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Abstract—A high-spatial-resolution, i.e., 2.0 mm, strain sensor
based on a Rayleigh-scattering-enhanced SMF, i.e., exposed SMF
(E-SMF) with direct UV laser, was experimentally demonstrated.
The enhancement of Rayleigh-scattering (RS) intensity could be
tuned by adjusting the exposure parameters, i.e., distance between
SMF and Phase mask, energy of UV laser and velocity of the SMF. A
1.0 m long E-SMF with a RS enhancement of 37.3 dB was obtained,
where the exposure time was only 100 s. Compared with the un-
exposed SMF (UE-SMF), the strain profiles of the E-SMF could
be clearly demodulated without fluctuation at a spatial resolution
of 2.0 mm using traditional cross-correlation algorithm when the
applied strain was from 200 to 2600 με.

Index Terms—Distributed strain sensor, optical frequency
domain reflectometer, Rayleigh scattering, UV exposure.

I. INTRODUCTION

D ISTRIBUTED optical fiber strain sensor based on
Rayleigh scattering (RS) has attracted great attention ow-

ing to its potential applications in various fields, such as indus-
trial infrastructure monitoring [1], [2], [3] and shape sensing [4],
[5]. Among them, distributed strain sensing technology based
on RS could be divided into two categories, i.e., optical time
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domain reflectometry (OTDR) [6] and optical frequency domain
reflectometry (OFDR) [7]. Compared with OTDR, the OFDR
exhibited a high spatial resolution, i.e., centimeters or even
millimeters scale [8], [9]. However, a higher spatial resolution
and accuracy was limited by the inherent weak RS signal in the
conventional optical fiber, i.e., single mode fiber (SMF). Re-
cently, various methods have been proposed and demonstrated
to enhance the RS intensity in fiber. Specialty designed fibers,
such as polymer fiber with a larger cross-section [10] and silica
fiber doped with various nanoparticles, i.e., MgO [11], [12]
and Ca [13], in the core were fabricated to enhance the RS
intensity. Moreover, weak fiber gratings [14], weak reflectors
[15], random fiber gratings [16], and nano fiber gratings [17],
and fabricated by femtosecond laser were also used to enhance
the RS intensity. Among them, nanoparticles doped preforms
should be prepared to obtain the specialty designed fibers,
which increased the complexity of the experiment [11], [12],
[13]. Besides, the spatial resolution of the weak fiber gratings
and reflectors was dependent on the interval in the fabrication
process [14], [15]. Loranger et al. proposed and demonstrated a
simple and affordable method, i.e., exposing the fiber core to UV
light, to generate a 20 dB increase in RS signal for SMF and high
Ge-doped core fiber [18]. However, the RS intensity could only
be enhanced when the SMF was located at the focus position,
where the position of fiber should be accurately adjusted [18].

In this letter, we experimentally demonstrated a high-spatial-
resolution strain sensor based on a RS-enhanced SMF, i.e.,
an exposed-SMF (E-SMF) exposed with direct UV laser at
defocus position. The dependence of RS intensity enhancement
on the exposure parameters, such as distance between SMF
and phase mask, energy of UV laser and velocity of the SMF,
were investigated to obtain a higher enhancement of the RS
intensity. Moreover, the root mean square (RMS) noise level of
the E-SMF at different gage lengths, i.e., spatial resolutions, was
also studied. Furthermore, the strain properties of the E-SMF
and un-exposed SMF (UE-SMF) were also investigated and
compared.

II. EXPERIMENTAL SETUP AND METHODS

A. Experimental Setup

An experimental setup based on direct UV exposure was built
to enhance the RS of the SMF, as illustrated in Fig. 1(a). Note that
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Fig. 1. (a) Experimental setup based on direct UV exposure to enhance the
Rayleigh scattering (RS) of single mode fiber (SMF); (b) Enlarged schematic
diagram of the exposure area, where D1 and D2 are the distance of the SMF from
PM and CL, respectively; (c) Schematic diagram of optical frequency domain
reflectometry (OFDR) to measure the RS signal of the SMF. M: mirror; GP:
Glan-prism polarizer; HWP: half-wave plate; AS: aperture stop; CL: cylindrical
lens, PM: phase mask; TS: translation stage; TLS: tunable laser source; C:
coupler; CIR: circulator; DF: delay fiber; FRM: faraday rotating mirror; BPD:
balanced photo-detector; PC: polarization controller; PBS: polarization beam
splitter; DAQ: data acquisition card.

