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Fiber ring laser based on Side-polished fiber MZI
for enhancing refractive index and torsion

measurement
Wan Bo, Bin Liu*, Juan Liu, Xing-Dao He, Jinhui Yuan and Qiang Wu

Abstract—A fiber ring laser based on a side-polish fiber Mach-Zehnder interferometer (MZI) for effective improving
refractive index (RI) and torsion sensing is proposed and investigated. The side-polished fiber MZl sensor can not only
enhance the evanescent wave but also break circular symmetry of optical fiber face section, so it can be used for the
surrounding Rl and torsion sensing. A spectrum 3 dB bandwidth of less than 0.15 nm has been achieved which makes
the fiber ring laser torsion sensing system to have higher measurement resolution. Experiment results show that the RI
and torsion sensitivity of proposed sensor is dependent on the polish depth: the thicker the polish depth, the higher the

sensitivity. For a sensor with side polish depth of 47 um, the measured Rl sensitivity reaches -81.36 nm/RIU, the torsion

sensitivity is as high as -0.019nm/°, the sensitivity converted to torsional rate is -0.267 nm/(rad.m™).
Index Terms—Erbium-doped fiber ring laser; Mach-Zehnder interference; Side-polished fiber; refractive index (RI)

sensing; torsion sensing

I. INTRODUCTION

I n recent years, tunable erbium-doped fiber ring lasers have
been comprehensively studied due to their great potential in
space communication and fiber sensing[l]. The in-fiber
Mach-Zehnder interferometer (MZI), which is composed of
two interference arms integrated in an optical fiber, is widely
used in optical fiber sensor, optical filter and optical fiber
communication [2-4]. Therefore, researchers recently proposed
to combine the erbium-doped ring cavity laser with the in-fiber
MZI to construct a fiber laser sensor based on the in-fiber MZI
[5-7]. The MZI modal not only has a filter effect, but also the
passband of this filter is affected by the external environment
[8], and thus is used in temperature [9], magnetic field [10,11],
chemical gas [12], liquid concentration [13], refractive index
(RI) [14,15], curvature [16,17], torque [18,19,20] and other
factors detection [21].
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On the other hand, side-polish optical fiber sensors have
attracted wide research interests [22-24]. The side-polished
fiber has a strong evanescent field, enhance the interference
effect and polishing will also destroy the original symmetry of
fiber structure, making the fiber more sensitive to changes such
as axial force, RI [25] and temperature [26].

There are multiple peaks and valleys in the interference
spectrum of a traditional optical fiber sensing system, and the
3-dB bandwidth is normally large, which is difficult to read the
wavelength accurately and thus may lead to low measurement
resolution and accuracy [27]. An optical fiber laser sensing
system has a narrow full width at half maximum (FWHM) and
high signal-to-noise ratio, whose wavelength can be measured
accurately and thus has high sensing accuracy and resolution
[28]. Yang et al. inserted a MZI based on Fiber Bragg grating
into the fiber laser, which improves the detection limit and
resolution of the sensor and is used to measure the surrounding
RI and temperature [29]. Jiang et al. proposed an microcavity
MZI fiber laser refractometer based on multi-mode fiber
assistance, and constructed an open microcavity encapsulated
as a liquid sample microfluidic device [30].

In this paper, a side-polish optical fiber MZI ring laser
system based on a micro-taper structure is proposed. The
side-polish fiber MZI not only functions as a sensing element,
but also can be used as a band-pass filter to obtain a stable and
high Q factor spectrum for selecting the laser wavelength. The
side-polish fiber MZI was fabricated by a self-built fiber
side-polish system. By controlling polish depth, the evanescent
field of the optical fiber is enhanced, and the circular symmetry
of fiber MZI structure is broken, so as to be used for RI and
torsion sensing. A comprehensive study of the RI and torsional
response characteristics of the fiber ring laser with different
polishing depths fiber MZI are tested and analyzed in detail.
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II. THEORETICAL BACKGROUND

When the light in step fiber is transmitted, because it meets the
total reflection condition, the light is bound in the fiber core,
with very little loss and no interference. Figure 1 shows a
schematic diagram of the micro-taper MZI structure, where L is
the length of single-mode fiber sandwiched between two
micro-tapers, L1 and Lz are the length, and D; and D: are the
taper waist diameter of the two micro-tapers. When light is
transmitted from a single mode fiber (SMF) to the micro-taper,
both core and cladding modes will be excited because of mode
field mismatch. Then, the core and cladding mode propagate
along the sandwiched SMF and recoupled at the second
micro-taper to form MZI. There is a phase difference between
the core and the cladding within the sandwiched SMF.
Ly L,

| L |

Figure 1. Schematic diagram of the micro-taper MZI structure.

The MZI interference phase difference caused by the optical
path difference between the core and cladding modes can be
described by [4]:

(n,—n)), M

where, D is the distance between the two taper waists, A is the
wavelength, n, and nlJ are the effective indices of the core

and j"-order cladding modes, respectively. For simplicity,
without considering coupling and transmission loss, the
interference intensity can be expressed by formula (2):

[=1 +1,+2JI1 coso, @

where /¢ and /; are the intensity of the core and cladding modes
respectively.

