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Abstract

Inverse scattering methods such as layer peeling have been shown to
reconstruct the longitudinal refractive index of fibre Bragg gratings with
very high spatial resolution. These high spatial resolution measurements can
. be used to detect strain fields and thermal variations through the strain-optic
and thermo-optic effects. However, physical constraints do not allow the
refractive index to change on scales as short as these methods are capable of
resolving. We demonstrate that this imposes a practical limitation of
resolution on sensing applications. We use finite element modelling and
compare this with experimental results. Longitudinal and transverse strains,
as well as high resolution temperature sensing are considered. We show that
the practical resolution limits are 40 pm for transverse stress sensing,

100 pm for longitudinal strain and 800 pm for thermal sensing.
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Introduction

Fibre Bragg gratings (FBGs) have been shown to be an .

effective means of passively sensing environmental changes in
strain and/or temperature. These environmental fluctuations
affect the refractive index and grating pitch of the FBG. If
the spatial extent of the applied strain or temperature field is
large compared with the length of the grating, the field can be
detected by monitoring the reflected wavelength. However, the
spatial resolution limit is determined by the length of the FBG,
which is often several millimetres at the shortest. Moreover,
if the applied strain or temperature is nonuniform across the
FBG, it can create ambiguities in the measured spectra, which
can result in inaccurate measurements. This in effect limits the
application of this type of sensors to areas of slowly-varying
strain or temperature fields.

With the recent application of inverse scattering methods,
such as the Born approximation method [1], a layer-peeling
algorithm (LPA) [2] or a genetic algorithm [3], the refractive

* This paper is the work of an agency of the US government and is not subject
to copyright. :

index changes due to environmental strain and temperature
influences are detectable on scales smaller than the FBG
length. This has been applied to measuring nonuniform strain
fields as well as highly localized strains by direct measurement
of the stress-optic or thermal-optic induced changes in the
refractive index [3-12]. These methods have been shown

to provide spatial resolutions near 10 pm, limited by the

source bandwidth, However, the practical sensing limit can be
much larger. This is limited by the elasticity and/or thermal
conductivity of the fibre and host materials.

To investigate the limitations of high resolution sensing
with FBGs we compare finite element (FE) models with
experimental results. The FE models are used to investigate
spatial extent of index perturbations due to localized strain
and temperature impulses. The results are then compared with
experimental results for validation. In particular, we examined
the FBGs response to a highly localized applied stimulus and
the half-width at half-maximum (HWHM) decay length of the
resulting edge effects to determine how the sensor will perform
in a spatially nonuniform strain field. The HWHM thus gives
an estimation of the maximum practical resolution of the
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Figure 1. High resolution sensing scenarios: (a) localized
longitudinal /axial strain from a crack or strain gradient;

(b) localized transverse strain of shear; (c) localized temperature
change or gradient.

FBG sensor. We examined three distinct cases: longitudinal
strain, transverse strain and temperature sensing, as shown in
figure 1.

“The optical fibre used for the Bragg grating measurements
is a low-doped germanosilicate single-mode fibre that is
commonly used in telecom and sensing applications. For
the physical parameters of the fibre we use n, = 1.47 as the
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refractive index in the unstressed fibre core, v = 0.17 for the
Poisson ratio and E = 7.3 x 10'° Pa for Young’s modulus [13],
which are the properties of silica glass. For the purposes of
the FE modelling, we assume that the small concentration of
germanium will not significantly affect the spatial distribution
of strain and témperature in the fibre, and we treat the entire
fibre as a uniform cylinder of pure fused silica.

The measurement system, which is based on optical
frequency-domain reflectometry (OFDR), is shown in figure 2.
This measurement was previously discussed in [11]. The
measurement interferometer is configured as a Fabry—Perot
interferometer, with the sensing FBG forming one end of the
cavity and an air/glass interface of a butt-coupling inside a
capillary forming the other end. The distance between the butt-
couple joint and the FBG is d = 18 cm, which forms a cavity
with a free spectral range of 4.5 pm. For our sensing element
we used a 1.5 cm long FBG with 11 dB peak reflectivity.

