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ABSTRACT. The readings of the Bragg grating are determined based on the
optical radiation reflected from it. A quantitative characteristic of this
radiation is the wavelength at which the maximum power of the optical signal
is achieved. This characteristic is called the central wavelength of the grating.
The central wavelength shift depends on temperature and strain. As a rule, a
linear approximation of this dependence is used. However, from the available
literature it is known that, the grating wavelength shift demonstrates a strong
nonlinear dependence on temperature at 5<T<200K and a weak quadratic
dependence close to room temperature. Thus far, the authors have not found
studies that consider all terms in the quadratic expansion of the central
wavelength of the Bragg grating as a function of temperature and strain at
near-room temperatures. Our work is intended to fill this gap. The article
describes an experiment in which an optical fiber with Bragg grating was
subjected to loading using three different weights. A step-wise temperature
change from 5 to 100 °C was realized for each weight. Based on these data, all
terms of the quadratic expansion of the desired function are determined. The
contribution of each term is estimated.
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INTRODUCTION

advantages over traditional measuring facility: optical sensors are not sensitive to electromagnetic interference, can

T he fiber Bragg gratings are used as optical temperature and strain sensors. Optical sensors have a number of

be easily create long measuring lines, allow switching of many sensors on one measuring line, have very small size
and weight, have low heat capacity, the optical line has a low thermal conductivity, line and sensor demonstrate high
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explosion resistance. Due to these advantages, optical sensors have found wide application in the monitoring of buildings,
bridges, pipelines, mines and tunnels due to their great length. Fiber optic sensors are widely used for monitoring
composite materials, as they can be embedded in the material without weakening its strength characteristics due to small
sizes of sensors and measuring line. A variety of sensing devices such as the displacement, strain, pressure, acceleration
and temperature sensors are created based on the fiber Bragg gratings. The fields of application of fiber Bragg sensors are
described in [1, 2].

The readings of the Bragg grating sensor are calculated based on the shift of the central wavelength of the grating. This
index depends on temperature and strain. Generally, it is not known, which of these factors causes the wavelength shift so
there is a measurement uncertainty. As a rule, temperature measurements are conducted at a free state of the fiber within
the grating area, when it is not subjected to external loads. In this case, the strain is known and is expressed in terms of
temperature. For strain measurements different methods are used [3]. The simplest and most reliable method is to use two
gratings: one grating is attached to the test object and the second grating is freely located near the first one [4]. In this case,
temperature sensing is provided by the second grating. Knowing the temperature and wavelength shift of the first grating
it is possible to evaluate its strain. One further implementation of this approach is based on the method, in which a Bragg
grating designed to determine temperature is attached to a metal plate with a known coefficient of thermal expansion.
Another method that implements the use of two gratings is that the gratings are fixed in the stretched and compressed
zones of the sensot, in this case the difference in wave shifts does not depend on temperature [5,6]. There are also many
techniques that do not require maintaining a special mechanical state of one of the gratings [7-13]. These methods use not
only a shift of the grating spectrum, but also a change in the shape of this spectrum or changes in the amplitudes of parts
of the spectrum.

The individual calibration of grating can be reasonably done in the following cases: temperature compensation is
performed based on the temperature measured by any means; sensor design is supposed to maintain a free state of the
fiber in the Bragg grating area; sensor design does not allow individual calibration of the sensor assembly. This is
especially true for high-precision strain gauges, the design of which involves fiber attachment by soldering or welding the
metal-coated fiber [3]. In this case, long-term stability of measurements is achieved.

