Quantum Electronics 51 (12) 1113—-1117 (2021)

©2021 Kvantovaya Elektronika and IOP Publishing Limited

https://doi.org/10.1070/QEL17663

Correlation between optical fibre diameter and characteristics of tilted

fibre Bragg grating-assisted sensors

K.A. Tomyshev, E.I. Dolzhenko, O.V. Butov

Abstract. We report the results of a study on the influence of the
fibre cladding diameter on the accuracy and resolution of tilted fibre
Bragg grating-assisted refractometers. Tilted fibre Bragg gratings
are an essential element used to develop high-precision fibre sensors
for environmental monitoring. Comparative research was performed
using one of comprehensive processing algorithms employing spec-
tral envelope analysis. It was shown that the sensor accuracy
decreases with decreasign fibre cladding diameter. At the same time,
an increase in the diameter deteriorates the spectral pattern contrast,
thus impeding the development of high-efficiency sensor elements.

Keywords: tilted fibre Bragg gratings, fibre sensors, signal process-
ing.

1. Introduction

Great amounts of information are being produced and pro-
cessed in the modern world. They determine the performance
of literally all spheres of life, be it an industrial work, or a
medical laboratory, or a residential apartment. The higher the
quality of this information, the higher the prediction accuracy
and the more efficient the control. New high-precision sen-
sors are being constantly developed to improve the data col-
lection efficiency.

The development of fibre optic sensors is a relatively
young independent direction in modern sensorics. A majority
of fibre sensors have a number of fundamental advantages in
comparison with classical electronic sensors; these advanta-
ges include noise immunity, high sensitivity and resolution,
and a wide dynamic range [1-4]. A separate group of fibre
sensors are the ones with the main sensing element in the form
of a fibre Bragg grating (FBG). This grating is a structure
with a periodically modulated refractive index, formed in the
fibre core (the so-called grooves). A specific feature of this
structure is its ability to reflect light only at a certain (Bragg)
wavelength, which depends on the grating period and refrac-
tive index of the fibre material. Many various FBG-based
sensors have been developed or are under development; they
include sensors of temperature, strain, pressure, acceleration,
etc. [5—10], which can work, in particular, under difficult
operating conditions [11-14].
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Note that the application range of sensors based on classi-
cal FBGs is limited by their sensitivity to only the changes
occurring directly in the fibre, be it a change in temperature or
a mechanical deformation. However, some problems call for
measuring and monitoring environmental parameters, such
as composition, refractive index, humidity of a surrounding
medium, and presence of chemical or biological impurities in
it. In this case the optical signal from a fibre sensor should
interact (directly or indirectly) with the environment, which is
provided by changing the optical fibre geometry [15,16] or
using cladding modes, which contact the external medium
adjacent to the fibre surface [17, 18]. One of the ways to pro-
vide this interaction is to form tilted fibre Bragg gratings
(TFBGs), that is, gratings in which the groove plane is tilted
with respect to the fibre cross section [19-22]. A TFBG par-
tially scatters the fibre-guided radiation into the fibre clad-
ding to form cladding modes. A characteristic transmission
spectrum of a tilted grating is a sequence of peaks and dips,
where each extremum corresponds to certain cladding
modes. In turn, the parameters of these modes depend on the
refractive index of the sensor environment, due to which
TFBGs can be used to measure environmental parameters
[23] (Fig. 1). A characteristic parameter reflecting the sensor
response to a change in the refractive index of the environ-
ment is the so-called cutoff wavelength. Cladding mode leak-
age is observed at wavelengths smaller than the cutoff wave-
length; this process manifests itself in the TFBG transmission
spectrum.

