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Abstract 

This paper presents a method of using a sensor with uniform Bragg grating with appropriately generated zone
chirp. The presented method can be used for measuring two physical quantities, namely strain and temperature.
By providing the same temperature sensitivity and different sensitivity to strain of two parts of a sensor, and
experimental measurement of qualities of the proposed system and its calibration (experimental determination of
sensitivity), verification of the results obtained from laboratory tests and the possibility of its practical 
implementation has been confirmed. The sensor grating was placed in such a way that its half was in the zone of 
a variable value of axial strain caused by changes of the cross-section of the sample. The other half, however, 
was in the zone of a constant cross-section of the sample and of constant value of strain, caused by the force 
stretching the sample. The obtained errors of non-linearity of processing characteristics for measuring strain and
temperature of the proposed system were 2.7% and 1.5% respectively, while coefficients of sensitivity to strain
and temperature were 0.77 x 10-6 m/ε and 4.13 x 10-12 m/K respectively. The maximum differences between the 
values obtained from the indirect measurement and the set values were 110 µε for strain and 3.8°C for 
temperature, for a strain of 2500 µε and a temperature of 40°C. 
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1. Introduction 
  

For measurements of several physical quantities, the sensitivity of a Bragg grating to 
temperature is an undesirable feature and complicates the possibility of its use as part of 
instruments for measuring elements such as strain [1], pressure [2] or mass [3]. In the case of 
measuring the shift in the Bragg wavelength of a single grating, it is difficult to specify if and 
to what extent the change was caused by the strain or temperature of the grating. A common 
solution to this problem is using a pair of FBG mounted on opposite sides of the surface of the 
element undergoing bending [4]. The systems containing a pair of FBG, possess wide 
possibilities of use, due to high resolution of temperature measurements [5], and their 
sensitivity [6]. Recent studies indicate, however, that the mentioned differential systems have 
limitations involving checking a limited number of gratings. A simultaneous measurement of 
strain and temperature is possible by specifying the shift in the wavelength of two gratings in 
a situation when their sensitivity to the two measurands is different [7]. A common approach 
is to measure the strain and temperature simultaneously, using a hybrid sensor consisting of 
two FBGs and a Long Period Grating (LPG). The LPG has much higher temperature 
sensitivity than FBG but its strain sensitivity is lower. The known use of the two elements of 
an optoelectronic sensor, in the form of a Bragg grating inscribed on fibre (in-fibre Bragg 
grating – IFBG) and polarising filters [8], allows for obtaining a sensor system whose 
measuring part is 25 cm long, which can be impractical in many applications.  
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Strain and temperature sensors using a connection of FBG with a fibre-optic interferometer 
system constitute a separate group. The solutions based on a Sagnac interferometer and LPG 
and/or FBG are characterised by high sensitivity and low cost of production [9]. Systems 
based on FBG couple [10] or on FBG connected with another element being sensitive to one 
of the discussed measurands [11], require pre-calibration of each element (grating and 
interferometer) in order to be used in practice. However, it results in complications in their 
application. Usually to measure strain and temperature simultaneously, two Bragg gratings are 
used [12, 13] (usually produced by using a phase mask [14] or a Bragg grating connected with 
a different optoelectronic element, whose spectral characteristics is modulated by temperature 
and strain [15]. One of the methods of measuring strain and temperature simultaneously is to 
record FBG with different Bragg lengths at the same position of the optical fibre [16]. This 
method requires two phase masks and two broadband light sources, in order to interrogate the 
signal from the FBG. However, when the broadband is exposed to UV light, its mechanical 
strength becomes weaker. Determining the strain and temperature recovery using an FBG is 
an example of an indirect measurement [17]. In some cases it requires an inverse problem 
solution [18-20]. 

In this article a head of the author’s design sensor – made of a single Bragg grating placed 
on a metal sample designed for this purpose – was used for parallel measurements of the 
discussed measurands (strain and temperature).  