the SMF was hydrogen loaded at 80 °C and 13 MPa for 7 days
to enhance the photosensitivity before direct UV exposure. A
pulse laser (Quantum-Ray Lab-170, Spectra Physics, 1064 nm)
with a fourth harmonic generator was used to produce an UV
laser with a wavelength and repetition rate of 266 nm and 10 Hz,
respectively. The generated UV laser was employed to directly
expose the SMF after passing through mirror1 (M1), half-wave
plate (HWP), Glan-prism polarizer (GP), mirror2 (M2), aperture
stop (AS), long-focus cylindrical lens (CL) and phase mask
(PM), where the focal length of the CL and the period of PM
were 300 mm and 1065 nm, respectively. The variable attenuator
composed of HWP and GP was used to adjust the laser energy
between 0.1 and 100 mJ. Two ends of the SMF were fixed by
the dual-arm fiber holders installed on the three-dimensional
translation stage (3D-TS), which was used to adjust the SMF
to be parallel to the PM. To realize the exposure on SMF with
a certain length rather than a single point, a one-dimensional
(1D) electric translation stage1 i.e., TS1, was employed to drive
the SMF to move continuously along the fiber axis at a velocity
of V during the UV exposure. In addition, the PM was fixed on
another 1D translation stage2, i.e., TS2, which was used to adjust
the distance between the SMF and PM, i.e., D1, as illustrated
in Fig. 1(b). Note that the distance between CL and SMF was
remained at 310 mm, i.e., D2 = 310 mm, indicating that the
SMF was located at the defocus position in the experiment as
the focal length of the CL was 300 mm. Compared with Ref.
[18], the complexity of accurately adjusting the fiber at the focus
position was reduced, which was conducive to the exposure of
long-distance SMF.

As shown in Fig. 1(c), an experimental setup based on optical
frequency domain reflectometry (OFDR) was built to measure
the RS signal of the SMF. Light from a tunable laser source
(TLS) was divided into two parts, i.e., main interferometer (MI)

Fig. 2. (a) Obtained RS intensity signal of the RS-enhanced SMF, i.e., E-SMF,
based on OFDR when the distance between SMF and PM, i.e., D1, was decreased
from 10.0 to 0.2 mm; (b) The measured average RS intensity enhancement of the
E-SMF as a function of the distance between SMF and PM, i.e., D1. Note that
the energy of UV laser and the velocity of the TS1, i.e., the moving velocity of
the SMF, were set to 1 mJ and 10.0 mm/s; 0 dB was defined as the RS intensity
enhancement of un-exposed SMF (UE-SMF).

and auxiliary interferometer (AI), by a 10:90 coupler (C1). The
MI was consisted of C2, circulator (CIR), polarization controller
(PC), and C3, while the AI was consisted of two faraday rotating
mirrors, i.e., FRM1 and FRM2, delay fiber (DF), and C4. Two
polarization beam splitters, i.e., P were used to split the signal
into p- and s-polarization light, and the balanced photo-detector
(BPD) was used to convert the obtained signal into electrical
signal and then collected by DAQ for the data processing. Note
that the sweep range and sweep rate of the TLS were 10 nm and
80 nm/s, respectively.

B. Scattering Enhanced Fiber Fabrication

The detailed process to obtain a RS-enhanced SMF, i.e.,
exposed SMF (E-SMF) with an enhanced RS, was as follows.
Firstly, a section of hydrogen-loaded SMF was fixed by two dual-
arm fiber holders after removing the coating, where the distance
between SMF and PM, i.e., D1, should be adjusted. Then the
hydrogen-loaded SMF was exposed with an appropriate energy
of UV laser, i.e., E, while the SMF was continuously moved at
a velocity of V. At the same time, the RS signal of the exposed
SMF (E-SMF) was measured in real time based on OFDR in
Fig. 1(c). Obviously, the enhanced RS intensity was dependent
on the exposure parameters during the direct UV exposure, such
as the distance between SMF and PM, i.e., D1, the energy of UV
laser, i.e., E, and the moving velocity of the SMF, i.e., V, which
were analyzed in detail as follows.

Firstly, the effect of the distance between SMF and PM, i.e.,
D1, on the RS intensity enhancement was investigated. Note
that the energy of UV laser and the velocity of the TS1, i.e., the
moving velocity of the SMF, were set to 1 mJ and 10.0 mm/s
in the experiment. As shown in Fig. 2(a), the exposure area was
ranged from 4.10 to 4.22 m, i.e., an E-SMF with a length of 12
cm was obtained. Compared with the RS intensity of −103.5 dB
for the un-exposed SMF (UE-SMF), i.e., fiber from 4.05 to 4.10
m, the average RS intensity was increased to −93.5 dB when
the distance between SMF and PM was 10.0 mm, i.e., D1 =
10.0 mm, labeled by the black curve in Fig. 2(a). This indicated
that an average RS intensity enhancement of 10 dB in 12 cm
length was obtained by exposing the SMF with direct UV laser,
as illustrated by the black dot in Fig. 2(b). Note that the 0 dB
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Fig. 3. (a) Obtained RS intensity signal of the E-SMF when the applied laser
energy was increased from 0.2 to 6.0 mJ; Note that the distance, i.e., D1, and
velocity of the SMF, i.e., V, were set to 5 mm and 10.0 mm/s; (b) The measured
average RS intensity enhancement of the E-SMF as a function of the applied
laser energy, when the velocity of the SMF, i.e., V, was 15.0(purple),10.0 (blue),
1.0 (green), and 0.1 mm/s (red), respectively.

