
Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 20, No. 3, September 2021
DOI: http://dx.doi.org/10.1590/2179-10742021v20i3254754 612

Optical Inclinometer Based on a LPG-Taper
Series Configuration

Renato Luiz Faraco Filho1 , Alexandre Bessa dos Santos2 , Andrés Pablo López Barbero3 ,
Vinicius Nunes Henrique Silva3 ,

1Universidade Federal de Juiz de Fora/UFJF, Juiz de Fora, Brazil,
renato.luiz@engenharia.ufjf.br

2Departamento de Circuitos Elétricos, Universidade Federal de Juiz de Fora/UFJF, Juiz de Fora, Brazil,
alexandre.bessa@engenharia.ufjf.br

3,Departamento de Engenharia de Telecomunicações, Universidade Federal Fluminense/UFF, Niterói, Brazil,
lopez.barbero@gmail.com, viniciusnhs@id.uff.br

Abstract− This article presents the development of an inclinometer
device based on a Mach-Zehnder interferometer considering the
effects caused by temperature variations. It was demonstrated the
operation of a LPG-taper system for angle measurements. The
practical results satisfactorily show reliable inclination measures,
even with the cross sensibility effect caused by variable tempera-
ture.

Index Terms− calibration, inclination, interferometer, LPG, taper.

I. INTRODUCTION

Long period gratings (LPG) are optical devices that couple the forward-propagating guided mode to
forward propagating cladding modes of a single-mode optical fiber, leaving a set of attenuation bands
in the transmission spectrum [1]. This forward coupling is obtained by a periodic refractive index
modulation of a hundred micrometers along with the core of the optical fiber [2]. Its use as a sensor
occurs because of its central wavelength, denoted by λmres, and it is function of surroundings variable
parameters. These parameters are: the core refractive index (neff,co), the effective refractive index of
the m-th cladding mode (nmeff,cl) and the modulation period Λ of the LPG [3], [4]. This relation is
quoted by:

λmres = (neff,co − nmeff,cl).Λ (1)

As they are optical fiber-built devices, these sensors are appropriate for remote sensing applications,
due to the ease of transmission via an optical link and the low signal attenuation in these apparatus.
Furthermore, these sensors are light, compacts, and immune to electromagnetic interference and oxi-
dation, occasioning them ideal for measurements near high magnetic fields such as transmission lines
and large turbines used in electrical energy generation [5].

Moreover, LPGs can equally be used to implement versatile fiber-mode interferometers with enhanced
parameter sensitivity [1]. This is done either by cascading two similar LPGs within a certain fiber length
resulting in a single-fiber Mach–Zehnder configuration [6], [7], or by employing a single LPG and a
mirror, resulting in a Michelson interferometer [8], [9].

Another topology for the Mach-Zehnder interferometer elaboration can be developed by the combi-
nation of a uniquely long period grating and a fused taper. Its operating principle is based on the fact
that the taper couples a fraction of the core light to the cladding modes, and then, the LPG positioned
some distance after the taper, recouples the light in the cladding modes into the fiber core [2].
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It is substantial to emphasize that the quoted topology in the previous paragraph allows the realization
of more versatile tests, once the taper on the system provides punctual flexibility that cannot be found
in other configurations. A quantitative manner to determine the quality or contrast of the interference
patterns is calculating the interferometric visibility [2], v(r), function of the maximum intensity of the
oscillations (Imax), the minimum intensity of the oscillations (Imin).

v(r) =
Imax − Imin

Imax + Imin
(2)

Additionally, it is important to highlight that the interferometric visibility represents an absolute
parameter, so, there is no need for any kind of referentiation, becoming a relevant feature of the system
[2]. In this context, it is possible to realize tests that need some system malleability, e.g. inclination
measures.

II. METHODOLOGY

A. Devices manufacturing

Initially, it was developed a LPG sensor from a single mode optical fiber SMF-28, using the electrical
arcs technique described by Rego et al. [10]. The LPG used in this experiment had a period of Λ = 500
µm and a total diffraction grating length of 17 mm, totaling 34 electrical discharges, realized by 110
bits (manufacturer unit) electrical arc power, and a discharge time of 10 ms. The optical fiber fusion
splicer used in this experiment was the Jilong KL-330T.

The sensor transmitted spectrum, in air, ambient temperature (21 °C), and no deformations, had
a fixed wavelength of 1508 nm and an attenuation of 5 dB, and the spectrum can be seen in Fig. 1.
Afterwards, it was manufactured a taper from a single-mode fiber SMF-28 through the stretching of the
optical fiber during a unique electric discharge. The arc power settings used in the taper manufacturing
were a power of 110 bits and a discharge time of 2 seconds. The parameters of the manufactured taper
are the cladding reduction from 125 µm to 82.5 µm and a total length of approximately 1500 µm.

