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Abstract—A three-parameter sensor based on a point-by-point
fiber Bragg grating (PBP-FBG) is proposed. The fabricated sensor
is 40 mm long. The spectrum loss at 1336.15 nm is selected to
measure the surrounding liquid level. The sensitivity for liquid
level sensing is−0.046 dB/mm. The temperature is measured using
the Bragg dip shifts with sensitivity of 10.06 pm/ °C. The cut-off
mode shift is used to measure the surrounding refractive index
with sensitivity of 535.14 nm/RIU. As a benefit of femtosecond laser
direct inscription fabrication, the grating length is controllable and
the liquid level sensing range is expandable. This sensor provides a
simple, reliable method for accurate liquid level, temperature and
refractive index measurements in hazardous environments.

Index Terms—Fiber Bragg gratings, fiber optics components,
fiber optics sensors.

I. INTRODUCTION

MONITORING of the liquid level, temperature and re-
fractive index (RI) properties of surrounding media is of

major significance in fields including chemical and biochemical
processing, fuel storageand transportation systems, and wastew-
ater treatment plants [1], [2]. Because of advantages that include
corrosion resistance, electromagnetic interference resistance,
high sensitivity and remote sensing capabilities, optical fiber
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sensors have been widely studied and applied [3]–[7]. The
fiber Bragg grating (FBG) is among the most promising of
these devices because it can maintain correct operation and
information delivery in extreme surroundings, including con-
ductive, hyperthermal, corrosive or explosive environments [8],
[9]. With the aid of optical fiber post-processing techniques
such as side polishing and chemical etching, use of FBGs in
refractive index and liquid level measurement applications has
become feasible [10], [11]. However, such post-processing will
weaken the mechanical strength of the optical fiber while also
increasing the manufacturing complexity. Khaliq demonstrated
a long-period grating (LPG) liquid level sensor based on the
RI difference between air and the liquid [12]. Although this
LPG sensor can measure the surrounding RI directly using its
cladding mode coupling mechanism, its multi-channel trans-
mission capacity is limited by its wide bandwidth. The tilted
FBG (TFBG) has attracted widespread attention because of the
structure’s high sensitivity to its surroundings caused by the
high coupling efficiency of the cladding mode that occurs as
a consequence of tilting the grating segments [2], 13]–[17]. The
TFBG offers the advantages of both the FBG and the LPG.
Tomasz et al. used the TFBG to realize simultaneous liquid
level and temperature sensing [17]. Because of the different
responses of the cladding modes and the core mode in the TFBG
spectrum to changes in the liquid level and the temperature, both
values can be measured independently. Qi et al. presented a fiber
optic sensor for simultaneous measurement of the liquid level
and the surrounding RI based on the TFBG [2]. However, the
available length of the TFBG is subject to the length of the
phase mask used in its fabrication. It is necessary to cascade
multiple TFBGs to achieve a wide liquid level response range,
which requires complex manufacturing and testing processes.
However, in a manner similar to the tilted FBG, considerable
enhancement of the cladding mode coupling strength is ob-
served in highly localized point-by-point (PBP) FBGs with
eccentricity, and PBP FBGs have thus been studied intensively
for use as refractive index sensors [18]–[20]. The mechanism
of cladding mode resonance enhancement of PBP-FBG has
been theoretically analyzed and explained in references 20 and
21. The refractive index modulation region of highly localized
PBP-FBG is much smaller than the core diameter, which is
easy to cause the asymmetry of refractive index modulation,
resulting in the increase of the overlapping integral of forward
transmission core mode and reverse transmission cladding mode
and the coupling efficiency is increased. So the cladding mode
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Fig. 1. (a) Schematic of PBP FBG machining process. (b) Optical microscope
photograph of a PBP FBG.

resonance is significantly enhanced. Like the tilted FBG, it is
therefore reasonable to infer that by appropriate use of the highly
localized PBP FBG’s sensitivity to temperature, refractive index
and immersion changes, it is possible to measure these quantities
accurately. When compared with the TFBG, the PBP FBG can
be longer and a wider liquid level sensing range can thus be
realized.

