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ABSTRACT We report a dual-wavelength fiber laser sensor based on a uniform fiber Bragg grating (UFBG)
and a Polyvinyl alcohol (PVA) film-coated long-period grating (LPG) as sensor probe for simultaneous
detection of relative humidity (RH) and temperature. Two UFBGs and the LPG were inscribed in three single
mode fibers utilizing phase/amplitude mask technology and mobile scanning technique via the 248 nm UV
laser. In our experiment, the RH function based on the differential intensity measurement at dual-wavelength
output from 30% to 85% is in a quadratic equation, and the RH sensitivity coefficient of 0.358 dB/%
shows good linear relationship and stability from 55% to 85%. Meanwhile, the temperature sensitivity
coefficients based on wavelength detection and differential intensity detection are 9.1 pm/°C and 0.21 dB/°C,
respectively. The structure of dual-wavelength fiber laser sensor with high signal to noise ratio (SNR), narrow
spectral width and good stability enables simultaneous measurement of the RH and temperature with high
accuracy and good repeatability.

INDEX TERMS Dual-wavelength fiber laser, fiber laser sensor, fiber Bragg grating, long-period grating,
relative humidity, temperature.

I. INTRODUCTION
The simultaneous detection of the humidity and temperature

parameter measurement. Therefore, the deep investigation
of the humidity and temperature sensors with simultaneous

has a significant requirement in applications such as mete-
orological services, biomedical devices, food processing
and storage, chemical and electronic processing, and so on
[1]-[3]. The relative humidity (RH), which denotes the par-
tial water vapor pressure relative to the saturation water
vapor pressure at static temperature, has been widely
applied in the humidity sensing [4]. Conventional mechan-
ical and electronic humidity sensors have many limitations
such as low sensitivity, long response time, only single
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measurement, small size, high accuracy, fast response and
good repeatability is necessary [5], [6].

The fiber-optic sensors are able to possess the
above-mentioned characteristics [7]-[10]. There already exist
numerous fiber-optic RH and temperature sensors based
on uniform fiber Bragg grating (UFBG) [11], long-period
grating (LPG) [12], and different kinds of multimode interfer-
ometer [13]. G. Berruti et.al. reported a fiber-optic humidity
sensor utilizing polyimide-coated UFBG applied in high-
energy physics field below 0°C as same as their radiation
hardness capability when exposed to strong ionizing radia-
tions (up to 10 kGy) [14]. Chao-Tsung Ma et. al proposed
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a dual-polymer fiber Fizeau interferometer for simultaneous
measurement of RH and temperature. The measured RH and
temperature sensitivities of two sensors are 0.12538 nm/%,
0.25376 nm/°C, 0.15807 nm/%, and 0.38551 nm/°C [15].
S. N. Wu et. al reported a fiber-optic RH and temperature
sensor based on polyvinyl alcohol (PVA)-coated open-cavity
Fabry-Perot interferometer (FPI). The highest sensitivity
of RH measurement for the reflection loss of FPI from
30% to 90% was —1.2 dB/%, and the sensitivities RH and
temperature for the dip wavelength were —23.1 pm/% and
—6.14 pm/°C, respectively [16].

Recently, fiber laser has attracted a great deal of attention
in the sensing field on account of the superior advantages
including high signal to noise ratio (SNR), good stabil-
ity, and narrow spectral width compared with conventional
sensor using broadband light source and so on [17]-[20].
X. C. Yang et. al reported a dual-wavelength ring laser gas
sensor using tunable Fabry-Perot filter, hollow-core photonic
crystal fiber, and UFBG. The minimum detection limit at
20 s response time was 10.42 ppmV by experiment [21].
Javier A. Martin-Vela et. al presented a fiber laser cur-
vature sensor based on an LPG with the curvature sensi-
tivity of —42.488 nm/m~! [22]. Y. Dai et. al reported a
dual-wavelength fiber laser liquid-level sensor based on two
parallel phase-shift FBGs and one UFBG. The measured
liquid-level sensitivity in the experiment within 1.5 mm range
was 2.12 x 107 MHz/m [23].

