proper strain and temperature readings, different Brillouin scatter-
ing properties of different fiber types need to be considered. Different subtypes of SMF, 
defined by ITU-T from G.652 to G.657, were examined. Using presented BOTDR sys-
tem, the spectral characteristics of all 30 fiber samples were measured in order to 
determine their central frequency νB0. Data presented in Table 1 summarize fiber char-
acterization, in terms of occurred number of Brillouin frequencies. For this  rough  
measurement, laser width pulse equals 50 ns and rough step 10.24 MHz was used ac-
cording to the manufacturer’s peak search procedure recommendations. Several spec-
tral characteristics which present diversity of Brillouin response in optical fiber, are 
presented in Fig. 2. 

As presented in Table 1, G.652.B group represented by 2 samples (ID001 and ID002) 
has two wide apart specific peaks with almost the same signal level at 10350 MHz and 
10975 MHz. On the other hand, G.652.D group was the most numerous and the most 
diverse in terms of the number of occurred peaks. Here, characteristics with 1 to even 
4 frequencies can be distinguished. A diversity is also present in the level of these sig-
nals. Only one optical fiber complied to G.655.C standard was measured, but in com-
parison to others, DUT had the strongest main Brillouin frequency. Group called G.657 
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T a b l e 1. Number of peaks of measured optical fibers. 

Group named by ITU-T Sample ID 
Number of peaks 

1 2 3 4 

G.652.B 001 - 002 – 2 – – 

G.652.D 003 - 015 1 9 2 1 

G.655.C 016 1 – – – 

G.657.A1 017 - 020 4 – – – 

G.657.A2 021 - 029 7 1 – – 

G.657.B2 030 1 – – – 

G.657.B3 031 1 – – – 

(A1 to B3) describes optical fibers insensitive to macrobending. Except one sample 
(ID029), all measured fibers are characterized by one strong frequency response near 
10.8 GHz. 

Basing on results presented in Table 1, the representative group of optical fibers, 
i.e. showing one or several frequency peaks, was chosen for further research. This 
group contains fibers showing each specific characteristic from every ITU-T group. 
Detailed frequency response of those fibers has been presented in Fig. 2. 

The presence of a single frequency νB0 with high signal level is desirable to obtain 
reproducible measurements of the strain (or temperature) along the fiber using Brillouin 
backscattering method. As presented in Fig. 2, some fibers are showing up to 2 frequency 
peaks. The appearance of those two resonances reflects the fact that two different 
acoustic modes interact with the light wave in or near the core area. However, those 
peaks can be very close to each other, as in ID015 and ID029 (and sometimes may be 
considered as one peak), or very far as in ID002. What is also important, optical fiber 
frequency response varies in terms of FWHM parameters. At the measurement pro-
cessing step BOTDR can select either maximum as reference. As a result, the strain 
measurement appears noisy as BOTDR will jump over one maxima to another. There-
fore it is always recommended to select fiber with one Brillouin spectrum. As this is 
usually fulfilled, there are several other aspects worth to consider. These will be ex-
amined in the next part of this paper. 

4. Strain measurements results 

As a part of the research on the sensing properties of optical fibers, we focused on the 
selected fibers with spectral characteristics presented in Fig. 2. Those fibers represent 
a wide range of ITU-T specification and spectral properties. In this paragraph they will 
be examined in detail to understand how their parameters influence the strain measure-
ment. In order to perform such analysis, the setup from Fig. 1 was used. Initially, the 
baselines of each optical fiber, for the shortest pulse width τ equal to 10 ns (1 m length 
resolution), were measured. The results are presented in Fig. 3, where the character-
istics for the representative group of optical fibers were separated for better transpar-
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 Fig. 3. Baseline (a, b) and corresponding strain (c, d) measurements results for representative ITU-T com-
pliant optical fibers. 

ency between two graphs. As can be noticed, samples ID003 and ID015 (G.652.D), 
are same as ID029 (G.657.A2) showing a frequency fluctuation higher than ±1 MHz 
along the sample length that may influence further strain measurement. 