was defined as the RS intensity enhancement of UE-SMF. In
addition, the RS signal of hydrogen loaded SMF is the same
as that of UE-SMF. It is obvious that the average RS intensity
enhancement of the E-SMF was increased from 10 to 22.6 dB
with the decrease of the distance, i.e., D1, from 10.0 to 5.0 mm.
Then the average RS intensity enhancement was remained at
approximately 22.6 dB with the further decrease of D1, i.e.,
from 4 to 0.2 mm, indicating that a saturation point of average
RS intensity enhancement was achieved. Therefore, the optimal
distance between SMF and PM was 5 mm, i.e., D1 = 5 mm,
where the average RS intensity enhancement was up to 22.6 dB.

Secondly, the effect of the UV laser energy, i.e., E, on the
RS intensity enhancement was also investigated. Note that the
distance between SMF and PM was set to 5 mm, i.e., D2 =
5 mm, corresponding to the optimal distance in Fig. 2. As shown
in Fig. 3(a), the average RS intensity of the E-SMF with a length
of 12 cm was increased from −103.5 to −66.2 dB, i.e., an
average RS intensity enhancement of 37.3 dB, when the SMF
was continuously moved with a velocity of 10 mm/s, i.e., V =
10 mm/s, during UV exposure process. Obviously, the average
RS intensity of the E-SMF was increased rapidly and then slowly
until saturation, when the applied UV laser energy was increased
from 0.2 to 6.0 mJ at a constant moving velocity of 10 mm/s, as
illustrated by red curve in Fig. 3(b).

Finally, the effect of the velocity of the SMF, i.e., V, on the RS
intensity enhancement was investigated. As shown in Fig. 3(b),
three other velocities of 15.0, 1.0 and 0.1 mm/s, i.e., V = 15.0,
1.0, 0.1 mm/s, were also applied. The average RS intensity at
the same velocity exhibited a similar trend, i.e., it was increased
rapidly and then slowly until saturation with the increase of the
applied laser energy. And the energy of UV laser corresponding
to the saturation point at four velocities was kept at 5 mJ, i.e., E=
5 mJ. Moreover, the maximum RS intensity enhancement of the
velocity of 15.0 and 10.0 mm/s, i.e., 37.3 dB, was greater than
that of the velocity of 1.0 and 0.1 mm/s, i.e., 26.9 and 18.0 dB.
Note that the maximum RS intensity enhancement of 15.0 mm/s
was equivalent to that of 10.0 mm/s. Therefore, the velocity of
10.0 mm/s was finally selected based on the repeatability and
production efficiency.

According to the experimental results in Figs. 2 and 3, we
could conclude that the optimal exposure parameters were

Fig. 4 Obtained RS intensity signal of the E-SMF with a length of 1.0 m, i.e.,
L = 1.0 m, when the optimal exposure parameters, i.e., distance between SMF
and phase mask, energy of UV laser and velocity of the SMF, were set to 5 mm,
5 mJ, and 10 mm/s.

Fig. 5 (a) Noise level, i.e., strain difference, of un-exposed SMF (UE-SMF)
and E-SMF, i.e., RS-enhanced SMF, without strain under the spatial resolution
of 2.0 mm, labeled by blue and red curve, respectively; (b) Root mean square
(RMS) noise level comparison between UE-SMF and E-SMF, when the gauge
length, i.e., spatial resolution, was varied from 1 to 100 mm.

D1 = 5 mm, E = 5 mJ, V = 10 mm/s. As shown in Fig. 4,
the E-SMF with a length of 1.0 m, i.e., L = 1.0 m, was obtained
with afore-mentioned optimal exposure parameters, where the
enhancement of RS intensity could be up to 37.3 dB. Moreover,
the loss of the obtained E-SMF was approximately 0.06 dB/m
by comparing the RS intensity of the UE-SMF and E-SMF,
corresponding to −104.32 dB and −104.38 dB, respectively.
Compared to the velocity of 0.1 mm/s in Ref. [17], only 100 s
was spent for exposing a 1.0 m long SMF at an optimal velocity
of 10.0 mm/s, which greatly improved the exposure efficiency.
In addition, the enhancement of RS intensity could be adjusted
by combining exposure parameters.