As a rule, the calibration of Bragg grating sensors is carried out in the framework of a linear approximation [3, 5-15].
Although there has been experimental evidence that the temperature dependence of a shift of the central wavelength of
the grating has a strongly nonlinear character at 5<T<200 K [1,16,17]. There are also studies, which have established a
reliably measured quadratic dependence of the grating wavelength shift on temperature at -30<T<80 °C [18,19]. In [18],
an explanation of the temperature dependent non-linear behavior of the fiber Bragg grating is given based on the Ghosh
model, which relates the non-linear behavior of the refractive index of quartz glass to temperature. Note that in addition
to nonlinearity associated with temperature, there is nonlinearity due to deformation. This is shown in [18]. The authors of
this work conducted an experiment, in which the fiber was subjected to loading at constant temperature and plotted
graphs of the error of a linear approximation of the dependence of the wavelength shift on strain. As is evident from this
graph, there is a weak negative quadratic dependence. However, they did not quantify this relationship. Thus, for near-
room temperatures the present-day literature provides comprehensive information on the linear terms of the expansion of
the grating wavelength shift A as the function of strain Cj-¢ and temperature C>"AT, there ate estimates for the quadratic
expansion term Cy;AT2 However, we have not found any information on the consideration of quadratic Cs'¢? and cross
Cre’AT terms of the expansion. Our paper is intended to fill this gap.

The paper is structured as follows. Section 1 describes the principle of operation of the fiber Bragg grating and provides
substantiation of parameters used to make calibration. Section 2 describes the experimental setup. The experimental
results and the data processing algorithm are discussed in Section 3. The parameters of the full quadratic approximation
are determined in Section 4. The last Section summarizes the results obtained.

THE WORKING PRINCIPLE OF THE FIBER BRAGG GRATING

he Bragg grating is a region of an optical fiber, in which the refractive index periodically changes. The period of

this structure is called the period of the Bragg grating. A structural diagram of the grating is shown in Fig. 1. The

fiber area with applied grating reflects a narrow part of the optical radiation spectrum, which is determined by the
grating period, the stress-strain state of the fiber in the grating area, and temperature. The measurement process involves
the generation of a broadband optical signal and the registration of the reflected spectrum.
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Figure 1: Structural diagram of the Bragg grating in an optical fiber.
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The sensor indications are determined by the shift of the spectrum of the reflected optical signal. Two spectra of the
optical signal are shown in Fig. 2. Spectrum 1 corresponds to the grating in the initial state, spectrum 2 - to the deformed
state. The spectra are characterized by their central wavelengths A; and 2. The shift of the spectrum is quantified by the
change in the central wavelength AA= A,- A;.
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Figure 2: Spectra of optical signals (spectrum 1 - grating in the initial state, spectrum 2 - grating in the deformed state)

The central wavelength of the grating is determined by the expression

A=2-n(T,e)-L(¢g) ©)
where: #(1, &) is the refractive index of quartz in the grating area; T is temperature; & is the strain tensor of the fiber in the
grating area; L is the grating period; ¢ is the total strain along the fiber. Let us define the reference state of the grating,

which is characterized by zero strains, the reference state temperature Ty, and the grating period in the reference state L.
The wavelength in the reference state is defined by

Ay =2-n(1,,0)-Ly=2-n,-L, )

where: 7 is the refractive index in the reference state. The current value of the refractive index represented in increments
relative to the reference state is written as

ﬂ(T,s)=ﬂ(T0,0)+Aﬂ(T—TO,e):ﬂO+Aﬂ 3

where: Az — is the increment of the refractive index. The grating period in the actual (deformed) state is determined by the
expression

L(g)=L,-(1+¢) )

The wave length in the actual state (1), according to expressions (3) and (4) takes the following form
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A=2-(ny+An)-Ly-(1+¢)) ®)
After opening the brackets we get

A=2emy-Ly+2-ny-Lo-&+2-An-Ly-(1+¢,) (6)
The multiplication of the numerator and denominator of the summand at Az by # yields

A
A=2emy - Lo+2:m, - Ly-& +2n,-Ly-(1+6,)-— %

”0

The undetrlined expressions according to (2) are the central wavelengths of the grating in the reference state

/1=/10+Zﬂ~g,+ﬂﬂ-(l+g,)-& 8)

Ty
Using simple arithmetic operations, expression (8) is transformed to

A4 =g/+(1+g,)-% )