TFBG-based fibre sensors are being actively develo-
ped and investigated as applied to many problems, including
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Figure 1. TFBG transmission spectra for liquids with different refrac-
tive indices (compositions).
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the measurement of the environmental refractive index,
atmospheric humidity, and determination of the presence
of various impurities in fluids and gaseous atmospheres
[20-22,24-29]. High resolution of TFBG-based sensors, as
well as their compactness and integrability into microfluidic
systems, make them promising for application in biology and
medical diagnostics [30—33]. Note that the specific features of
the transmission spectrum of these sensors hinder exact and
unambiguous interpretation of their readings. Therefore, an
important task is to develop methods and algorithms for pro-
cessing signals from TFBG-based sensors, which affects dire-
ctly the measurement accuracy. To date, different methods
have been described in the literature, which are based on mea-
suring the amplitude and/or wavelength of individual spectral
extrema or their groups [34,35], plotting and analysing spec-
tral envelopes [23,36,37], and studying their Fourier trans-
forms [38].

The TFBG transmission spectrum is formed with allow-
ance for the fibre physical parameters. For example, the rep-
etition rate of the extrema corresponding to the coupling
of cladding modes with the core mode depends directly on
the cladding diameter. In addition, the latter may affect the
contrast of a TFBG spectral pattern, that is, the depth and
shape of spectral minima and maxima. In turn, the accur-
acy of signal processing methods is directly related to the
specific features of the grating transmission spectrum. The
issue about the relationship between the fibre cladding diam-
eter and the TFBG-based sensor parameters was of interest
for researchers earlier as well [39—-44]. For example, Chen et
al. [39] performed a comparative analysis of the sensitivity
of TFBGs inscribed in fibres of different diameters to varia-
tions in temperature and mechanical extension. The problem
of change in the cladding-mode excitation efficiency for
TFBGs with small tilt angles (2° and 5°) during chemical etch-
ing of fibre cladding, with allowance for different refractive
indices of the environment, was investigated in [40]. In [41],
where a TFBG was inscribed, in contrast, at a large angle
(81°), it was shown that the sensor sensitivity (determined
from the shift of an individual spectral minimum) increases
with a decrease in the fibre cladding diameter. The changes in
the spectra of gratings inscribed in multimode fibres, caused
by decreasing the cladding diameter, were studied in [42]. Tt
was also demonstrated in [43,44] that the spectral shift of
individual extrema in the TFBG spectrum of fibres with a
thinner cladding increases, thus improving the sensitivity of
these sensors.

In this study we dwell on this issue again, because (with
allowance for the new data processing methods based on the
complex analysis of spectral pattern) the influence of fibre
cladding diameter on the sensor resolution may be rather sig-
nificant. The high accuracy and resolution provided by the
new spectra processing methods impose specific requirements
on the quality and content of the spectral pattern and the
TFBG properties. As a consequence, the influence of the fibre
diameter may be diametrically opposite to that observed
when tracing changes in an individual spectral peak (the
approach applied, for example, in [43,44]).

2. Experimental

When studying the parameters of TFBG sensors with differ-
ent cladding diameters, an experimental grating sample was
inscribed in the core of a standard telecommunication fibre

SMF-28e. The inscription was performed by exposing the lat-
eral fibre surface to an excimer ArF laser through a phase
mask with a period of 1088 nm. The phase mask period was
chosen from an available set of wavelengths, proceeding from
the convenience of analysing the TFBG spectrum, the main
part of which overlapped the emission wavelength range of
the superluminescent source used to scan the grating spec-
trum (1500—1570 nm). The fibre was installed (jointly with
the mask) at an angle of 17° to the laser beam wavefront.
With allowance for the refractive index of the fibre material,
the grating grooves were oriented at an angle of 11.6° to the
fibre cross section. The groove tilt angle affects also the shape
of the transmission spectrum of a TFBG and the operating
range of the refractive index sensor based on it. The choice of
angle in our experiments was determined by the necessity of
observing the clearly distinguishable cutoff effect in the grat-
ing transmission spectrum in the entire range of the refractive
indices of the solutions used in experiments. To increase the
grating inscribing efficiency, the fibre was preliminarily loa-
ded with hydrogen at a pressure of 100 atm and a temperature
of 100°C for 24 h [30].