The shape of the sample and the place of application were designed to obtain different 
sensitivities on the same grating – for strain and sensitivity to temperature. The key element 
was to obtain the same temperature sensitivity and different sensitivity to strain of the sensor, 
as well as to check the proposed sensor system by calibrating it (experimental determination 
of sensitivity) and, next, to verify the results obtained during laboratory tests. 
 
2. Scheme of the sensor system based on uniform Bragg grating, for measurements of     
    two physical quantities   
 

A sensor system with uniform Bragg grating was used for parallel measurements of strain 
and temperature. The sample on which the grating was applied was designed in a manner 
making it possible to obtain an appropriate strain gradient along axis z, causing the change of 
bandwidth of the spectrum reflected from the grating − see Fig. 1. 
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Fig. 1. Dimensions and shape of the sample used in the sensor system with a single FBG for simultaneous 
measurement of strain and temperature. 

 
The values of particular characteristic quantities, marked in the above figure, are as 

follows: Distance l1,  l2,  l3 − 84 mm, 94 mm,  4 mm, respectively, width   in the  w1 and  w2  
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sample zones − 25 mm and 6 mm respectively, sample thickness: t = 1 mm. The grating was 
placed so that its half was in zone B, of changeable axis strain value due to changing of the 
cross-section of the sample (right hatched area in Fig. 1). The other half of the grating was in 
zone A, of constant strain and sample width, post application of the force stretching sample F 
(left hatched area in Fig. 1). The sample was made of steel, with known Young modulus equal 
to E = 20.53 x 1010 N/m2 and temperature expansion coefficient: αp = 12 x 10-6 /K.  

Fig. 2 presents the scheme of an experimental system for parallel measurement of strain 
and temperature by means of a sensor with one FBG. The light from a broadband SLED is 
directed by a 3 dB coupler onto a Bragg grating whose reflectance spectrum is registered on 
an optical spectrum analyser (OSA) with a resolution of 0.01 nm. The sample together with 
the Bragg grating undergo a stretching force F and are strained (along axis z). 
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Fig. 2. Experimental system for measuring strain and temperature by means of a sensor with one FBG. 

BSS – broadband light source, OSA – optical spectrum analyser. 
 

Extending the free end of the sample (the shape is marked with a dashed line) causes the 
creation of resonance peaks of FBG – two overlapping spectra, which result from the 
changeable shape of the cantilever-sample. Both reflectance spectra have the same 
temperature sensitivity because the thermal expansion coefficient and photo-elastic constant 
are the same for both parts of the same grating: the part in zone A and the part in zone B – 
according to the equation: 
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where αΛ is the thermal expansion coefficient of the broadband (for silica glass its value 
amounts to 0.55 x 10-6), αn is a thermo-optical coefficient (αn = 8.6 x 10-6), neff is the effective 
refractive index, T is temperature, K denotes Kelvin and Λ is the period of the grating. 

The change of the Bragg wavelength, caused by straining for each zone, is proportional to 
the axial straining of the grating. Marking the Bragg wavelength of the grating part in zone A 
as λA

B and, analogously, the Bragg wavelength of the grating part in zone B as λB
B, it is 

possible to track developments in both zones simultaneously. 
In order to perform a simultaneous measurement of changes of strain Δε and temperature 

ΔT we will use the changes of the Bragg wavelength of the grating part from zone A, (after 
placing the entire system in a thermal chamber with controlled temperature) – marked as ΔλA

B 
and the changes of reflective spectrum bandwidth of the entire grating, marked as Δλchirp (Fig. 
3). 
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Fig. 3. Marking the wavelength and spectral width used in calculations and mathematical analysis.  
 
For such a case, the matrix of dependence of grating parameters on changes of temperature 

and strain can be presented as shown below: 
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where KTλA and KελA are displacement sensitivities of Bragg wavelength ΔλA
B of the grating 

part placed in zone A to temperature and strain, respectively, while KTλchirp and Kελchirp specify 
sensitivities of the width of spectral reflectance characteristics of the Bragg grating Δλ chirp to 
temperature and strain, respectively. 