Next, the reference measurement of strain was done on fibers loosely laid on the 
table in coils of 20 cm diameter. Strain coefficient for all the fibers was factory set and 
was equal to 18.9150 µε/MHz [25]. As can be noticed in Fig. 3c, in the case of ID002 
or ID029, there is a random peak of strain level. This effect may be a result of optical 
or geometrical parameters mismatch between two connected fibers. The optical jumper 
was always the patchcord with G.652.D fiber. The strain results for ID015 sample are 
in line with previous assumptions. The highest fluctuation ranging from –500 to 200 µε 
of measured strain value are observed. Table 2 summarizes the detailed values of ref-
erence νB0 from the baseline and measured strain along the DUT. The value of standard 
deviation σ was determined based on νB0 or ε readings repeated 10 times. As can be 

https://G.657.A2
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T a b l e 2. Main peak frequency and measured strain of optical fibers. 

ITU-T Sample ID Main peak νB0 ± σ [MHz] Strain ε ± σ [µε] 

G.652.B ID002 10967.42 ± 0.49 15.35 ± 8.88 

ID004 10816.50 ± 0.60 –15.83 ± 11.61 

G.652.D 
ID015 

ID007 

10822.53 ± 13.91 

10818.70 ± 0.46 

45.32 ± 293.36 

–16.49 ± 7.91 

ID003 10707.45 ± 0.36 3.57 ± 7.48 

G.655.C ID016 10722.35 ± 0.45 –0.01 ± 9.41 

G.657.A1 ID017 10800.25 ± 0.33 6.00 ± 6.61 

G.657.A2 
ID025 

ID029 

10818.61 ± 0.34 

10633.80 ± 0.53 

6.79 ± 6.81 

18.07 ± 9.51 

G.657.B2 ID030 10826.07 ± 0.45 1.76 ± 9.49 

G.657.B3 ID031 10827.14 ± 0.27 6.27 ± 5.34 

noticed, strain values measured using most of tested optical fibers are in the range of 
BOTDR accuracy (except ID015 optical fiber). 

5. Discussion 

As it was shown in previous chapters, the most common fibers are showing different 
behavior even in the same standards group. What is even more interesting, the wide 
variety of fiber parameters can be observed for the same manufacturer meeting a given 
ITU-T specification. Strain measurement results presented in Fig. 3b show that to se-
lect optical fiber for such measurement, it is not sufficient to relay on the number of 
peaks. It is also important to consider the other parameters: FWHM, signal level or 
peak separation. 

Fiber ID015 showing two Brillouin peaks is not providing stable strain measure-
ment. On the other hand, other fibers with two peaks (e.g. ID002) are very stable. This 
is visible when we analyze standard deviation σ in Table 2, where for ID015 it is equal 
to ±293 µε. In order to understand what leads to such huge instability, we have meas-
ured frequency response of fiber with ID015 changing pulse width τ from 10 to 100 ns. 
The relationship between laser pulse width and Brillouin linewidth and frequency was 
presented earlier for a BOTDA system [26]. Results of this experiment for a BOTDR 
setup, based on our readings, are presented in Fig. 4. Analyzing the first graph, it can 
be noticed that for the short pulses only one peak can be observed, instead of dual-
frequency spectrum above this value. In addition, for the shorter pulse, the wider 
FWHM and lower intensity were observed. The influence of pulse width (limited to 
200 ns) on the main frequency shift and FWHM is presented in Fig. 4b. More data 
points of pulse width at limited step equal to 5 ns were applied near 40 ns value, where 
the abrupt changes of νB0, the same as FWHM, are observed. The main frequency value 
declined by about 50 MHz, while the FWHM decreased fivefold. This leads to strain 
measurement instability as the BOTDR system has difficulty in frequency response 
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Fig. 4. Influence of optical laser pulse width on: Brillouin spectral response (a), main frequency shift and 
FWHM (b), and baseline stability (c), for ID015 Corning SMF-28e+ optical fiber. 

reading. Such fiber may be a good choice for a long sensor with length above few kilo-
meters and more than 4 m measurement resolution. On the other hand, for a short length 
strain sensor (dozens of meters with about 1 m resolution) it will be useless. Of course, 
larger width of optical pulse increases the stability of the measurement, but it also in-
creases the event dead zone, e.g. at the beginning of tested optical fiber at 4 m in Fig. 4c. 

Despite the case of ID015, the remaining optical fibers showed stable parameters 
in measuring the stability of the measured strain. However, a detailed analysis of the 
main peak, in terms of its signal level and FWHM, was performed for the entire rep-
resentative group. The pulse width was equal to 10 ns for these measurements, and the 

T a b l e 3. Detailed results of measured representative optical fibers. 

