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A Method for Determining the Position of FBG Sensors Accurately
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b Structural Integrity and Composites group, Faculty of Aerospace Engineering, Delft University of
Technology, Delft, 2629 HS, The Netherlands

ABSTRACT

Fibre Bragg grating sensors have gained a lot of attention in damage detection and strain measurement applications in
the past few decades. These applications include matrix crack detection and delamination tip monitoring in composite
structures, crack detection in concrete and civil engineering structures and etc. The damage localisation accuracy of such
methods, directly depends on precise knowledge on the position of the FBG sensor. However, this information is not
commonly provided by manufacturing companies with such accuracy. In this paper, we propose a novel approach to
accurately determine the position of an FBG sensor with a low complexity setup. The proposed method offers an accuracy
of below 10 pm, and can consequently increase the spatial resolution of damage detection methods.

Keywords: Accuracy, FBG, Fibre Bragg grating, Fibre optic sensors, Structural health monitoring

1. INTRODUCTION

Fibre Bragg grating (FBG) sensors are typically used in point strain and temperature measurement applications."? In
recent years, the application of FBG sensors in damage detection of a variety of materials and structures has gained a lot of
attention as well.>> Due to the small diameter and low weight of these sensors, they can be embedded between the layers
of composite structures, and provide useful information about the structural integrity of the internal layers of the composite
material.®

In all the above mentioned applications, it is essential to know the precise position of the FBG sensor along the optical
fibre, so that it provides useful data for engineering models of structural integrity. For instance, using the FBG sensors
in the detection of barely visible matrix cracks in composites,> or monitoring the growth and progress of delaminated
composite layers, the knowledge of the precise location of the cracks or the delamination tip* can be very useful in studying
the fatigue and stress behaviour of composites. The accuracy of damage localisation and progression in these applications
directly depends on having a precise knowledge of the exact position of the FBG sensor. However, when the FBG is
received from the manufacturer, there is usually ambiguity in the exact position of the FBG, as the sensor markings only
indicate the approximate position of the sensor. For some manufacturing methods (e.g. strip and recoat method), it is
possible to achieve higher accuracies using more precise translation stages, but the production costs increase significantly.

In this paper, we will present a method for the localisation of the exact position of the FBG with a high accuracy.
This method is non-invasive and can be utilised at very low complexity, its labour intensity is minimal, and it does not
risk the health and the integrity of the optical fibre. The most common alternative to this approach is using a rolling pin
over the FBG length, and observe the changes in the reflection spectrum, marking the starting point and ending point of
observing changes in the reflection spectrum. However, this method is labour intensive, and its accuracy could be low,
since for approximately the first 1 mm of the sensor length, the changes in the reflection spectrum are negligible, and might
be confused with different noise sources. Our method is based on mechanically exciting two arbitrary points along the
FBG length, and analysing the side-lobes of the FBG reflection spectrum under that momentary stress. For this purpose,
we will use the closed form representation of the reflection spectrum that is derived from the approximated transfer matrix
method.”
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2. PROBLEM FORMULATION

When an FBG sensor experiences a non-uniform strain field (or grating structures), its reflection spectrum can be calculated
using numerical methods such as the transfer matrix model.> In such cases, it is assumed that the length L of the FBG
sensor is divided into M piece-wise uniform segments, each undergoing a uniform strain field. In,” we showed that under
non-uniform strain fields, the reflection spectrum R of the FBG sensor can be approximated as