The laser’s tuning nonlinearity is corrected using an
unbalanced Mach—Zehnder reference interferometer. The
reference signal is differentially detected and used to trigger
the A/D sampling of the measurement interferometer at every
zero crossing. The path imbalance used in the reference
interferometer gives a sample spacing of about 0.5 pm, which
over-samples the measurement Fabry—Perot interferometer
signal at a rate of ten times per fringe. This signal is then
digitized with a 16 bit A/Pcard—— -~ - = -

The impulse response of the FBG is calculated from the
inverse FFT. We window the impulse response at a delay
equal to the time delay in the sensor cavity. The windowed
impulse response is then Fourier transformed to produce the
FBG’s complex reflection spectrum. The FBG’s longitudinal
refractive index as a function of position is then found from the
inverse scattering algorithm layer peeling, asin [2]. The spatial
resolution of the calculated FBG index profile is inversely
proportional to the bandwidth of the source, given by [2]

-1
ZL (_1_. - l) , 6))
no \A1 A2

dmin =

REFERENCE INTERFEROMETER

1
1
1
|
1
|
Reference t
1
1
|
1
1
1

Tunable
Laser \/_J \/ Detector 1 Zero
" " Am Iﬁier Crossing
Flbre Reference L Trigger
Polarization Coupler Detector 2
Controller H

N
FH

AR
FBG

N
—
Detector Caplllary
1
A/D TRIG
Board

Figure 2. OFDR measurement system. Measurement interferometer is a Fabry—Perot configuration. An unbalanced Mach-Zehnder
reference interferometer tracks the wavelength of the laser as it sweeps, triggering the A /D sampling in order to compensate for nonlinear
tuning. The polarization controller sets the tunable laser light to the desired polarization launch state. AR: antireflection.
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Figure 3. The quarter-symmetry geometry of the finite element
model for transverse strain simulations. Longitudinal cross section
is shown. A quarter-symmetry model was employed to minimize
computation time. Cylinder radii: r; = 125 um/2 (fibre),

r, =200 um/2 (host), ‘crack’ width: w = 10 um.

where A; and A, are the extremes of the laser’s tuning range.

Given the laser’s tuning range of 1511 nm to 1580 nm, dmm
11.8 um in air for our system.

Longitudinal strain

Longitudinal strains have two effects on the FBG’s reflected

wavelength: a physical change which causes a lengthening or

contraction of the grating’s pitch, and a photo-elastic change in
the material’s refractive index. The net effect on the refiected
wavelength is given by [5]

M) = ds((1 = e +1), @

where A(z) is the position-dependent measured wavelength,
Ap is the unperturbed Bragg wavelength, p. = 0.215 is the

effective photo-elastic constant [5] and &,(z) is the position- -

dependent longitudinal strain. High-resolution longitudinal
strain measurements have been covered in detail by [4-7], and
the resolution limits have recently been discussed in [7] to be
less than 1 mm. Therefore we include no measurements of

longitudinal strain; however, the FE models of longitudinal .

strain are included for completeness.

The FBG and surrounding host were modelled as a
uniform cylinder of fused silica that was 200 m in diameter,
with a small waist section in the middle that was 10 um wide
and had the same diameter as bare fibre (125 um), as shown
in figure 3. Host diameters larger than 200 um were tried,
but with little effect on the results. Therefore, to optimize
the computation, this smaller size was used. This geometry
focuses the applied longitudinal pressure on the waist section.
This would be a situation similar to a crack propagating
through the host material perpendicular to the FBG. The size
of the ‘crack’ was chosen to be the same as the resolution
limit of the measurement system. This choice of dimension
is somewhat arbitrary and does not significantly affect the
results since we are mainly interested in how the fibre reacts
at the edges of the localized applied strain. Additionally, the
geometry of the FE simulation was chosen to mimic a real
world situation that can be experimentally replicated. A small
axial ‘stretching’ force of 10~ N was applied to the end of the
cylinder in the simulation while the other end was rigidly held.
The small force was chosen to limit physical deformations.

The results of the FE simulations in figure 4 show a
very broad distribution of the strain, extending well beyond
the edges of the ‘crack’. The HWHM is approximately 100
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Figure 4. FE simulated longitudinal strain in the core of the
geometry in figure 3. The locations of the edges of the crack are
shown, labelled ‘edges’.

pm. These results are in agreement with the behaviour seen
in [4-T7].