ITU-T Sample ID Main νB0 @ 10 m DUT [MHz] Signal level [au] FWHM [MHz] 

G.652.B ID002 10957.44 13.51 143.36 

ID004 10792.96 8.80 202.24 

G.652.D 
ID015 

ID007 

10817.92 

10794.88 

9.60 

12.23 

248.32 

142.08 

ID003 10696.32 14.46 149.76 

G.655.C ID016 10717.44 19.85 158.72 

G.657.A1 ID017 10785.28 16.72 161.28 

G.657.A2 
ID025 

ID029 

10810.24 

10670.08 

14.99 

10.32 

144.64 

186.88 

G.657.B2 ID030 10823.68 16.52 144.64 

G.657.B3 ID031 10816.64 16.08 142.08 
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Fig. 5. Dependence of FWHM on: Brillouin frequency standard variation and signal level, based on 
measured optical fibers from representative group. 

results summary is presented in Table 3. The effect of FWHM on the main frequency 
standard deviation and its signal level is presented in Fig. 5. It can be presumed that 
the wide FWHM of the main peak translates into its worst standard deviation and lower 
signal level which will directly impact strain measurement accuracy. However, an un-
equivocal statement of this relationship requires conducting the research on a larger 
number of optical fiber samples. 

The last Fig. 6, shows additionally spectral characteristics of the main peak for the 
narrowest and widest case of FWHM of the entire representative group of optical 
fibers. It can be noticed that the wider peak (optical fiber G.652.D ID015) has a flatter 

Fig. 6. Comparison of two extreme cases of FWHM from all measured optical fibers. 
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top, which makes a frequency reading difficult. The frequency signal level in this range 
has similar values, which combined with the measuring accuracy of the BOTDR de-
vice, may lead to an erroneous reading of the correct frequency value. 

6. Conclusion 

Many commercially available optical fibers may be used for BOTDR based strain 
sensors. This paper examined the latest generation of optical fibers (manufactured 
after 2019) in terms of spontaneous Brillouin light backscattering. Over 30 fibers from 
5 manufactures have been tested. It has been proved, that fibers which belong to the 
same standard according to ITU-T, and even provided by one manufacturer, demon-
strate a fundamentally different Brillouin backscattering response. Fifteen from 30 ex-
amined single mode fibers showed unimodal spectrum, whereas 11 of them belong to 
ITU-T G.657.A standard. Only one fiber out of 13 from ITU-T G.652.D group showed 
unimodal response. Half of measured fibers showed two or more resonances frequen-
cies. In that case, two or more acoustic modes interact with a transmitted light wave. 
Dual-frequency response fibers can be more complicated as BOTDR can select either 
maximum as a reference for strain measurement. As was shown, this effect can be ne-
glected if other occurring peaks have much lower intensity than the main peak. On the 
other hand, Brillouin spectrum of optical fibers strongly depends on the laser pulse width. 
For the most problematic fiber (ID015) and pulse width τ below 40 ns, conversion of 
dual-frequency response to unimodal was observed. Unfortunately, due to wider FWHM 
and lower signal level, it provides unstable strain measurement. 

It was shown that unimodal nature of Brillouin spectrum cannot be treated as the 
main parameter for fiber selection. Fibers with two or more peaks, separated from each 
other will provide stable and accurate strain measurements, whereas a single peak with 
wide FWHM and low signal level presents noisy results. In order to achieve accurate 
and reproducible results of strain measurement, it is necessary to perform initial ex-
amination of the fibers over the range of laser pulse width. The usefulness of a given 
optical fiber depends on the sensor application and measurement spatial step. 

Acknowledgements 
This research was funded by the European Union from the European Regional Development Fund under 
the Intelligent Development Operational Program. Project implemented as part of the National Center for 
Research and Development competition: Application Projects 4.1.4, project number POIR.04.01.04-00 
-0034/18. 

References 

[1] LU P., LALAM N., BADAR M., LIU B., CHORPENING B.T., BURIC M.P., OHODNICKI P.R., Distributed op-
tical fiber sensing: Review and perspective, Applied Physics Reviews 6(4), 2019, 041302, DOI: 
10.1063/1.5113955. 

