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Abstract

An in-fiber axial micro-strain sensor based on a Few Mode Fiber Bragg Grat-
ing (FM-FBQG) is proposed and experimentally characterized. This FM-FBG is
in inscribed in a multi-layer few-mode fiber (ML-FMF), and could acquire
the change of the axial strain along fibers, which depends on the transmission
dips. On account of the distinct dual-mode property, a good stability of this
sensor is realized. The two transmission dips could have the different sensing
behaviors. Both the propagation characteristics and operation principle of
such a sensor are demonstrated in detail. High sensitivity of the FM-FBG, ~4
pm/pe and ~4.5 pm/pe within the range of 0 pe - 1456 pe, is experimentally
achieved. FM-FBGs could be easily scattered along one fiber. So this sensor
may have a great potential of being used in sensor networks.
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1. Introduction

In recent years, in-fiber strain sensors based on Fiber Bragg gratings (FBGs)
have been paid more attention in monitoring the axial micro-strain, and their
unique advantages show a high degree of accuracy, fast response, high immunity
to electromagnetic interference, long-range operation capability, low cost and
easy to manufacture [1]. The sensing principle of the FBG sensor is based on the
demodulation of the reflection spectra in response to strain [2] [3], temperature
[4] [5], surrounding refractive indexes (SRI), pressure [6] [7], acceleration [8],
and tilt angle [9]. To date, a great many of sensor designs based on few mode
FBGs (FM-FBG) have been reported. The FM-FBG has unique spectrum cha-
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racteristics, which has more flexibility in a composite detection system. It has al-
ready been widely utilized in FBG sensors, application scenarios ranging from
strain, temperature, solution concentration and refractive index [10]-[15]. Com-
pared with the traditional temperature sensing scheme, the strain FBG sensor
based on a dual mode multi-layer few-mode fiber (ML-FMF) in this paper takes
into account the well characteristics of simple structure and well sensitivity.

In this work, we demonstrate an axial micro-strain sensor on the basis of an
in-fiber FM-FBG inscribed in the ML-FMF. The micro-strain is vital factors af-
fecting the performance of fiber sensors. The sensing property of transmission
dips in the ML-FMF based FM-FBGs will perform varying degrees of deviation
with axial strain. According to the results of sensing experiments, the strain
causes a change in wavelength shifted. The propagation characteristic and oper-

ation principle of this advanced sensor is introduced meticulously.

2. Axial Micro-Strain Sensor Property
and Sensing Principles

2.1. Configuration of ML-FMF

Figure 1 shows a cross section under microscope and measured index profile of
the ML-FMF, which supports only the fundamental mode and LP,, mode groups.

By the cross section as shown in Figure 1(a), the ML-FMF is consisted of a
circular core area and a cladding layer. The bright part of the core area is a high
refractive index layer which is achieved by doping the germanium. The dark part
of the core area is a low refractive index layer which is achieved by doping fluo-
ride, and the part outside the core area is the cladding, composed of pure silicon
dioxide, whose refractive index is 1.444. Figure 1(b) shows the distribution of
the refractive index of this fiber. The insets present the support modes simulated
by the finite element method (FEM) in the presence of perfectly matched
layer(PML) and scattering boundary conditions. The effective refractive indices
of LP,, and LP,, groups are 1.44565 and 1.44605, respectively.

2.2. FM-FBG Properties and Sensing Principles

The excitation coefficients of LP,, and LP,; could be calculated by the overlap
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Figure 1. Characteristics of ML-FMF. (a) The micro-image of the cross-section; (b) Index
profile and mode groups of the fiber.
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integral between the Gaussian beam and the mode fields in Figure 2(a) according
to Equation (1). The particularly designed ML-FMF supports only two mode
groups with approximately equal excitation coefficients. And thus, the resulting
FM-FBG has gain flattening spectral filter effect, which is beneficial to easy sensing
detecting.