The change of temperature and strain will cause a change of the Bragg wavelength of the 
part of the grating in zone B, as presented below: 
 

 ελ ελλ Δ+Δ=Δ AAT
A
B KTK , (3) 

 

where KTλA and KελA are Bragg wavelength sensitivities of the grating in zone A to 
temperature and strain, respectively. 

Fig. 4 shows a photo of a sample with applied FBG and Fig. 5 shows the strain (plane 
shape) and stresses (colour) in the sample, calculated by means of finite element method 
(FEM). 

 
 

1 2 3 4 5  
 

Fig. 4. The tested sensor with Fibre Bragg Grating placed on a profile sample. 1 – metal cantilever, 2. Glue joint 
(sikadur-30), 3-the beginning of FBG, 4 – the end of FBG, 5 – SMF28 single-mode fibre.  
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Fig. 5. Distribution of strain along axes y and z determined by means of FEM.  
 

 
 

Fig. 6. Comparison of the size of sensor construction element with the size of finite elements of FEM.  
 

 
 

Fig. 7. Normal strain global (top) and first principal strain direction (bottom).  
 

Comparison of the size of sensor construction element with the size of FEM finite elements 
is presented in Fig. 6. The accurate determination of the strain value is limited due to division 
of continuous physical space into a number of finite elements, resulting from the use of the 
FEM method. Fig. 7 shows the values of normal strain global and first principal strain 
direction. The figure also shows the place of application of the Bragg grating. The strain 
distribution in section B of the cantilever is nonuniform, as illustrated in Fig. 6. It corresponds 
with the normal strain global and first principal strain direction depicted in Fig. 7. 
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3. Theoretical analysis 
 

Rationale for selection of width of the spectral grating characteristics Δλchirp as the second 
parameter, (for simultaneous measurement of temperature and strain) is presented below.  

The resonance bandwidth depends on the value of the grating period in a way which can be 
presented by the equation below: 
 ( )BA

effchirp n min2 Λ−Λ=Δλ , (4) 
 

therefore it is proportional to the range of the grating period. In equation (4) ΛA and ΛB
min are 

maximum (after applying stretching force to the system, maximum grating period will be the 
one in zone A of the sample) and minimum period of the grating, which will experience a 
chirp after stretching, will be in zone B. Therefore, it is possible to determine the dependence 
of spectral width of the grating from extortion (applied stretching force) causing the strain of 
the grating. The cross-section of the stretched sample can be described as a function of 
position along axis z, as presented in the equation below: 
 

 ( ) ( )zgszA BB = , (5) 
 

where g is the thickness of the sample, sB(z) is the width in zone B, dependent on the position 
of the sample along axis z. 

The width of the sample in zone B is a function of the position along axis z and depends on 
maximum (initial) width s1 of the sample, for the area in zone B has a trapezoidal shape, and 
we obtain an equation  illustrating the dependence sB(z): 
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where z0 is the point where the sample width equals zero. The distance between this point and 
the immoveable end of the sample is l2 + l3. Taking into account Hooke’s Law, the strain 
along axis z in zone B, caused by F force is as follows: 
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where E is Young’s modulus.  
It should be noticed that uneven strain of the sample causes creation of chirp in the grating 

in zone B, therefore the grating periods will be a function of position z. The relation between 
the grating period and the position along axis z in zone B can be presented as in the equation 
below: 
 ( ) ( )( )zz BB ε+Λ=Λ 10 , (8) 

 

where Λ0 is the period of unstrained grating, εB(z) is the strain of the grating for a given point 
along axis z in zone B. The created chirp of the grating period can therefore be expressed with 
a function of maximum εmax and minimum εmin grating strain: 
 

 ( )minmax0 εε −Λ=ΔΛchirp . (9) 
Substituting (9) to (4), the obtained dependence specifies the spectral width connected with 

the period of the strained grating. 
 

 chirpeffchirp n ΔΛ=Δ 2λ . (10) 
 

Therefore the spectral width of the grating varies linearly with the applied force: 
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Depending on the applied force causing the grating strain, according to (11), there is no 
dependence on Δλchirp temperature. Taking into account the fact that the temperature 
sensitivity of Δλchirp equals zero and presenting its dependence on strain as: 
 