[2] FORMICA D., SCHENA E., Smart sensors for healthcare and medical applications, Sensors 21(2) 2021, 
543, DOI: 10.3390/s21020543. 

https://doi.org/10.1063/1.5113955
https://doi.org/10.3390/s21020543


415 Brillouin backscattering analysis... 
     
  

  
      

  
   

  
     

  
    

  
      

 
  

 

   
   

   
   

    
 

    
   

  
       

  
       

 
 

  
  

  
  

 
  

  
   

     
   

           

 
 

       
 

  
 

  

[3] BEDNARSKA K., SOBOTKA P., WOLIŃSKI T.R., ZAKRĘCKA O., POMIANEK W., NOCOŃ A., LESIAK P.,  
Hybrid fiber optic sensor systems in structural health monitoring in aircraft structures, Materials 
13(10), 2020, 2249, DOI: 10.3390/ma13102249. 

[4] MIN R., LIU Z., PEREIRA L., YANG C., SUI Q., MARQUES C., Optical fiber sensing for marine environ-
ment and marine structural health monitoring: A review, Optics & Laser Technology 140, 2021, 
107082, DOI: 10.1016/j.optlastec.2021.107082. 

[5] WIJAYA H., RAJEEV P., GAD E., Distributed optical fibre sensor for infrastructure monitoring: Field 
applications, Optical Fiber Technology 64, 2021, 102577, DOI: 10.1016/j.yofte.2021.102577. 

[6] GAO L., HAN C., ABDULHAFIDH O., GONG Y., JIN Y., An application of BOTDR to the measurement 
of the curing of a bored pile, Applied Sciences 11(1), 2021, 418, DOI: 10.3390/app11010418. 

[7] SHAHPIR R., SABOURI S.G., KHORSANDI A., Laser-based multichannel fiber optic sensor for multipoint 
detection of corrosion, Optica Applicata 46(1), 2016, pp. 103–115, DOI: 10.5277/oa160110. 

[8] ALAMANDALA S., SAI PRASAD R.L.N., PANCHARATHI R.K., PAVAN V.D.R., KISHORE P., Study on bridge 
weigh in motion (BWIM) system for measuring the vehicle parameters based on strain measurement 
using FBG sensors, Optical Fiber Technology 61, 2021, 102440, DOI: 10.1016/j.yofte.2020.102440. 

[9] HE X., RAN Z., XIAO Y., XU T., SHEN F., DING Z., HE Z., RAO Y., ZENG D., CHU W., LI X., WEI Y., 
Three-dimensional force sensors based on all-fiber Fabry–Perot strain sensors, Optics Communi-
cations 490, 2021, 126694, DOI: 10.1016/j.optcom.2020.126694. 

[10] MUANENDA Y., OTON C., PASQUALE F., Application of Raman and Brillouin scattering phenomena 
in distributed optical fiber sensing, Frontiers in Physics 7, 2019, 155, DOI: 10.3389/fphy.2019.00155. 

[11] KOBYAKOV A., SAUER M., CHOWDHURY D., Stimulated Brillouin scattering in optical fibers, Advances 
in Optics and Photonics 2(1), 2010, pp. 1–59, DOI: 10.1364/AOP.2.000001. 

[12] THÉVENAZ L., Brillouin distributed time-domain sensing in optical fibers: state of the art and perspec-
tives, Frontiers of Optoelectronics in China 3, 2010, pp. 13–21, DOI: 10.1007/s12200-009-0086-9. 

[13] LUO L., SEKIYA H., SOGA K., Dynamic distributed fiber optic strain sensing on movement detection, 
IEEE Sensors Journal 19(14), 2019, pp. 5639–5644, DOI: 10.1109/JSEN.2019.2907889. 

[14] BAI Q., WANG Q., WANG D., WANG Y., GAO Y., ZHANG H., ZHANG M., JIN B., Recent advances in 
Brillouin optical time domain reflectometry, Sensors 19(8), 2019, 1862, DOI: 10.3390/s19081862. 

[15] SHENG L., LI L., LANG J., LI P., DONG J., YUAN M., YAN J., LIU Z., Research on the simultaneous 
distributed measurement of temperature and strain based on Brillouin scattering effect in commu-
nication optical fiber, Proc. SPIE 11607, Optics Frontiers Online 2020: Distributed Optical Fiber 
Sensing Technology and Applications, 2021, 1160702, DOI: 10.1117/12.2582681. 

[16] LAKOMSKI M., TOSIK G., NIEDZIELSKI P., Optical fiber sensor for PVC sheet piles monitoring, Elec-
tronics 10(13), 2021, 1604, DOI: 10.3390/electronics10131604. 