To estimate the sensitivity and measurement accuracy of a
sensor, the latter was immersed in aqueous solutions of iso-
propyl alcohol, whose volume concentration changed from 0
(pure water) to 100% (pure alcohol); the corresponding app-
roximate range of variation in the refractive index was from
1.32 to 1.36. For convenience of comparative analysis, the
sensor sensitivity was determined in our study as the shift of
the cutoff wavelength with an increase in the volume concen-
tration of isopropyl alcohol solution (in nm %), It is conve-
nient to use isopropyl alcohol solution as a model liquid,
because it is free of processes that can distort experimental
results, such as solute precipitation, change in the solution
temperature with a change in the solution concentration, etc.,
which may be typical of, e. g., salt solutions. The signal trans-
mitted through the sensor was measured by a Yokogawa
AQ6370D optical spectrum analyser with an actual resolu-
tion of 0.017 nm. After a series of measurements, the fibre
diameter at the TFBG location site was changed; to this end,
the sample was placed in a 10% solution of hydrofluoric acid
for 30 min. To estimate the outer cladding diameter after the
etching, we used an identical segment of SMF-28e fibre with-
out grating, which was etched together with the sensor; after
this procedure the test-fibre diameter was measured by a
Vogel 231061 micrometer with an error of 1 um. According to
the measurement results, the decrement in the diameter after
each etching iteration turned out to be ~6 um. After etching
in acid the sample was carefully washed with distilled water
and dried; then a series measurements in aqueous solutions of
isopropyl alcohol with measurement of sensor spectral char-
acteristics was repeated.

Thus, the sensor parameters at different fibre cladding
diameters were measured in a series of experiments. The spec-
tral characteristics were processed using the mathematical
algorithm described in detail in [23], which implies the plot-
ting of the upper and lower envelopes of the spectrum after its
Fourier filtering. The envelopes are smooth curves, fitted by
the empirical dependence of the form A + Barctan[C (A —4¢)]
over a set of local spectral extrema (minima and maxima,
respectively). The mean values of the spectral coordinates of
inflection points (that is, zeros of the second derivatives of
envelope functions) are taken to be cutoff wavelength esti-
mates.
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3. Results and discussion

Figure 2 shows the spectra of sensors immersed in water,
recorded for two different fibre diameters. Note that the
amplitude of the spectral peaks increases with a decrease in
the cladding diameter, which can be explained by the larger
overlap of the field of cladding modes with the core-mode
field for a thinner fibre. This circumstance indicates that thin-
ner fibres are preferred for the processing methods based on
measuring the amplitudes of individual peaks, because the
scale of their variation increases significantly. Indeed, the effi-
ciency of such methods depends directly on the width of the
range of variation in amplitude for a separate extremum. At
the same time, the number of extrema in the TFBG spectrum
increases with an increase in the cladding diameter, which, in
turn, should positively affect the accuracy of the algorithms
involving analysis over a set of spectral peaks, such as spectral
envelope methods [36,37]. The larger the number of peaks in
the spectral pattern, the smaller the error in constructing the
envelope (due to the decrease in the statistical weight of the
coordinate of each individual spectral peak). In turn, this fac-
tor decreases the influence of inhomogeneities and noise
(which distort certain spectral portions) on the final process-
ing result.
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Figure 2. TFBG transmission spectra in water for 75 and 125 um diam-
eter fibres.

The results of processing the spectral data obtained using
solutions with different isopropyl alcohol concentrations are
presented for a sensor 125 um in diameter in Fig. 3. It can be
seen that the dependence is essentially nonlinear. This behav-
iour is explained by the nonlinear dependence of the refrac-
tive index of isopropyl alcohol solution on its concentration
[45,46]. In the first approximation this dependence can be fit-
ted by a third-order polynomial in the form

Ae=Ag+ AC?+ BC*> + DC,

where 4. is the cutoff wavelength and 4, 4, B, and D are poly-
nomial coefficients.

Similar results were obtained for all other fibre diameters.
Obviously, such sensor parameters as accuracy and resolu-
tion are interrelated via the calibration coefficients. The reso-
lution (and, correspondingly, potential accuracy) is generally

considered to be the value of triple standard deviation of sen-
sor readings from the real measured value. In our case the
parameter allowing one to obtain a relative estimate of the
sensor accuracy is the standard deviation of the measured cut-
off wavelength from the fitting curve. The smaller this param-
eter, the higher the resolution and potential accuracy of the
sensor are.
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Figure 3. Cutoff wavelength at different isopropyl alcohol concentra-
tions for a 125 um diameter fibre.