III. RESEARCH ON STRAIN SENSING CHARACTERISTICS

In order to investigate the strain sensing properties of the
RS-enhanced SMF, the noise levels, i.e., strain differences, of
UE-SMF and E-SMF without strain were firstly compared and
analyzed. Note the noise level, i.e., strain difference, was defined
as the strain fluctuation of UE-SMF and E-SMF under zero
strain, i.e., the measurement error. The RS-enhanced SMF, i.e.,
E-SMF, fabricated under the optimal parameters was used as
a sample to measure the noise level, where the RS intensity
enhancement was 37.3 dB. As show in Fig. 5(a), the strain
differences of the UE-SMF and E-SMF were compared under a
spatial resolution of 2.0 mm, which are labeled by blue and red
curve, respectively. It is obvious that the strain difference of the
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Fig. 6 RMS noise level as a function of the RS intensity enhancement, when
the spatial resolution was 2 mm.

Fig. 7 Demodulated strain profiles of (a) UE-SMF and (b) E-SMF using
traditional cross-correlation algorithm while the strain was increased from 200
to 2600 με with a step of 200 με, where the spatial resolution was 2.0 mm.
Inset: enlarged view of demodulated strain profiles at 800 and 1000 με.

E-SMF, i.e., 20 με, was much lower than that of UE-SMF, i.e.,
50 με. Moreover, the root mean square (RMS) noise levels of
the UE-SMF and E-SMF at different gage lengths, i.e., spatial
resolutions, were also studied. As shown in Fig. 5(b), the RMS
noise level change of the UE-SMF and E-SMF were 35 and
5 με, respectively, when the gage length was varied from 1 to
100 mm. Moreover, the RMS noise level of the E-SMF was much
lower than that of the UE-SMF, when the spatial resolution was
between 1 and 10 mm, i.e., 1∼10 mm, attributing to a stronger
RS signal of the E-SMF, i.e., a higher signal-to-noise ratio, than
UE-SMF. This indicated that the RMS noise level was greatly
reduced by using RS-enhanced SMF, i.e., E-SMF.

Furthermore, the RMS noise levels under different RS inten-
sity enhancements were evaluated at the spatial resolution of
2 mm. The seven E-SMF samples with an average RS intensity
enhancement of 5, 10, 15, 20, 25, 30, and 35 dB were obtained
by adjusting the exposure parameters. As shown in Fig. 6, the
stronger the RS intensity enhancement, the lower the RMS noise
level. When the RS intensity enhancement was stronger than
25 dB, the RMS noise level, i.e., 2 με, could not be further
reduced due to the environmental fluctuations. Therefore, the
E-SMF with a RS intensity enhancement of 25 dB was selected
for the following strain test.

As shown in Fig. 7, the strain properties of the UE-SMF
and E-SMF were measured and compared using traditional
cross-correlation algorithm based on OFDR [19]. One end of the
sample fiber was fixed, other end was fixed on a 1D translation

stage used to apply the strain along the fiber axis, where the
length of the sample fiber, i.e., UE-SMF and E-SMF, was 30
cm, i.e., from 9.0 m to 9.3 m. The demodulated strain profiles
of UE-SMF and E-SMF using traditional cross-correlation al-
gorithm were illustrated in Fig. 7(a) and (b), when the strain was
increased from 200 to 2600 με with a step of 200 με and the
spatial resolution was 2.0 mm. As shown in Fig. 7(a), the strain
profile for the UE-SMF could be clearly demodulated when the
applied strain was less than 800 με. However, the signal for
the UE-SMF was submerged in noise when the applied strain
was greater than 800 με, i.e., 1000∼2600 με. In contrast, the
demodulated strain profile of E-SMF with a RS enhancement
intensity of 25 dB could be clearly identified without fluctuation
when the applied strain was between 0 and 2600με, as illustrated
in Fig. 7(b). This indicated that the sensing performance could
be greatly improved by using an RS-enhanced SMF, i.e., E-SMF.

IV. CONCLUSION

In conclusion, a high-spatial-resolution, i.e., 2.0 mm, strain
sensor was demonstrated based on a RS-enhanced SMF, i.e.,
E-SMF by direct UV laser. The SMF was located at the defocus
position to enhance the RS intensity, which greatly improved the
exposure efficiency and reduced the complexity of accurately
adjusting the fiber. The optimal exposure parameters of distance
between SMF and PM, energy of UV laser, and velocity of the
SMF were D1 = 5 mm, E = 5 mJ, V = 10 mm/s, respectively.
A 1.0 m long E-SMF with a RS enhancement of 37.3 dB
was obtained, where the exposure time was only 100 s. The
strain profiles of the E-SMF could be clearly demodulated at a
spatial resolution of 2.0 mm using traditional cross-correlation
algorithm when the applied strain was from 200 to 2600 με.
Hence, the sensing performance could be greatly improved by
using an RS-enhanced SMF.
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