M . . 2
—j(M=2i+l)a+ 3 ar— > «
R(a) = Z ki Azsinc(a — a;)e ( s k) ) (1)
i=1

in which the x;’s are the coupling coefficients between the forward and backward electric waves, and « and «; are given
by
- 27TneffAZ d - 27TneffAZ
o = f an o = T,
respectively. Here, A is the wavelength region under interrogation, \; is the local Bragg wavelength of the i’th segment,
and n.g is the effective mode index of the core. In our previous work® we showed that there is a linear relationship between
the active gauge length of the FBG (even under extremely non-uniform stress fields) and the maximum harmonic frequency
of (1). We used this to accurately calculate the active gauge length of the FBG sensor. By rearranging the terms in (1), we
showed that the complex reflection spectrum can be presented as’
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In this paper, we will focus on the ¢; = & — & 41 terms given in (3). As shown in,” when there is a smooth stress field
over the length of the FBG, the values of (; will be negligible, and the first summation term in (3) can be neglected. On
the other hand, if there is a drastic change in the stress or grating distribution at a certain segment of the FBG model, the
values of (; at that particular segment will not be negligible anymore. In this work, we will exploit this principle in order
to determine the position of the FBG sensor. We put stress at arbitrary (controlled) points along the FBG length, which
results in large (; values at the excited segments. As seen from (3), large values of (; result in powerful harmonics at the
angular frequency w = M — 2¢ in the complex reflection spectrum. The frequency of such an harmonic is thus directly
related to the point of excitation. By finding the precise position of the excitations along the FBG length, the exact position
of the sensor can be derived as well. Since in most applications only the amplitude of the reflection spectrum is available,
we first need to expand (3). For that purpose, suppose there is only one mechanical excitation at segment ¢ of the FBG
model (which means large values for (; at 7 = t). We then get

R(a)=|r(a)[? zkf |Gi* + 2Re[¢i (3] cos ((2M — 2t)a+
0,—Ma)—2 Re[CtZC:fl] cos ((2t)a — ; — Ma) + R, + Ry, 6)
where
Ry~ |&1* + [€n]* — 2Re[€1€],] cos(2M (a — @) ©6)

refers to the reflection spectrum under a smooth strain field, and R, is the summation of all remaining terms from the
expansion (with lower amplitudes than the other terms in (5)).® Note that the information regarding the length of the sensor
is in Ry, as the oscillating term in R is cos(2m2M Aznes(1/A — 1/X)), which linearly depends on L = M Az. In fact,
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this term has the highest oscillation frequency among all the harmonics presented in (5), with a value of fi.x = 2Lneg,
from which the exact length of the sensor can be retrieved.®

As seen from (5), for a single excitation of the FBG at segment ¢, two new harmonics will emerge in the reflection
spectrum with angular frequencies w = 2M — 2t and one at w = 2¢. This means that with a single excitation, one cannot
determine the exact location of the excitation, as there will be a reflection line of symmetry ambiguity in localising the
excitation. In other words, exciting the sensor at segment ¢ results in the same harmonics as exciting it at segment M — .

In order to overcome this ambiguity, we propose exciting the FBG length at two (or more) locations, and at different
time instances, wherein the distance between the excitations is fixed and known. Assume the first excitation is applied at
an arbitrary segment, and by inspection of the Fourier transform of the reflection spectrum, we see that the newly generated
harmonics have angular frequencies at w = 2t and w = 2M — 2¢. With this single excitation, we can deduce that the sensor
was stressed either at segment ¢, or at segment M —t. Now, another excitation is applied over the sensor at a known distance
of | segments from the first excitation. If the second set of new harmonics are at w = 2(¢t + 1) and w = 2M — 2(¢t + 1),
it means that the first excitation was at the ¢’th segment. Otherwise, if we see new harmonics at w = 2(M — ¢t + [) and
w = 2(t — 1), it means that the first excitation was at the (M — t)’th segment. The ambiguity of the excitation point is thus
resolved. Moreover, the exact length of the sensor can be retrieved using the method presented in,® which determines the
overall number of segments M in the FBG model. With the knowledge of the accurate length of the sensor, and the exact
excitation segment, the precise start and end point of the sensor can be determined.

The accuracy of this method depends on the width of the excitation, and the narrower the width of the excitation (or
the finer the FBG segmentation), the more accurate the localisation accuracy. As a practical example, using small diameter
Tungsten wires, excitation points with a width of 10 um can be implemented, using which, a localisation accuracy of
10 um can be achieved. Moreover, by increasing the number of measurements, and averaging the results, the accuracy of
the method can be further improved.

3. IMPLEMENTATION

There are several ways to induce the aforementioned local excitations along the FBG length. It can be purely mechanical,
using piezo-electric actuators,’ or by locally heating the FBG sensor. In this paper, we chose the latter option, as it is more
easily controllable (in terms of the setup itself, and the width of the excitation). The difference between the mechanical
and the thermal excitation is that in the thermal option, the thermo-optic effect is much more dominant than the thermal
expansion effect. In fact, the contribution of the thermal expansion to the overall local phase shift has been shown to be
around 10% of that of the thermo-optic effects.!® In such a case, the main effect of locally heating the FBG at segment
t is that the effective mode index of the core at that particular segment increases, since Aneg, = aAT, where a is the
thermo-optic coefficient. A qualitative assessment (which is sufficient for the current study) suggests that

Aner, T = Aay T = AL T = AGT. @)

It is noteworthy that by mechanically exciting segment ¢ of the FBG, the same effect as (7) will be induced, except the
origin of the change will be from the local expansion of the FBG at segment ¢ or A)\;. With that, our suggested setup for
determining the precise position of an FBG sensor is shown in Fig. 1.