A comparison of the results of this processing did not
reveal any explicit changes in the sensor sensitivity with a
change in the fibre diameter (Table 1). At the same time, one
can observe an unambiguous correlation between the fitting
accuracy and, as a consequence, between the standard devia-
tion of experimental points and the cladding diameter. The
calculation results were used to construct a dependence of the
standard deviation on the sensor diameter (Fig. 4). It can be
seen in the figure that the standard deviation increases with a
decrease in the fibre diameter, which indicates deterioration
of the sensor resolution. As was noted above, the results of
this experiment have some physical meaning. Indeed, the
number of peaks in the TFBG spectrum decreases with a
decrease in the cladding diameter. Due to this, the statistical
weight of the error in determining the spectral coordinate of
each separate peak increases, and specifically this circum-
stance explains the deterioration of the sensor resolution on
the whole. Vice versa, an increase in the cladding diameter
naturally improves the accuracy of the methods based on con-

Table 1. Average sensor sensitivity y on different portions of the fitting
curve and the standard deviation of experimental points from the curve
for different fibre diameters d.

X /nm %! in concentration

Standard
d/ um ranees deviation /nm
0-10% 40%-60%
125 0.251 0.291 0.010
117 0.290 0.285 0.020
111 0.275 0.292 0.051
106 0.272 0.283 0.063
100 0.285 0.290 0.071
94 0.247 0.292 0.083
87 0.238 0.287 0.118




1116

K.A. Tomyshev, E.I. Dolzhenko, O.V. Butov

e

J—

[S>]
T

<

—_

(=
T

0.08F

0.06F

Standard deviation/nm

0.04F

0.02F

0 1 1 1 1 1 1 1 1
8 90 95 100 105 110 115 120 125

Fibre diameter /um

Figure 4. Change in the standard deviation of experimental points from
the fitting curve with an increase in the fibre diameter.

structing envelopes, which allows one to increase the opera-
tion accuracy of TFBG-based sensors.

Note that, with all advantages of designing TFBG-based
sensors in fibres with a thickened cladding, one should not
forget that the spectral peak amplitude decreases with an
increase in the cladding diameter. This fact may lead to tech-
nological difficulties when inscribing efficient tilted Bragg
gratings and applying them as high-precision sensors. The
spectral peak amplitude for such a grating may be much lower
than the desired one, a factor that may affect the processing
accuracy.

Thus, an optimal value of sensor diameter can be found
for each TFBG-based measurement system, which would
provide an amplitude of spectral peaks sufficient for correct
measurements and their fairly high spectral density, affecting
the sensor resolution. However, this optimal value depends,
on the one hand, on the structure of the system and equip-
ment in use and the technique of spectrum analysis; on the
other hand, it is determined by the technological possibilities
of TFBG manufacturer.

4. Conclusions

The influence of fibre diameter on the characteristics of
TFBG-assisted refractive index sensors was investigated.
Spectral data were processed using the envelope analysis
method, which takes into account the contribution of multi-
ple spectral peaks and provides a high resolution for this type
of sensors. According to the data obtained, the measure-
ment accuracy steadily decreases with a decrease in the fibre
cladding diameter. An increase in the cladding diameter, in
contrast, should improve the resolution of such sensors, pro-
vided that the processing algorithms are based on complex
spectral analysis (which takes into consideration many spec-
tral peaks); the sensor sensitivity does not exhibit any signifi-
cant changes under these conditions. However, the efficient
inscription of tilted Bragg gratings in fibres with a thicker
cladding is a more difficult task, which may be a hindrance
when designing sensor elements on their basis. Obviously,
one can find an optimal value of the sensor cladding diame-
ter, which is determined by both the possibilities of the spec-
tral equipment applied in the measurement system and the
technological potential of the TFBG manufacturer.
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