A 7y

The resulting expression determines the relative change in the wavelength. From this expression we can draw an
important conclusion that the relative change in the wavelength is independent of the grating period in the reference
configuration L. The refractive index increment depends on the strain and temperature An=An(1-Ty,e), so that

A A =5,+(1+5,)-M=f(T—To,e,no) (10)

Ay 7y
The expression f{1-1y,g 1) depends on the temperature, strain and refractive index of the optical fiber in the reference
configuration np=n(1y,0). Under the same conditions of determining the reference configuration e=0 and T=Ty, for the
same type of optical fiber and the same technology of applying the grating on the fiber, the quantity 7 will be a constant.
It follows from the above that

/1_—/?02 T-T, e 11
7 S(T=T,e) (11)

Under the described conditions, dependence (11) will be valid for gratings with different periods. In the case when the
side surface of the fiber in the region of the Bragg grating is free (not stressed), the radial and circumferential
deformations of the fiber depend only on temperature and deformation along the fiber. Under these conditions, the
remaining components of the strain tensor € are equal to zero. Therefore, (11) takes the form

=TT 12

In the quadratic approximation function f{1-Ty,e)) is written as
2 2
ST =T,6)=C-&+Cy-(T=T))+Cy-6; +C,-(T-T,) +Cs-¢,-(IT' - T;) (13)

In what follows, we will describe the experiments that allow us to determine the parameters of this expansion.

564



¢
f'ro‘
s L. Shardakov et alii, Frattura ed Integrita Strutturale, 62 (2022) 561-572; DOI: 10.3221/I1GF-ESIS.62.38

DESCRIPTION OF EXPERIMENTAL SETUP

nichrome wire 6 is evenly wound to provide its heating and maintain the prescribed temperature. Air inside the

vessel is stirred to ensure the uniform temperature distribution. In the process of stirring, the air is drawn in by the
turbine 3 in the lower part of the vessel, and then it moves through the aluminum tube 7 into the chamber in the upper
part of the vessel 8. After that, the air returns to the working area of the vessel through the perforated plate. From above
the vessel is plugged with seal 9, which does not allow the air from the environment to get into the vessel. From below it
is protected by insulating pad 2 to reduce a heat flux through the bottom. Inside the vessel there is an optical fiber with a
Bragg grating 11. Fiber is loaded with a set of weights 4. Attachment to the fiber is by means of grip 5. Through the
distributing plate 13 the fiber is clamped between rubber pads 14. Compressive force is produced by elastic clamp 12. To
reduce the compressive force in the clamp 12 to a level that ensures no damage to the fiber, a ring element is provided in
the grip 5. This reduction in clamping force is achieved due to the frictional forces generated by winding the fiber around
the annular part. Changing the amount of winding makes it easy to adjust the axial force in the fiber with a constant
compressive force in the clamp12. The temperature sensor 10 is brought to the fiber in the region of the Bragg grating 11
at a distance of 1-2 mm. To minimize the influence of the environment, during the experiment the vessel is placed inside a
cube made of 50 mm thick foam plastic.

T he photograph of the experimental setup is shown in Fig.3 It consists of a glass cylindrical vessel 1, on which a

Figure 3: Experimental setup.

Power supply to the heating wire is regulated with a microcontroller and an external circuit on a field-effect transistor. The
microcontroller is controlled by a computer, which measures temperature. A special computer program was developed to
implement the PID regulation algorithm, which maintains the prescribed temperature inside the vessel and operates the
step-wise temperature loading,.

The generation of a broadband optical signal and recording of the spectra reflected from the Bragg grating were
accomplished using the ASTRO A322 interrogator manufactured by FiberSensing. The Bragg grating is fabricated in a
single-mode fiber of the SM1500(9-125)P series. The initial grating wavelength is 1525 nm Temperature registration is
performed using the B57861-S 103-F40 thermistor manufactured by EPCOS. The thermistor resistance is measured with
a 24-bit Leonardo 2 ADC and a GSPF-052 generator manufactured by Rudnev-Shilyaev producer. Synchronization of
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temperature measurements and spectra of the Bragg grating is provided automatically using a specially developed program
in the Delphi language. The temperature sensor is calibrated with TL-4 mercury thermometers, which have two
temperatute scales of 0-50 and 50-100 °C. The division value of thermometers and, as a result, the calibration accuracy is
0.1 degrees.