Transverse strain

Transverse strains are a result of a pressure or shear force
that is perpendicular to the FBG. When a transverse force is
applied in the y-direction, the induced stress in the fibre causes
an anisotropic change in the effective refractxve mdex, Moy
given by [14] as

dn, = Ciox +Caoy

where én, and dn, are the indices in the x- and y-directions
The constants C; = —1.297 x 1076 mm? N~! and G =
~4.835 x 10~ mm? N-! are defined as the stress-optic
coefficients [14, 15]." The refractive indices in the x- and
y-directions are then given by n, = n, + 8n, and ny = ny +8ny,
with birefringence

An = 8ny — ény,. ‘ @
‘We define the transverse stress difference
An .
— 0y = 5
Ox — Oy Cl Cz )]

which is derived from equations (3) and (4).

To simulate a localized transverse strain, a uniform
cylinder with the properties of fused silica representing the
FBG was placed under a localized compressive load by a
metallic block in a FE model. A quarter-symmetry model was
used to minimize computation time. The geometry is shown
in figure 5. A simulated uniform force is applied to the top
of the metal block while the bottommost edge of the fibre
is rigidly held. Only translations in the y-direction (vertical)
were allowed; there were no rigid body rotations. The metallic
block was thus allowed to slide downwards in the y-direction,
come in contact with the fibre and apply a pressure on the
contact surface. The FE model used a variable element size;
the average element size was 0.1 pum.

The transverse stress values were computed along the axis
of the cylinder, simulating the stress in the core of the FBG
sensor. The FE stress was calculated for a 10 um wide block.
Again, the size of the simulated applied perturbation was
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Figure 5. The geometry of the finite element model used for
transverse strain simulations. A narrow (10 «m wide) metal block
locally compresses a solid cylinder of fused silica. Again, a
quarter-symmetry model is employed to minimize computation time.
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Figure 6. Results for FE simulated transverse stress (o', — o) in the

fibre from a 0.2 N load applied by a 10 um wide block. ‘Edge’

marks the location of the edge of the stress-applying block in the

simulation.

arbitrarily chosen to be the same as the fundamental resolution
limit of the layer peeling algorithm, since only the effects at
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Figure 8. OFDR measured and calculated birefringence in the core
of the FBG near the location of the localized strain created by the
metal strip for a 2 N load.

the edges of the perturbation were of interest. The results are
shown in figure 6. The induced transverse stress in the FBG
falls off gradually with a HWHM of 40 um.

Transverse loads are applied to the FBG with the fixture
shown in figure 7, as previously described in [9, 11]. With this
fixture a known compressive force of mg/2 can be applied to
the FBG in a controlled manner by placing weights on the top
of the fixture; m is the applied mass, and g is the gravitational
constant. The test FBG and a support fibre are sandwiched
between two thick polished glass plates. The support fibre
ensures that the plates are parallel so that the compressive
force is always perpendicular to the plates.

A 660 um wide aluminium strip was placed under the
FBG in the loading fixture to produce a localized transverse
stress. The FBG was measured with the OFDR system. The
birefringence, An, was then found with the LPA and a four
polarization state method, as described in [9, 11]; the results
are plotted in figure 8. Each measurement is the average of five
sequential scans of the tunable laser. As predicted by the FE,
the edges where the block makes contact with the fibre are not
sharply resolved. Rather, the stress appears to drop off with
a HWHM of approximately 30-50 wm, which correlates well
with the FE results. Further, the cause of the peaks at the edges
is most likely improper coupling between the aluminium strip
and the FBG. It appears as though the fibre is bending around

Perturbation

L,

z

Figure 7. Schematic of the transverse loading fixture. SF: support fibre, GP: glass plate, MP: metal pin, BW: brass weight, TEC:
thermoelectric cooler. Perturbation: 660 x 5000 x 50 xm? metal strip. Left: axial view. Right: side view.
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Figure 9. FE model and measurement for 80 "C (above ambient
temperature) applied point-source temperature load.

the strip, causing a higher stress at the edges and lower in the
centre. This non-uniform loading could explain the apparent
noise in the measured peak birefringence in figure 7.