 ελ ελ Δ=Δ chirpchirp K , (12) 
 

and adding (3), we obtain a reduced matrix equation of the sensor: 
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Creation of the chirp induced experimentally in a laboratory, by means of intended 
preparation of the measurement system with a standard (instead of tapered) FBG and in 
homogenous strain, allowed for obtaining information concerning measurands which were 
coded not only in the Bragg wavelength but also in the width of grating reflective spectrum. 
Analysing equation (13) we can see that the change of temperature and strain can be specified 
based on the shift of the Bragg wavelength and the width of spectrum of a single uniform 
grating. This confirms the possibility of simultaneous measurement of strain and temperature 
by means of a single FBG. 
 
4. The results of simulation and experimental tests 
 

The grating used in the experiment was 15 mm long and was created by Welltech 
Instrument Co. Ltd by means of exposition by a phase mask onto an UV laser beam of 
wavelength of 244 nm. The FBGs written in hydrogen loaded SMF-28 fiber. It was apodized 
and the stripping area was 30mm. The central wavelength and the reflexion coefficient 
amounted to 1554.5 nm and 90% respectively. Fig. 8 presents results of the measurements of 
the grating reflectance spectra with variable strain. It should be noted that the width of the 
locking bandwidth changes: with the growing value of strain the spectral characteristics 
widens. The width of the spectrum in unstrained condition amounts to 0.9 nm. 

 

 
 

Fig. 8. Reflectance characteristics of the proposed sensor with variable strain and constant temperature. 
 
Figure 9 presents intended FBG spectra in initial conditions (ΔT = 0) and with variable 

temperature but with constant strain. The change of temperature causes a shift of the entire 
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spectral characteristics. The bandwidth remains unchanged, only the stopband of the grating is 
shifted. To verify their repeatability, measurements were repeated. Figs. 8-11 presents 
averaged results of measurements series. Additionally, no hysteresis was observed. 
 

 
 

Fig. 9. Reflectance characteristics of the proposed sensor for continuous elongation and variable temperature,  
T1 <T2 <T3. 

 
Response of the sensor to strain, with constant temperature, is presented in Fig. 10. 
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Fig. 10. Results of measurements of the sensor response to strain, obtained at a constant temperature of 25°C. 
 

According to theoretical analysis, especially to equation (11), the proposed sensor system 
shows a linear dependence of bandwidth Δλchirp

 
on the evoked strain. The Bragg wavelength 

shift of the grating in zone ΔλA
B is also linearly dependent on strain. The regression straight 

lines (drawn based on the data obtained from laboratory measurements) allowed the 
specification of linearity of the obtained characteristics. The regression straight lines are 
presented in Fig. 10 with a continuous line, while nonlinearity of the characteristics of 
bandwidth was determined according to the volume of the non-linearity error, calculated as 
presented below: 
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where Δ(Δλchirp)MAX is the maximum value of absolute differences between the regression line 
determined from the equation, and the results of measurements of spectral width, (Δλchirp)MAX, 
while (Δλchirp)MIN are the maximum and minimum values of the difference between reflective 
bandwidth of the sensor obtained from measurements, and the reflective bandwidth obtained 
based on linear regression. The values of nonlinearity errors, obtained in this way, amounted 
to δnlλchirp = 2.70% and δnlλA = 2.38% for spectral width Δλchirp and wavelength shift ΔλA

B, 
respectively. Linear regression correlation errors amounted to 0.971 for measurements of 
reflective spectral width and 0.965 in the case of measurements of wavelength shift. The 
strain sensitivity of FBG used for testing was determined based on the angle of regression 
lines: KελA = 0.77 x 10-6 m/ε and Kελchirp = 0.31 x 10-6 m/ε. 