In this study, a highly localized PBP FBG is proposed to
perform three-parameter sensing of the liquid level, RI and
temperature. Introduction of the localization effect caused major
enhancement of the cladding mode resonance of the FBG. The
sensing principle is based on the fact that when the FBG is
surrounded by a liquid, its cladding mode resonance responds
to changes in the liquid level or the liquid’s RI, while the Bragg
resonance is mainly sensitive to the temperature. The FBG was
fabricated by femtosecond laser PBP direct writing. This method
realizes length-controllable fabrication that breaks through the
phase mask length limitation. A wide liquid level sensing range
is also achieved.

II. HIGHLY LOCALIZED PBP FBG INSCRIPTION

The fs laser PBP direct writing experimental setup illustrated
in Fig. 1 and described in [21] was used to inscribe the PBP FBG.
The fs laser amplifier (PH1-10, Light Conversion, Lithuania)
emitted laser pulses at a center wavelength of 513 nm with
pulse duration of 250 fs at a repetition rate of 200 kHz. The
pulse energy was 35 nJ and this energy was controlled precisely
using an attenuator consisting of a half-wave plate and a Glan
prism. The laser spot size undergoes expansion via a beam ex-
pander, after which the spot diameter exceeds 10 mm. The pulses
were focused into a single-mode fiber (SMF; Corning SMF-28)

Fig. 2. Spectrum of the fabricated PBP FBG.

through an oil-immersed 100× objective lens (numerical aper-
ture (NA) = 1.32). The fiber was stripped and mounted on a
three-axis translation stage (Aerotech) that was controlled via
a computer to ensure precise motion control during fabrication.
Using the PBP direct inscription, the fiber was moved along its
axial direction to inscribe RI perturbation points with a constant
period ofΛ, which allows grating pitch and length controllability
to be achieved. In this work, the grating pitch was configured
to be 545 nm in advance, thus yielding a first-order FBG with
Bragg resonance at 1576.624 nm. The length of this FBG is
40 mm.

The transmission spectrum was measured using an ampli-
fied spontaneous emission (ASE) light source and an optical
spectrum analyzer (OSA). A fiber polarizer and a polarization
controller were also set up to secure linear polarization. Figure 2
depicts the spectrum of the PBP FBG. This spectrum shows
that the Bragg resonance intensity reaches −20 dB, while the
cladding mode resonance intensity is approximately −10 dB.
The bandwidth of the Bragg resonance is as narrow as 0.1 nm.
The insertion loss on the longer wavelength side is less than 0.01
dB. A wide cladding mode resonance range in the shorter wave-
length direction of the Bragg resonance can also be observed,
covering the range from the cut-off wavelength of 1333.15 nm
to the Bragg wavelength. The cladding mode resonance was
enhanced as a consequence of the strong localization effect
caused by the small RI modulation area, which only covers a
small fraction of the fiber core [20], [21]. Note here that it is
not necessary for this type of FBG to be eccentric to be able to
guarantee both a strong Bragg resonance and low insertion loss
simultaneously.

III. SENSING TEST OF HIGHLY LOCALIZED PBP FBG

The liquid level sensing performance of the fabricated FBG
was investigated. The experimental setup used is illustrated
in Fig. 3. As shown, the FBG was placed vertically into a
beaker and the hole in the bottom of the beaker that allowed
the optical fiber to pass through was sealed using glue. Visible
red laser light was then launched into the fiber to locate the
FBG to secure quantitative coverage of the liquid level. Water
(RI = 1.33) was then injected into the beaker and the spectrum
was recorded as the water level increased. Fig. 4(a) shows the
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Fig. 3. Schematic diagram of the liquid level test setup.

Fig. 4. (a) Spectrum evolution of the FBG with respect to the liquid level near
1336 nm. (b) Correlation of the loss with the liquid level around 1336.15 nm (red
line) and correlation of the Bragg wavelength and the liquid level (blue line).

evolution of the cladding mode spectrum near 1336 nm. As the
water level increased, both the intensity of the cladding mode
resonance and the transmission loss in the flat area between
the two cladding mode resonances around 1336.15 nm varied.
After further investigation, it was found that the correlation of
the cladding mode resonance with the liquid level is not linear or
regular. The loss around 1336.15 nm was thus selected to observe
the liquid level sensing performance. As shown in Fig. 4(b),
the loss changes linearly with changes in the water level with
sensitivity of−0.046 dB/mm. Fig. 4(b) also shows that the Bragg
dip remains virtually unchanged versus the liquid level.