_ .Ug v (X, Y, (x, y)dxdy

" ' (1)
"= v o, sy

ve(x,y), v,(x,y) and 7, are respectively the incident filed distribution,
the guided mode distribution and excitation coefficient of the nth order mode in
the FMF.

For simplicity, it is an assumption that the excited power of both guided
modes is equal in the calculation. The theoretically calculated transmission and
reflection spectral with conventional transfer matrix method is shown in Figure
2(b). The self-coupling and cross-coupling will be considered between less con-
trapropagating modes, which would be gotten clear Bragg transmission reson-
ances. The modes, LP,, and LP,, contra-propagating modes, couple to each other

subjected to the mode phase matching condition given by Equation (2).
A=y +ny A (2)

where n’, and A are the effective refractive index of kth for-

ek > Ty
ward—pro;zigating ‘[r/njode, the effective refractive index of jth backward-propagating
mode and the grating period, respectively. The grating period using in this sen-
sor probe is 537.5 nm and the grating length is determined by the uniform
phase-mask.

The transmission spectrum of FM-FBG would be affected by environmental per-
turbation. This FM-FBG, as a sensing head, can sense it by the spectral dips drift. As
the axial strain L increases, the fiber would be stretched to change length, which

would make the A longer. The transmission spectrum could have a red-shifted.

3. Experimental and Discussion

The measured transmission spectrum is shown in Figure 3. As we can see on the
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Figure 2. (a) Excitation coefficients for different modes; and (b) transmission and reflec-
tion spectra of the FM-FBG inscribed in the ML-FMEF in calculation.
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transmission spectrum, three dips correspond to the LP, self-coupling,
cross-coupling of two mode groups and LP,, self-coupling.

This experiment uses FM-FBG as a sensing head to measure the micro-strain
along the fiber. Figure 4 shows an axial micro-strain sensing experimental setup.
The FM-FBG is secured by two fiber clips and straightened with a certain longi-
tudinal stress. One is fixed and the other one can be elongated by the mi-
cro-adjuster, and the change of the axial micro-strain would be measured. The
light of the broadband light source (KOHERASTM, superK uersa) is injected
into the FM-FBG and the output spectrum is detected using a spectrometer
(YOKOGAWATM, AQ6375) to observe the effect of strain on the transmission
spectrum in real time.

For uniform strain, each micro-adjuster elongates the FM-FBG at a step of 208
pe, and the range of 0 pe - 1456 pe is detected in this experiment. Figure 5(a)
shows how the transmission spectrum drifts with the strain. It can be seen that

the dips drift to long wavelengths. Figure 5(b) shows the relationship between
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Figure 3. Schematic of the transmission spectrum in FM-FBG.
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Figure 4. The experimental setup for axial micro-strain detection using the proposed
FM-FBG.
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Figure 5. Experimental results: (a) Dips shift via the axial micro-strain changes; (b) The
curve of the axial micro-strain vs. dips.
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spectral resonance dips and strain changes. By fitting the experimental data, the
fitting correlation coefficients R2 are respectively 0.99888 and 0.99859, which is
indicating that the linear relationship of the sensing system is very accurate. The
slopes of the fitted lines represent the axial strain sensitivity, with values of ~4
pm/pe and ~4.5 pm/pe, which are actually a little off. And it is caused by the dif-
ferent axial strain sensitivities of LP, and LP,,. That may have a great potential

for the simultaneous measurement of two parameters.

4. Conclusion

An in-fiber axial micro-strain sensor based on a FM-FBG inscribed in a novel
dual-mode ML-FMF is demonstrated and experimentally characterized. The
FM-FBG owned two resonant dips act as a sensing head, which would be one of
the key techniques to achieve fiber grating distributed sensing network in inter-
net of things. The axial strain sensitivity performs well. It is also simple, easy to
manufacture, potentially low cost, and possesses a much larger measurement

range.
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