The curve related to the ELED source is represented by the spectrum that does not have attenuation
valleys. Its characteristic aspect is due to the high spectral width of the ELED sources, presenting higher
power in the central wavelength and lower powers in the extremity wavelengths. The curve related to the
Long Period Grating is represented by the spectrum that has a single attenuation valley. Its characteristic
aspect is due to the couple of the forward-propagating guided modes to forward propagating cladding
modes of a single-mode optical fiber, leaving an attenuation dip in a certain wavelength range of the
transmission spectrum. The curve related to the interferometer is represented by the spectrum that has
multiple attenuation dips. Its characteristic is due to the fact that typically an incident light beam of the
interferometer is split into two or more parts and then recombined together to create an interference
pattern, allowing the visualization of fringes in the spectrum.

For all three obtained spectra, an ELED light source and an optical spectrum analyzer (OSA)
were used. Initially, the ELED source was connected directly to the OSA for the obtainment of its
characteristic spectrum. Second, a Long Period Grating was spliced between the light source and the
OSA, for the obtainment of its curve. Subsequently, a tapered optical fiber was positioned between the
LPG and the ELED light source, for the obtainment of the interferometer characteristic curve.

After the fabrication of the two instruments, a splice was made between the taper and the LPG
with a distance of approximately 40 mm. The spectra is presented in Fig. 1. Moreover, the channeled
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spectrum contains an approximately 10 nm fringe periodicity.

Fig. 1. Obtained spectra during the interferometer manufacturing.

B. Temperature tests

The interferometer was positioned in a way that the fiber was completely straight on the workbench
at a slope of 0°. Subsequently, the system was submitted to seven different temperatures for 3 rounds,
for obtaining the calibration curve.

For the temperature variation in the device, it was employed a handheld hot air gun, and the incident
heat flux on the LPG-taper set caused a punctual temperature change in the system. It also was employed
a "j" type thermocouple with an uncertainty of ±1 °C as a reference sensor, for obtaining the temperature
of the collected spectra. A total of 21 spectral curves was pre-processed by Savitzky-Golay filters. The
selected window size was 41 and the chosen order was 10.

After the signal filtering, the wavelength variations of each fringe were extracted and associated
with its respective temperatures measured by the reference sensor. Therefore, the calibration curve was
obtained by the linear adjustment to these experimental points.

C. Inclination tests

Fig. 2. System diagram for the inclination tests.

For the slope variation tests, the interferometer was positioned between two trapezoidal plates
manufactured by a Replicator Z18 3D printer. The LPG was on top of one of the plates, and the
taper was on the interspace between the two plates. Figure 2 shows the elaborated system and Fig. 3
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presents the realized experiment. Posteriorly, the system was submitted to six different angles for six
rounds, for obtaining the calibration curve.

For the angle variation, were used metal washers of identical dimensions to increase the height of
one of the plates in a uniform way. The washers were positioned under the LPG plate, resulting in
slope variation. A protractor with an uncertainty of ±1°C was used as a calibration reference for the
obtained angles. A total of 36 spectral curves was pre-processed by Savitzky-Golay filters. The selected
window size was 41 and the chosen order was 10.

After the signal filtering, the wavelength variations of each fringe and the fringe visibility were
extracted and associated with its respective tilt angles measured by the protractor. Therefore, the
calibration curve was obtained by the polynomial adjustment to these experimental points, because
of nonlinearities found in the obtained data.

Fig. 3. Inclination tests performed in laboratory.

D. Sensor behavior over time analysis

After the proper calibration, the system was maintained at a 0° slope in a workbench at a 15.1 °C
temperature for 30 minutes, engendering a total of approximately 330 collected spectra. Afterward, the
workbench was contained at the same temperature, the system slope was raised to 8° and the spectra
were collected for 30 minutes.

Then, the sensor was maintained at an inclination of 0°, the workbench temperature was increased
to 21.3 °C and were collected approximately 330 spectra. Subsequently, the workbench was kept at
the same temperature, and the system slope was increased to 8°. The spectra were obtained according
to the previous stages.

III. RESULTS

A. Temperature tests results

During the calibration the interferometer was kept at the temperatures indicated in Table I, and all
measurements present uncertainty of ±1 °C. The obtained spectra in each test can be examined in Fig.
4, and the collected temperatures can be seen in Table I.