The thermal response of the fabricated PBP FBG was evalu-
ated by placing the FBG into a temperature-controlled oven.
As the temperature increased from 20.3 °C to 99.5 °C, the

Fig. 5. (a) The shift of Bragg wavelength with the temperature and (b) the
shift of the cladding mode resonance with the temperature near 1336nm.

Fig. 6. Correlation of the loss with the SRI around 1336.15 nm (blue line) and
correlation of the Bragg wavelength and the SRI (red line).

transmission spectrum was recorded at each increment of ap-
proximately 10 °C. Figs. 5(a) and 5(b) depict the shifts in the
Bragg dip and in the cladding mode in the vicinity of 1336 nm,
respectively. The Bragg dip is observed to shift toward longer
wavelengths. As shown in Fig. 6, the dip responses vary linearly
and the temperature sensitivity is 10.06 pm/°C. Additionally,
the spectral evolution of the flat area between the two cladding
mode resonances around 1336.15 nm was also studied and the
results are shown in Fig. 6. The loss remains virtually unchanged,
with sensitivity of −0.0011 dB/°C. When combined with the
temperature response of the Bragg dip, the cross-sensitivity
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Fig. 7. Spectral evolution of the PBP FBG in different RI liquids; Inset: The
spectrum around 1336 nm.

Fig. 8. The linear correlation between the SRI and the cut-off wavelength of
the PBP FBG.

between the temperature and the liquid level can be compensated
to realize simultaneous dual-parameter sensing.

Additionally, under the condition of being fully covered by
liquids, surrounding RI (SRI) sensing can be performed. The
SRI response of the PBP FBG has been examined by immersing
the FBG into a series of RI matching oils. The results are shown
in Fig. 7. The cut-off wavelength is shown to shift toward longer
wavelengths, which indicates that when the SRI increased, more
of the cladding modes leaked from the fiber because their effec-
tive RI was lower than the external RI. The linear correlation
between the SRI and the cut-off wavelength is shown in Fig. 8,
where the corresponding sensitivity is calculated to be 535.14
nm/RIU. In addition, the measurable RI range extends from 1 to
1.454 as a benefit of the wide bandwidth of the cladding mode
resonance.

It can also be seen in Fig. 7 that the losses corresponding to
the different SRIs at 1336.15 nm all have the same value (see the
inset of Fig. 7), which indicates that when liquids with different
RIs cover the FBG fully, the corresponding losses are the same.
Such a loss indicates the end of the liquid level test. Because the
FBG was surrounded by air at the start of the liquid level test,

it can be deduced that the losses at the start and the end of the
liquid level test are not relevant to the SRI. Therefore, the SRI
will not affect the liquid level sensing result if the loss at 1336.15
nm is selected. The response of the Bragg dip to changes in the
SRI can be neglected because the Bragg dip mainly responds
to the surrounding temperature. The cladding mode resonance
dip shifts in almost the same manner to the Bragg dip. As a
result, the Bragg dip shift can be used to compensate the sensing
results to eliminate the cross-sensitivity between the SRI and the
temperature. All cross-sensitivity has thus been removed and
three-parameter sensing is realized.

IV. CONCLUSION

We proposed a three-parameter sensor based on a PBP-FBG.
The length of this sensor is 40 mm. The liquid level is measured
based on the spectrum loss around 1336.15 nm. The sensitivity
for liquid level sensing is −0.046 dB/mm. The temperature
sensing was performed based on the drift of the Bragg dip,
with sensitivity of 10.06 pm/°C. The sensing of temperature and
liquid level can be performed simultaneously. The drift of the
cut-off wavelength is used to measure the SRI, with sensitivity
of 535.14 nm/RIU. All cross-sensitivities have been effectively
removed. This study provides a simple and reliable method for
accurate liquid level, temperature and refractive index measure-
ments that can be applied in hazardous environments. When
compared with the traditional TFBG, the manufacture of the
proposed PBP-FBG sensor is not limited by the phase mask
length, which enables expansion of the liquid level measurement
range.
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