Figure 11 presents the temperature response of the proposed sensor system. It can be seen 
that, with an increase of temperature, the wavelength of the reflective resonance peak 
increases linearly, while the full width at half maximum of the reflexive spectrum changes 
slightly by ~0.1 pm with an increase of temperature of 1°C. According to mathematical 
analysis, the spectral characteristics of the sensor should be insensitive to temperature 
changes. The appearance of a slight sensitivity of the spectral width to temperature may 
indicate imperfection in gluing the grating to the sample, due to which there is a difference 
between the strain of the grating in zone A and zone B of the sample. This results in 
broadening of reflective spectral characteristics. 
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Fig. 11. The results of measurements of the sensor response to temperature, obtained at a constant strain  
of 1000 µε. 

 
When measuring temperature, nonlinearity errors amounted to 1.50% and 0.01%, while 

temperature sensitivities amounted to KTλA = 4.130 x 10-12 m/K and KTλchirp = 0.097 x 10-12 
m/K for wavelength shift and broadening of reflective spectrum, respectively. Taking into 
account the sensitivities determined based on experimental measurements, creation of a new 
matrix (2) was possible. The equation contains current values of the designated parameters, 
and is now as presented below: 
 

 ⎥
⎦

⎤
⎢
⎣

⎡
Δ
Δ

×
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

×=×=
×=×=

=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

Δ
Δ

−−

−−

TmKKmK
mKKmK

chirpchirpT

AAT

chirp

A
B ε

ε
ε

λ
λ

ελλ

ελλ

/10310.0/10097.0
/10770.0/10130.4

612

612

. (15) 

 

Now making a reversal of the matrix, it is possible to determine strain and temperature – 
with the known values of the Bragg wavelength shift of the grating in zone A and the spectral 
width of the entire grating. The determinant of the matrix from (15) can be defined by means 
of the equation below: 
 chirpTAchirpAT KKKKD λελελλ −= , (16) 
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whose value is different from zero. The good conditioning of the matrix from equation (15) 
allows updating of the processing (13) to the form below: 
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Measurements of the wavelength shift and spectral width allowed an assessment of the 
sensor’s properties. The sensor was exposed to strain from 0µε to 4500µε at a constant 
temperature of 40°C and placed in a thermal chamber with temperatures varying from 23.5°C 
to 75°C, and with a constant strain of 2500µε. (17) was used to determine the values of 
change of strain and temperature and the results of the tests and calculations are presented in 
Fig. 12. 
 

 
 

Fig. 12. Comparison of the results of parallel measurements of strain and temperature with the set values. 
 

The straight lines in Fig. 12 denote the set values of strain and temperature, which 
amounted to 2500µε and 40°C respectively. When analysing Fig. 12, we can state that the 
results of indirect measurements of both measurands correspond with the values set during 
this experiment. Maximum differences between the values obtained from the direct 
measurement and the set points amounted to 110µε for strain and 3.8°C for temperature. 
 
4. Conclusions 

 
In conclusion, simultaneous measurement of strain and temperature, performed by means 

of a sensor with single uniform Bragg grating, is possible.  
The obtained processing characteristics non-linearity errors for measurements of strain and 

temperature of the proposed system amounted to 2.7% and 1.5% respectively, while 
sensitivity coefficients to strain and temperature amounted to 0.77 x 10-6 m/ε and 4.13 x 10-12 
m/K. Maximum differences between the determined and set values amounted to 110µε for 
strain and 3.8°C for temperature, for a strain of 2500 µε and a temperature of 40°C. 

The disadvantage of the laboratory-tested method of simultaneous measurement of 2 
measurands (strain and temperature) is the necessity of measuring the spectral width, which 
requires complicated systems monitoring the grating. The possibility of simultaneous 
measurement of strain and temperature, using a single FBG, improves the features of this type 
of sensor in comparison to the sensors based on several gratings or optoelectronic elements 
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that modulate the spectrum with a change of the measurand. It also enables the reduction of 
sensor element number. 

Improvement of the matrix conditions and therefore the accuracy of measurement, can be 
achieved by means of using adhesives of  higher Young’s coefficient than the epoxy adhesive 
used in the research process (E ≈ 2.5 GPa), (e.g. Sikadur-30 of Young’s modulus E ≈ 13 
GPa). 
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