Temperature sensing

External environmental thermal loads have the overall effect
of an increase in refractive index with increasing temperature
[16]). - The response to temperature has been -shown to
be approximately linear over a broad temperature range of

—200°C to 400 °C, making SiO, ideal for temperature sensing -
" applications [16, 17]. Within the 1500-1600 nm wavelength

range, the thermo-optic coefficient, dn/dT, is 1.19 x 1‘0“5
[13].

The FE simulation was used to predict the temperature
distribution from a point source of applied heat in order to
then predict how the refractive index should change with
position inside the FBG. The FBG was modelled as a uniform
cylinder of fused silica, 125 um in diameter. Allowances
were made for convective cooling of its surface in air at 22 °C,
the average room temperature at which the experiment was
performed. For the properties of fused silica, the FE model

"used thermal conductivity = 1.38 Wm~! K~!, specific heat =

703 T kg~! K~! and density = 2.203 x 10° kg m~> [18]. The
calculated equilibrium temperature values in the core of the
cylinder are shown in figure 9. The HWHM is 965 pm for
AT = 80 °C, where AT is the change in température from
ambient. For a smaller temperature change (not shown) of
AT =20 °C, the HWHM is 820 pm.

For the experimental confirmation of this prediction, a
localized thermal load was applied to the FBG by a heated
knife-edge. The blade of the knife-edge was perpendicular to
the fibre and was meant to approximate a point heat source.
The temperature of the hot knife-edge was actively monitored
and controlled to be 80 °C with a thermocouple near the tip
and a commercial temperature controller. ) ‘

The FBG was mounted suspended in air to isolate it from
heat conducting surfaces that would cause unexpected results.
The FBG was mounted with one end fixed and the other end
attached to a movable stage as shown in figure 10. Constant
tension was applied to the FBG by hanging a 20 g weight from

p)

Figure 10. FBG mounting arrangement. Fibre is placed under light
tension by a hanging weight as the hot knife-edge is applied. FS:
fixed stage, TS: translating stage, KE: knife-edge.

a string attached to the movable stage. This ensured that the
same tension was on the fibre even if the knife-edge caused
the fibre to deflect.

The knife-edge was moved into position with a
micrometre while being monitored with a microscope. We
were careful to apply the knife-edge to the FBG with the
same pressure for successive measurements so as to limit any
anomalous results caused by mechanical strain. We wanted to

achieve good physical contact between the knife-edge and the

FBG without inducing any significant mechanical strain. This
was accomplished by deflecting the FBG minimally and by the
same amount, one fibre diameter. The measurement shown in
figure 9 is the average of six sequential scans of the tunable
laser. We believe that the high frequency noise is the result
of strain from mechanical vibration due to the ﬁbre_‘.\:_b‘ein'g
suspended in air. This vibrational strain can cause random
variations in the refractive index at a rate that is faster than the
measurement time, which adds to the error signal in the OFDR
measurement. This noise is not seen-in the mechanical strain
measurements as the FBG is isolated and thermally stabilized
in the loading fixture. The standard deviation of this noise in
the measured refractive index is approximately 5 x 1075; A
very good agreement is seen between the FE predictions and
our measurements. The measured HWHM for AT = 80 °C
and for AT = 20 °C are 980 um and 860 wm, respectively.

Conclusions

‘We have shown that the actual physical limits to the spatial
resolution of FBG sensors are larger than the resolution limits
achievable by the inverse scattering algorithms. For transverse
stress the limit is around 40 pm, assuming perfect coupling
of the sensor to the host. For longitudinal strain, the limit is
100 pm; for temperature the limit is 800 wm. )

These practical limitations should be taken into account
when designing measurement systéms. Deliberately band
limiting the interferometric measurement so as to reduce the
unnecessarily high resolution will have the positive effect
of shortening the computation time of the FFT and LPA
by reducing the number of unnecessary data points. This
can easily be accomplished with OFDR systems by using
equation (1) to determine ‘the needed bandwidth, and then
tuning the laser only through this wavelength range.
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