EXPERIMENT PROCEDURE AND DATA PROCESSING

9C with an increment of 5 °C. The temperature in the thermal chamber is set in steps with an exposure time of 15

minutes per step. In the area of the Bragg grating, the insulation was removed from the fiber to eliminate the
influence of the polymer shell. The weight sets the elastic deformation & in the grating region, which does not change
with temperature. We performed a set of experiments with three different weights (#2,=29.040g, 7,=109.975g,
7m3=216.431g), which allowed us to determine all parameters of the quadratic approximation. The strains &, corresponding
to these weights were 321ue, 1216pe, 2395u¢, respectively.
Evolution of the temperature and the corresponding change in the central wavelength of the grating at several stages of
temperature loading are shown in Fig. 4.

T he experiment includes two operations: hanging of weights an optical fiber and setting temperature from 5 to 100
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Figure 4: Evolution of temperature (a) and Bragg grating wavelength (b) as a function of time.

At each step, the readings were averaged over two minutes. The averaged values were used to plot the grating wavelength
versus temperature (Fig. 5) at different initial strains .
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Figure 5: Dependence of the grating wavelength on temperature at different initial strains &.

Quite often, the central wavelength of the Bragg grating is determined from the maximum of the spectrum. However, this
approach does not provide stable results. This is illustrated by the spectrum graphs (Fig. 6a) obtained from 4 consecutive
measurements at constant temperature and strain. It can be seen from these plots that the wavelength at which the
maximum value is reached may differ from one measurement to the next. To overcome this difficulty, an algorithm is
proposed that determines the value of the central wavelength as the wavelength corresponding to the centre of mass of a
figure bounded by points A, B, C (fig.6b). Point B corresponds to the maximum of the spectrum, and points A and C are
closest to B, where value 20 dB below the maximum is achieved.
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Figure 6: The shapes of the spectral maxima for four consecutive measurements at constant temperature and deformation (a), the
search algorithm for the central wavelength of the Bragg grating (b).

The developed algorithm can significantly reduce the processed data scattering and increase the sensitivity of the
measuring system. This is clearly seen in Fig. 7, which shows the evolution of the central wavelengths determined by
means of direct registration of the spectrum maximum (Fig. 7a) and calculation of the centre of mass (Fig. 7b). According
to these graphs, the developed algorithm reduces the scatter of the processed data by a factor of 10. It should be noted
that the developed algorithm and time averaging over an interval of 1 minute (60 measurements) allowed us to obtain the
wavelength sensitivity of =0.1pz.
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Figure 7: Wavelengths calculated with the use of the algorithms based on spectrum maximum (a) and centre of mass (b).

DETERMINATION OF PARAMETERS OF QUADRATIC APPROXIMATION
he approximation of the function describing the relative wavelength change is expressed as follows
FAT,e)=C,-6+C,-AT+C, - +C,-AT* +C, -&-AT (14)

where AT=T-Tj. Here, unlike Eqn. (13), the lower index of ¢ is omitted. The longitudinal strain ¢ of a fiber stretched by
applying a weight of mass 7 under conditions of variable temperature is given as

e=¢g,+a-AT (15)

where: ¢ is the strain of the fiber due to the applied weight; o — is the coefficient of linear expansion of quartz equal to
0.54-10-6 1/°C. The deformation & is determined using the expressions

- D?
4

(90 :ﬁ, O-/ :u’j‘:
E S

(16)
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where: o;is the stress along the fiber; E is Young's module of quattz equal to 72.3:10° Pa;  is the mass of the weight; g is
the acceleration of gravity equal to 9.81 m/s% D is the diameter of the fiber equaling to 125 pm; S is the fiber cross-
sectional area.