In this setup, the Kanthal wires had a diameter of 300 um, and we passed around 1 A of current through each of them to
heat them up for short periods of time, resulting in temperature changes of around 250 °C. The FBG used in this study was
a partially apodized DTG type sensor from FBGS company, with a Bragg wavelength of 1550 nm and a nominal length of
8 mm. The PXIe-4844 interrogation unit has a wavelength accuracy of 4 pm, and a dynamic range of 40 dB. The objective
of this experiment is to determine lengths d; and ds, shown in Fig. 1. Also note that by design dy ~ d; + 1 mm. Since
the relative location of the two Kanthal wires are already known, the starting point of the sensor, depicted by “ref” in the
figure, can be determined.

In order to analyse the reflection spectrum side-lobes given in (5), we apply a Hann window on the reflection spectrum,
starting at the centre of mass of the reflection spectrum, given by

_ [LAR()A

Ap = ATV
Be = T R(VAN
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Figure 1: The setup used for determination of the position of the FBG sensor. The manual switch determines which of the
two Kanthal wires, denoted by wire 1 and wire 2, will be connected to the power supply. “ref” denotes the starting point of
the sensor, and d; and ds are the distances of wire 1 and wire 2 from the “ref” point, respectively.
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Figure 2: (a): Reflection spectrum from a healthy FBG, along with the reflection spectra of the same sensor when wire 1
and wire 2 were heated. (b): The associated Fourier transform of the windowed side-lobes.

where ) is the wavelength region under investigation. The upper bound was chosen by setting a threshold on the amplitude
of the reflection spectrum, and truncating the spectrum outside this interval. Fig. 2a shows the reflection spectra of the
sample DTG sensor in Fig. 1, in three different time instances associated with the unstressed sensor, and with heating of
the two Kanthal wires. Applying the Hann window on the reflection spectrum, and taking the Fourier transform of the
side-lobes results in the graphs of Fig. 2b. Note that in Fig. 2b, the X’ axis is scaled by a factor of Az, and thus, the
retrieved distances will be in "'mm’ rather than segment numbers.

It can be seen from Fig. 2b that the retrieved length of the sensor in this example is L = finax/(2ne) = 7.8892
mm.® In the first instance of locally heating the FBG via wire 1, the emerging harmonics are at f; = 0.005336 m and
f1 = 0.0177 m. Note the symmetry of the location of the new harmonics with respect to the central frequency in the
Fourier domain at f. = fuax/2 = 0.0114 m. From this first measurement, it can be deducted that wire 1 is either at
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dy = f1/(2ner) = 1.8439 mm or at d} = f]/(2n.g) = 6.1165 mm distance from the reference point “ref”. By inspection
of the FBG reflection spectrum when locally heated via wire 2, the retrieved distance of wire 2 from the reference point is
either do = fao/(2negr) = 2.8094 mm or dy, = f1/(2n) = 5.0901 mm. Based on these two measurements, and taking
into account the fact that do =~ d; + 1 mm, it can be concluded that d; = 1.8439 mm and dy = 2.8094 mm, and the precise
location of the “ref” point (start point of the sensor) is determined to be at a distance of d; from wire 1.

4. CONCLUSIONS AND DISCUSSIONS

In this study, we showed that using two sets of measurements in a controlled setup of locally exciting arbitrary points of an
FBG sensor, the precise position of the FBG can be retrieved. Such accurate information is beneficial in damage detection
type applications of FBG sensors, to provide information about the location of the damage (matrix cracks of delamination
tip) with a high spatial resolution. Our method can also be used for accurate marking of the sensor position on optical
fibres during their production as well. Furthermore, by altering the setup to simultaneous excitations of the two Kanthal
wires at different distances from each other, our method can work for fully apodized FBG sensors as well.
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