Formula (1) clearly shows that wavelength determines the
phase difference. The interferometer length D and the effective
RI difference (nc-n[i) can determine the periodicity of the
interference, and it is expressed by formula (3):

A 3)
D(n,—n})’

1. MANUFACTURE OF SENSOR

The micro-taper was made by firstly strip off a 6-cm-long
polymer coating of an SMF, a commercial fusion splicer
(Fujikura 80C) was using to pull two ends of the SMF when
discharge is applied to the bare fiber. In order to prevent
bubbling and taper inclination, the setting parameters of fusion
splicer are very important. First, select the fusion mode as
SM-SM, turn on the switch of cone function, and then set the
discharge power and discharge time to + 100 bit and 2000ms,
respectively. The waist diameters of the micro-taper is 80 um
as shown in Fig. 2.

(a)

- electrode _—
moving l moving
electrode

Figure 2 (a) Schematic diagram of fabrication of the
micro-taper fiber; (b) Micro-taper points under a microscope.

Figure 3(a) show the self-built fiber side-polishing system.
The sandwiched SMF of the fabricated micro-taper structure
optical fiber is placed on the grinding wheel adhered with a
sandpaper. Both ends of the micro-taper fiber structure were
fixed by clamps. The rotation speed of the grinding wheel
(about 6cm in diameter) is controlled by a small motor. One end
of the micro-taper fiber is connected to a continuous light
source, the other end uses an optical power meter(OPM) to
monitor the power of the side-polished SMF. First, coarse
sandpaper was used for grinding for 15 minutes, at which the
speed of the grinding wheel was 180 rpm. Then, fine sandpaper
was used for grinding for 40 minutes, and the speed of the
grinding wheel was 140 rpm. The corresponding readings of
the optical power meter were recorded, and the view of the side
polishing area was observed with a microscope and a computer.
Then, three different side-polished micro-fiber sensors were
fabricated, which marked as Wi, W, and W3 with side-polish
depth of 0, 29 and 47 um, respectively. Figures 3(b) and (c)
show the comparison observed by an optical microscope
between the side-polished depth with the diameter of
single-mode fiber without side-polishing.

Figure 3 (a) Side polishing platform; (b) Microscope view of
the fiber side-polishing section; (c) Microscope view of a
single-mode fiber.

IV. EXPERIMENTAL RESULTS

The sensing system of the micro-taper side-polish fiber ring
laser is shown in Fig.4. In the system, a 980 nm pump light
(VLSS-980-B-650-FA, VENUS) is connected to a 980/1550nm
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wavelength division multiplexer (WDM) to input the light
source into the cavity. An erbium-doped fiber (EDF, 8/125,
Nufern) approximately 5 m long is used as the gain medium of
the ring cavity. In order to prevent the return light from
damaging the light source, an optical isolator (ISO) is added to
the resonant cavity to control the unidirectional propagation of
light. The 10:90 optical coupler (OC) outputs 10% of the laser
light out of the cavity, and the remaining 90% will circulate in

the ring cavity. In addition, in the ring cavity the polarization
controller (PC) is inserted inside to adjust the polarization state.
When disturbances such as RI and torsional changes are applied
to the fiber structure, the phase of the light will change, so that
the parameters of the laser cavity are modulated, and the output
laser wavelength also changes. A spectrum analyzer (OSA,
Anritsu, MS9710C) with a resolution of 0.05 nm was used to
monitor the wavelength.

Sensor structure

pcg.
i

Figure 4. Schematic diagram of fiber ring laser sensor device (inset: a is the MZI sensing structure based on side polishing; b is a
diagram of the RI measuring device).
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Figure 5. Erbium-doped fiber amplified spontaneous emission
(ASE) spectrum; Transmission spectrum of MZI; The output
laser spectrum.

The gray line in Fig.5 is the original amplified spontaneous
emission spectrum (ASE) of the EDF used in the experiment.
The blue line is the transmission spectrum based on the
side-polished micro-taper structure MZI, with two peaks in the
gain bandwidth from 1525 to 1565 nm. When the micro-taper

side-polished fiber is combined with a saturated EDF
mode-locked resonator, a single wavelength laser of 1560 nm
is realized. The red line is the laser spectrum with the FWHM
less than 0.15 nm.

The setup in Fig.4(b) was used to test the RI of the ring laser
system. The pump power and PC are always kept unchanged.
the RI response of sensors Wi, W» and W3 with three different
side-polishing depths was tested. Figures 6(a)-6(c) show the
RI response spectra. As the concentration of RI solution
increases, the central wavelength of the laser has an obvious
blueshift. Since the absorption loss caused by the increase in
the concentration of the refractive index liquid can be
compensated by the erbium-doped fiber working in the
saturated gain state, so the laser spectrum will only cause the
wavelength shift without significant power fluctuations. Fig.
6(d) shows that the RI sensitivity of the micro-taper MZI
without side polishing is only -12.695 nm/RIU, which is
insensitive to the change of external RI. However, the RI
sensing sensitivity of W» and W3 after side polishing is
increased to -45.67 nm/RIU and -81.36 nm/RIU respectively.
The results show that the RI sensitivity increases significantly
with the increase of grinding depth.
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Figure 6. (a)-(c) The RI response spectra of the micro-taper MZI structure with grinding depths of 0, 29, 47um; (d)-(f) correspond
to Linear fitting of the sensing curve.