Based on the results of experiments, three tabular dependencies were obtained

(AT/, 47) a7

where: / determines the belonging to the corresponding weight and varies from 1 to 3; 7 indicates the belonging to a given
temperature and varies from 1 to 20. Using expression (15), we can calculate the strains corresponding to weights 7 and
temperatures 7.

g/ =gl +a AT/ (18)

Using the least squares method, we perform series expansion of the dependence of the central wavelength on deformation
and temperature.

MAT,e)=q,+q,-€+q, AT +q;,-&" +q, - AT* + ¢, -£-AT (19)

To this end we introduce the following row vectors

1=[1 .. 1]
8:[511 . EN & . &l & . 83\]
20
AT=[AT} .. ATy AT} .. AT AT} . ATY] 0

N A

where 1 is the unit row vector of size 3-N; N is the number of points of temperature loading, which is equal to 20. The
introduced vectors are used to generate a matrix of the following form

1
e

AT
M= 1)
gog

AT o AT
go AT |

where: ° is the component product. According to least squares method, the system of linear algebraic equations with

respect to the approximation parameters of expression (19) is represented as
(M-M")-q=(M-2") 22)

where: - is the scalar product; T is the transposition operator; q is the column vector of the approximation parameters. The
approximation parameter ¢; is equal to the central wavelength of the grating in the reference configuration (AT=0,e=0)

A =4 (23)

To calculate the relative change in the wavelength using expression (19), we must subtract 49 from it and divide it by Aq.
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Comparing expressions (14) and (24) we obtain the coefficients of required expansion (14)

C1:ﬁ,C2:q_2aC3:2aC4:q_4aC5:q_5 (25)
90 90 9o 9o 9o

They have the following values:
C,=0.782,C,=5.66-10°,C, =-2.49,C, =7.03-10", C; =—6.31-10" (26)

Let us consider the expansion error (14) with respect to the initial experimental data (17), (18). It is determined by
expression (27).

5/ :/VT_%—f(AT/,g/) 27)

Graphs of the approximation error (27) are shown in Fig. 8. These graphs correspond to three weights /=1,2,3, which set
the initial deformation e= 321xe, 1216p¢, 2395p¢.
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Figure 8:Approximation error for three levels of initial strain and temperature variations from 5 to 100 °C

The graph shows that for strains changing from 0 to 2400xs and temperature changing from 5 to 100 °C the maximum
error of approximation of the relative wavelength is dy»= 12:10¢. This value corresponds to the error of strain of
~*2.5ue. Four fragments in Fig. 9 show how the approximation error changes depending on temperature and
deformation when various terms are excluded from the expression (14). These graphs clearly demonstrate the
contribution of each non-linear term. Fig. 9a shows the error, which occurs when the term Cs&? (C5=0) is excluded from
the expansion. In this case, the maximum error value was dum= -18-10¢. Figs. 9b and 9c show the graphs of
approximation error due to removal of terms CyA'T? and CsAT-¢, and Fig. 9d corresponds to the situation when all non-
linear terms Cs¢?, CrAT? CyAT-e are excluded. Based on these graphs, the following conclusions can be drawn. The
largest approximation error occurs due to removal of the non-linear term CyA'T? (Fig. 9b). The maximum error value in
this case is equal to Ju.— 46:10-¢. Nonlinear terms enter the expansion with different signs and partially compensate each
other. Compared to the approximation error (Fig. 8), the contribution of the non-linear terms shown in Fig. 9 is
substantial.

The contribution of each term of expansion (14) at temperature AT=100 °C and strain e=2500p¢ is evaluated as

(19554566 —15+70—15)-10 28)
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The contributions of the summands with respect to the first term of the expansion are expressed in percentages as (29).
The parentheses indicate the belonging to the corresponding term of the expansion.