[17] ZOU W., HE Z., HOTATE K., Demonstration of Brillouin distributed discrimination of strain and tem-
perature using a polarization-maintaining optical fiber, IEEE Photonics Technology Letters 22(8), 
2010, pp. 526–528, DOI: 10.1109/LPT.2010.2041922. 

[18] LIU X., BAO X., Brillouin spectrum in LEAF and simultaneous temperature and strain measurement, 
Journal of Lightwave Technology 30(8), 2012, pp. 1053–1059, DOI: 10.1109/JLT.2011.2168193. 

[19] ZHANG Z., LU Y., PAN Y., BAO X., CHEN L., Trench-assisted multimode fiber used in Brillouin optical 
time domain sensors, Optics Express 27(8), 2019, pp. 11396–11405, DOI: 10.1364/OE.27.011396. 

[20] HU L., SHENG L., YAN J., LI L., YUAN M., SUN F., NIAN F., LI L., LIU J., ZHOU S., LIU Z., Simultaneous 
measurement of distributed temperature and strain through Brillouin frequency shift using a com-
mon communication optical fiber, International Journal of Optics, Vol. 2021, 2021, 6610674, DOI: 
10.1155/2021/6610674. 

[21] XING C., KE C., GUO Z., YANG K., WANG H., ZHONG Y., LIU D., Distributed multi-parameter sensing 
utilizing Brillouin frequency shifts contributed by multiple acoustic modes in SSMF, Optics Express 
26(22), 2018, pp. 28793–28807, DOI: 10.1364/OE.26.028793. 

[22] NIKLES M., THEVENAZ L., ROBERT P.A., Brillouin gain spectrum characterization in single-mode optical 
fibers, Journal of Lightwave Technology 15(10), 1997, pp. 1842–1851, DOI: 10.1109/50.633570. 

https://doi.org/10.3390/s19081862
https://doi.org/10.3390/ma13102249
https://doi.org/10.1016/j.optlastec.2021.107082
https://doi.org/10.1016/j.yofte.2021.102577
https://doi.org/10.1016/j.yofte.2020.102440
https://doi.org/10.3390/app11010418
https://doi.org/10.5277/oa160110
https://doi.org/10.1016/j.optcom.2020.126694
https://doi.org/10.3389/fphy.2019.00155
https://doi.org/10.1364/AOP.2.000001
https://doi.org/10.1007/s12200-009-0086-9
https://doi.org/10.1109/JSEN.2019.2907889
https://doi.org/10.1109/LPT.2010.2041922
https://doi.org/10.1117/12.2582681
https://doi.org/10.3390/electronics10131604
https://doi.org/10.1109/JLT.2011.2168193
https://doi.org/10.1109/50.633570
https://doi.org/10.1364/OE.27.011396
https://doi.org/10.1364/OE.26.028793
https://doi.org/10.1155/2021/6610674


416 M. LAKOMSKI, G. TOSIK 
   
  

  
 

 
  

  
  

     
   

[23] AGHAMKAR P., SEN P.K., Effect of doping on stimulated Brillouin scattering in semiconductors, Jour-
nal of Chemical Sciences 102, 1990, pp. 585–592, DOI: 10.1007/BF03040785. 

[24] HORIGUCHI T., KURASHIMA T., TATEDA M., Tensile strain dependence of Brillouin frequency shift in 
silica optical fibers, IEEE Photonics Technology Letters 1(5), 1989, pp. 107–108, DOI: 10.1109/ 
68.34756. 

[25] ARUNSUNDARAM B., PARIVALLAL, S., KESAVAN, K., Studies on distributed Brillouin scattering tech-
nique for monitoring of lifeline structures, Journal of Scientific & Industrial Research (India) 80(5), 
2021, pp. 420–427, DOI: 10.56042/jsir.v80i05.41784. 

[26] CHO S.-B., KIM Y.-G., HEO J.-S., LEE J.-J., Pulse width dependence of Brillouin frequency in single 
mode optical fibers, Optics Express 13(23), 2005, pp. 9472–9479, DOI: 10.1364/OPEX.13.009472. 

Received July 6, 2021 
in revised form October 8, 2021 

https://doi.org/10.1109/68.34756
https://doi.org/10.1109/68.34756
https://doi.org/10.1364/OPEX.13.009472
https://doi.org/10.1007/BF03040785
https://doi.org/10.56042/jsir.v80i05.41784




Raport dostępności





		Nazwa pliku: 

		optappl_5203p405.pdf









		Autor raportu: 

		



		Organizacja: 

		







[Wprowadź informacje osobiste oraz dotyczące organizacji w oknie dialogowym Preferencje > Tożsamość.]