Figure 7 is a diagram of the system device for measuring the
direction twist of the MZI structure. The torsion rate is
calculated by the formula 7,=wy/d [18], where wo is the radian
corresponding to the rotation angle. During the experiment,
the sensing structure is kept straight, and the distance between
the two force points is 25.5 cm. One end rotates clockwise or
counterclockwise through the rotator, and the other end
remains fixed. The wavelength change is recorded by
changing the rotation angle. The accurate value of the rotating
fixture used in the experiment is 5°, each torsion is changed by

20°, and the corresponding step length is 1.368 rad/m.

Figure 7. Diagram of experimental setup for torsion
measurement.

In addition, the torsional response of sensors Wi, W, and
W3 with three different side-polishing depths was tested. In the
experiment, only one end of the rotator rotates clockwise, and
the pump light source and PC are always kept unchanged.

Figure 8 shows the change of the spectrum and the drift of the
wavelength with the torsion. During the torsion, only the drift
of the wavelength occurs and the peak power is relatively
stable. First, turn clockwise from -80° to 80° (the 7, range
from -5.475 rad/m to 5.475 rad/m), and the central wavelength
of the output laser appears blue shift. Then tumn
counterclockwise from 80° to -80° (the 7, range from 5.475
rad/m to -5.475 rad/m), and the central wavelength of the
output laser appears red shift. Experiments show that the
sensor has the ability of direction recognition.

Figures 8(a)-8(c) and 8(d)-8(f) are the torsional response
spectra and linear fitting diagrams of W, and W3, respectively.
The torsional sensitivity of sensors W, and W3 are -0.01 nm/°
and -0.019 nm/°, respectively, the conversion sensitivity to
torsional rate is -0.145 nm/(rad.m™) and -0.267 nm/(rad.m™),
respectively. The results show that the sensitivity of torque
increases obviously with the increase of grinding depth.
However, the sensor W, that has not been side-polished has
little effect on it. Because during the torsion test, because the
fiber will be affected to a certain extent at the moment of
torsion, there will be a short and slight fluctuation in the
wavelength at the moment of torsion. But there is no obvious
wavelength drift phenomenon.
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Figure 8. (a)-(c) torsional response spectrum and linear fitting diagram of the micro-taper MZI structures with grinding depth of 29
um; (d)-(f) torsional response spectrum and linear fitting diagram of the micro-taper MZI structures with grinding depth of 47um.

TABLE
TABLE 1: COMPARISON OF RI AND TORSION SENSITIVITY WITH DIFFERENT SIDE-POLISHING DEPTHS

Fiber side-polishing depth RI sensitivity Torsion sensitivity
(um) (RIU) (rad.m™)
0 -12.695 -
29 -45.667 -0.145
47 -81.360 -0.267

Therefore, the sensor sensitivity tests of MZI fiber ring cavity
laser refraction and torsion based on side-polishing are shown
in Table 1.

V. CONCLUSION

In summary, an erbium-doped fiber ring laser sensor which is
embedded with a side-polishing MZI structure as sensing
element and filter, is proposed and experimentally studied.
Three fiber MZI samples with different side-polishing depths (0,
29 and 47 um) were fabricated and introduced into the fiber ring
laser, respectively, the RI and torsion sensing characteristics
were tested and analyzed in detail. The stable and smooth
interference spectrum in the ring laser cavity, with a 3dB
bandwidth of less than 0.15 nm, enables the laser sensing
system to have high measurement resolution and accuracy.
Unilateral fiber side polishing process not only effectively
enhances the interaction between evanescent wave and external
environment, but also breaks the circular symmetry of optical
fiber cross section, which can be applied to RI and torsion
measurement. In addition, the mechanism that increasing of
side-polished depth can greatly improve RI and torsion
sensitivities have been demonstrated experimentally. For the
side-polishing depth 47 um, the RI sensitivity reaches -81.36
nm/RIU, the torsional sensing sensitivities were achieved
-0.019 nm/°, the sensitivity converted to torsional rate is -0.267

nm/(rad.m™).

The proposed fiber ring laser sensor has a high Q factor,
which makes it has a good measurement resolution. In addition,
the side-polished fiber structure reduces fiber diameter only in
the side-polishing direction, and is much better than
high-sensitivity micro-nano fiber structure in terms of
structural strength, which is easy to encapsulate and preserve. It
has potential application prospects in in chemistry and
biological assays [31,32], motion monitoring and identification
[33,34].
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