100%(¢&), 29%(AT), —0.8%(82), 3.6%(AT2), —0.8%(e-AT) (29)
- 106 C5=0, Opp=-1810° - 1075 C=0, u=4610"°
2 T T T T o] T T T T
: ! —&=321 pe | €321 [ ' > A
0F /—\’/ ———,=1216 e [ 4 ~€,=1216 ps
e R 0=2395 pe 3H E-2395 el < dimimiss il smeis e AHERIEN
S =T =T e ] .
S ] < 2f ; : / ]
1 1 1F / 4
7157 : : E| - e _"'_7—j——* /_’)/ i
| ' O = I
20 1 1 | L ) L | | |
0 20 40 60 80 100 0 20 40 60 80 100
T, °C T, °C
a) b)
= e -6 - i — — -6
5 X ]_Q_() i C;—Q, am;u_'lll ‘10 i x 1(')'5 C“3705 C47(I)3 65703 §Im:1x742'-’10I
: 4| ——&=321 pe :
L. e 4 F . —&=1216 e |
0 e = €,=2395 ps |
s 2F L | 4
e 9 : K s e~ e L '
——€,=321 pe I |
Qo | ——€=1216pe|- 4 - - - oo oo Tm0 o] e Pt e ' S
€,=2395 pe ; :
15 | I | | = | - | 1
0 20 40 60 80 100 0 20 40 60 80 100
T, °C T, °C
9 d)
Figure 9: Graphs of approximation errors for three strain levels at different numbers of expansion terms
CONCLUSIONS

everal important conclusions follow from the analysis of the obtained ratio 14.

When using sensors based on the Bragg grating to measure strain, it is necessary to take into account not only the

accuracy of estimating the shift of the grating wavelength, but also the accuracy of temperature measurement. If the
temperature is measured roughly, and the shift of the grating wavelength is estimated very accurately, then the accuracy of
determining the deformation will be determined by the accuracy of the temperature measurement. To ensure the strain
measurement accuracy of T1pe, the temperature measurement accuracy should be no worse than +0.1°C.
Comparison of the contributions of individual terms given in relation (28) makes it possible to estimate which terms of
expansion (14) must be taken into account to ensure the required accuracy of the measuring system. So, if the allowable
error in strain measurement is 5% or more, only linear terms can be taken into account in expansion (14). To ensure the
accuracy of the measuring system of 1% or better, it is necessary to take into account the quadratic terms of the
expansion.
The reliability of the obtained results can be demonstrated by comparing them with the data presented in [16]:
C1=0.782(0.8006), C>=5.66-10(5.77-10), C;=7.03-10-9(8.02-10-). Here the values of the coefficients (20) are given, and in
parentheses are the corresponding values taken from [106].
The obtained individual calibration dependence of the Bragg grating in the form of relation (14) makes it possible to
evaluate how the sensor readings depend on the features of its design. In the process of creating and debugging a Bragg
grating sensor, it is quite difficult to determine how the sensor readings depend on the method of fiber attachment.
Having an individual calibration dependence for a particular grating, it is possible to reliably identify the contribution to
the sensor readings due to fiber attachment, and take appropriate measures to reduce this value. This is especially true
when creating high-precision measuring systems that provide an accuracy of 0.1% or better.
The construction of a quadratic approximation for the calibration dependence of the grating requires careful control of
the parameters of the reference configuration (temperature Ty and external mechanical stresses of the fiber, which must be
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zero). To do this, it is proposed to carry out a series of successive loadings of the fiber placed in a thermostat. Loading is
performed by successive suspension of weights on the fiber, which ensures the straightness of the fiber. Then the
dependence of the grating wavelength on the load value is constructed. Approximation of this dependence to the zero
value of the load makes it possible to obtain the value Agp. The calibration dependence obtained in this way is universal
when using the same reference configuration, the same type of optical fiber, and the same technology for applying the
grating to the fiber.

The accuracy of determining the central wavelength with the aid of modern interrogators is 1 pm. This corresponds to a
strain of =0.8xe. Therefore, to ensure the full-scale realization of capabilities of modern interrogators, one should use a
quadratic approximation taking into account all terms of the expansion.
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