After the wavelength extraction of every fringe, for each collected spectrum. The average temperature
value, as well as the respective wavelength values, were calculated and can be seen in Fig. 5. It equally
can be noted the calibration curve. The error bars in the y-axis represent the resonant wavelength
variation, and the error bars in the x-axis represent the temperature variations in each test. It is substantial
to emphasize that the calibration curves were plotted for all fringes presented in the optical spectrum,
however, the shown curve in this paper refers to the best-obtained result.
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TABLE I. TEMPERATURES USED FOR CALIBRATION (°C)

Experiment 1 Experiment 2 Experiment 3
22.5 22.9 22.3
23.1 23.5 23.3
24.7 24.2 24.9
25.5 26.0 25.7
27.3 27.1 27.6
30.2 29.9 30.4
31.3 31.6 30.8

Fig. 4. Obtained spectra during temperature tests.

The linear and angular coefficients of the curve can be found in Table II, and the coefficient of
determination of the curve is R2 = 0.9909.

TABLE II. CALIBRATION CURVE COEFFICIENTS

Linear coefficient Angular coefficient
1467.5 0.35966

Fig. 5. Calibration curve for the temperature test.
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B. Inclination tests results

During the calibration, the system was maintained at the following angles: 0°; 1°; 3°; 4°; 7°; 8°. All
the measurements present uncertainty of ±0.5°, and it is important to emphasize the angles for all the
experiments were the same, once the washers used for the slope variations were the same and were
positioned at the same order. The obtained spectra in each test can be examined in Fig. 6.

Fig. 6. Obtained spectra during inclination tests.

After the extraction of all the wavelengths of all fringes presented in the optical signal for each
spectrum collected, the typical value of the inclination obtained during the tests as well as the average
values of the respective wavelengths, were calculated and they can be seen in Fig. 7. The error bars
in the y-axis represent the resonant wavelengths variations, and the x-axis represents the inclination
variations. The curve equation referring to the resonant wavelength is shown in (3), α is the slope

Fig. 7. Calibration curve for inclination sensing, considering the resonant wavelength.

angle, λ is the wavelength, and the determination coefficient of the curve is R2 = 0.9158.

λ = 0.0052182α2 + 0.014895α+ 1484.9 (3)

Furthermore, the calibration curve for interferometric visibility can be seen in Fig. 8. The error bars
in the y-axis represent the interferometric visibility variations, and the x-axis represent the inclination
variations in each test.
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Fig. 8. Calibration curve for inclination sensing, considering the fringe visibility.

The curve equation referring to the fringe visibility is shown in (4), α is the slope angle and v is
the visibility, the coefficient of determination of the curve is R2 = 0.9879.

v = −0.0021549α2 + 0.033265α+ 0.0059753 (4)

C. Sensor behavior over time results

From the obtained results, it was feasible to plot a histogram presented in Fig. 9, on the y-axis it
is possible to note the probability density, and on the x-axis, it is possible to observe the measured
inclination. Plus, analyzing the obtained results, it is possible to conclude that the histograms tend to
a Gaussian probability density function. This function was estimated by the residual average and the
standard deviation. The calculated values are presented in Table III.

TABLE III. CALCULATED VALUES FOR RESIDUAL AVERAGE AND STANDARD DEVIATION

Temperature Residual average µ Standard deviation σ

15.1 0.0388 0.0047
21.3 0.0033 0.0058

It is pertinent to emphasize that is possible to observe, in Fig. 9, the cross-sensitivity effect generated
by temperature, since there is a discrepancy between the obtained histograms at the same inclination
and different temperatures.

Fig. 9. Histograms related to inclination variations obtained in two different temperatures.
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Moreover, the temporal results of the measurements at 9° and temperatures of 15,1° e 21,3° are
shown in Fig. 10.

Fig. 10. Temporal series obtained for inclination variations in two different temperatures.

IV. CONCLUSION

In this article, the aim of the experiments was to design an optical inclinometer based on a Mach-
Zehnder interferometer in a LPG-taper series configuration. The device was capable of identifying the
angular variation presented by the analyzed surface, despite the effects caused by temperature variations.

Through the obtained data analysis were observed nonlinear changes in the spectrum occasioned by
angular variations of the analyzed surface. Furthermore, expressive wavelength displacements caused
by temperature changes were identified, making it possible to visualize cross-sensitivity effects.

Those are relevant features for the following experiments, which will test the structural health
monitoring resources of the device since the deformation suffered by the inclinometer allows a more
proper recognition of structural bendings of the analyzed structure.
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