Podsumowanie



Sprawdzanie napotkało na problemy, które mogą uniemożliwić pełne wyświetlanie dokumentu.





		Wymaga sprawdzenia ręcznego: 5



		Zatwierdzono ręcznie: 0



		Odrzucono ręcznie: 0



		Pominięto: 1



		Zatwierdzono: 23



		Niepowodzenie: 3







Raport szczegółowy





		Dokument





		Nazwa reguły		Status		Opis



		Flaga przyzwolenia dostępności		Zatwierdzono		Należy ustawić flagę przyzwolenia dostępności



		PDF zawierający wyłącznie obrazy		Zatwierdzono		Dokument nie jest plikiem PDF zawierającym wyłącznie obrazy



		Oznakowany PDF		Zatwierdzono		Dokument jest oznakowanym plikiem PDF



		Logiczna kolejność odczytu		Wymaga sprawdzenia ręcznego		Struktura dokumentu zapewnia logiczną kolejność odczytu



		Język główny		Zatwierdzono		Język tekstu jest określony



		Tytuł		Zatwierdzono		Tytuł dokumentu jest wyświetlany na pasku tytułowym



		Zakładki		Zatwierdzono		W dużych dokumentach znajdują się zakładki



		Kontrast kolorów		Wymaga sprawdzenia ręcznego		Dokument ma odpowiedni kontrast kolorów



		Zawartość strony





		Nazwa reguły		Status		Opis



		Oznakowana zawartość		Zatwierdzono		Cała zawartość stron jest oznakowana



		Oznakowane adnotacje		Zatwierdzono		Wszystkie adnotacje są oznakowane



		Kolejność tabulatorów		Zatwierdzono		Kolejność tabulatorów jest zgodna z kolejnością struktury



		Kodowanie znaków		Zatwierdzono		Dostarczone jest niezawodne kodowanie znaku



		Oznakowane multimedia		Zatwierdzono		Wszystkie obiekty multimedialne są oznakowane



		Miganie ekranu		Wymaga sprawdzenia ręcznego		Strona nie spowoduje migania ekranu



		Skrypty		Wymaga sprawdzenia ręcznego		Brak niedostępnych skryptów



		Odpowiedzi czasowe		Wymaga sprawdzenia ręcznego		Strona nie wymaga odpowiedzi czasowych



		Łącza nawigacyjne		Zatwierdzono		Łącza nawigacji nie powtarzają się



		Formularze





		Nazwa reguły		Status		Opis



		Oznakowane pola formularza		Zatwierdzono		Wszystkie pola formularza są oznakowane



		Opisy pól		Zatwierdzono		Wszystkie pola formularza mają opis



		Tekst zastępczy





		Nazwa reguły		Status		Opis



		Tekst zastępczy ilustracji		Niepowodzenie		Ilustracje wymagają tekstu zastępczego



		Zagnieżdżony tekst zastępczy		Zatwierdzono		Tekst zastępczy, który nigdy nie będzie odczytany



		Powiązane z zawartością		Zatwierdzono		Tekst zastępczy musi być powiązany z zawartością



		Ukrywa adnotacje		Zatwierdzono		Tekst zastępczy nie powinien ukrywać adnotacji



		Tekst zastępczy pozostałych elementów		Zatwierdzono		Pozostałe elementy, dla których wymagany jest tekst zastępczy



		Tabele





		Nazwa reguły		Status		Opis



		Wiersze		Zatwierdzono		TR musi być elementem potomnym Table, THead, TBody lub TFoot



		TH i TD		Zatwierdzono		TH i TD muszą być elementami potomnymi TR



		Nagłówki		Niepowodzenie		Tabele powinny mieć nagłówki



		Regularność		Zatwierdzono		Tabele muszą zawierać taką samą liczbę kolumn w każdym wierszu oraz wierszy w każdej kolumnie



		Podsumowanie		Pominięto		Tabele muszą mieć podsumowanie



		Listy





		Nazwa reguły		Status		Opis



		Elementy listy		Zatwierdzono		LI musi być elementem potomnym L



		Lbl i LBody		Zatwierdzono		Lbl i LBody muszą być elementami potomnymi LI



		Nagłówki





		Nazwa reguły		Status		Opis



		Właściwe zagnieżdżenie		Niepowodzenie		Właściwe zagnieżdżenie










Powrót w górę