In this article, we present a wavelength- and intensity-
demodulated fiber laser sensor for simultaneous detection of
the RH and temperature. Two UFBGs as reflection filter and
the PVA-coated LPG as intensity modulation embed into a
laser ring cavity achieve stable dual-wavelength lasing and
sensing. The resonance peak wavelength shift and differen-
tial power intensity change of dual-wavelength laser varied
with RH and temperature. In the experiment, the measured
SNR, 3dB spectral width and stability of fiber laser are
45 dB, 0.04 nm and <0.1dB (0.02nm), respectively. The
RH function based on the differential output power measure-
ment from 30% to 85% is in a quadratic equation, and the
measured quadratic and linear coefficients are 0.005 dB/%?
and —0.335 dB/%, respectively. From 55% to 85%, the RH
function shows good linear relation and the RH sensitivity
coefficient is 0.358 dB/%. The temperature function based
on lasing wavelength measurement and differential output
power measurement all shows a linear relation. Meanwhile,
the temperature sensitivity coefficients of 9.1 pm/°C and
0.021 dB/°C are obtained. Based on the measured cross
sensitivity coefficients and stability, the RH and temperature
accuracy of the fiber laser sensor is calculated as 0.35%
and 2.2 °C, which are more than some traditional fiber
sensors [24], [25]. Thus, the proposed laser sensor for RH
and temperature measurement has high SNR, high accuracy,
good repeatability, and low error, which could be applied
in chemical, engineering, and biochemical monitoring
fields.
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Il. SENSING PRINCIPLE AND EXPERIMENTAL STRUCTURE
A. SENSING PRINCIPLE

The standard fiber laser sensor structure includes pump
source, resonant cavity, gain fiber and other optical modula-
tion elements. As a new kind of the fiber sensor, the fiber laser
sensor mainly adopts the resonator cavity or optical filter of
the fiber laser as the sensing probe to measure the parameters
such as temperature, strain, refractive index and so on by the
wavelength, intensity, phase or beat frequency of the fiber
laser. In our proposed fiber laser sensor system, the sensing
probe includes the UFBG; and the PVA-coated LPG. The
sensing principle of UFBG (including UFBG; and UFBG3)
utilizes the Bragg wavelength shift AAyrpg1,2 detection with
the variation of axial strain and temperature. The normal
UFBG uncoated any material is not sensitive to humidity.
Meanwhile, this experiment only analyzes the response of
the sensing probe to the temperature and RH. In combination
with our experiments, we fixed both ends of the sensing
probe in the metal frame to keep the axial strain constant.
It made sure that there was no external stimulus acting on
the laser sensing probe other than the temperature and RH.
Thus, the relationship between AAp and the variation of
temperature AT is written as [26]:

1

AAUFBG = (I’l & +Dl) x AT (1)

eff
where £ and « represent the thermo-optical coefficient and
linear thermal expansion coefficient of fiber, respectively.
The spectrum of UFBG with the variation of temperature is
depicted in Fig. 1(a). If the temperature sensitivity coefficient
is assumed to be Ky = nitfé + a), the above equation (1)
can be abbreviated as

Adyrpc = K11 x AT )

Furthermore, the laser wavelength is the same as the
wavelength of UFBG on account of the dual-wavelength fiber
laser generated by the reflection of UFBG. Due to UFBG;
as the part of the sensing probe and UFBG; as the reference
grating, the wavelength difference of dual-wavelength fiber
laser should be expressed as

Aljgser = AMlasers — Aljaser1 = AAyrBG2 — ALUFBGI
= AAlyrec2 = K11 x AT 3

Meanwhile, the dual-wavelength output power intensity also
varies with the wavelength of UFBG.

The LPG with a period typically in the hundreds of microns
promotes coupling between the propagating core mode and
co-propagating cladding modes. The high attenuation of the
cladding modes leads to the transmission spectrum of the
LPG which contains a series of attenuation bands with dis-
crete resonant wavelengths, and each attenuation band corre-
sponds to the coupling to a different cladding mode [27].

The spectral shape and the resonant wavelengths of the
attenuation bands are related to the period and length of
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FIGURE 1. (a) Spectral principle of UFBG-based sensors for temperature
and RH monitoring. (b) Spectral principle of PVA-coated LPG-based
sensors for temperature and RH monitoring.

the LPG, and also sensitive to the ambient environment
including temperature, strain, bend radius and refractive
index of the medium surrounding. The changes of these
parameters can alter the period of the LPG and/or the effective
refractive index difference of the core and cladding modes.
Furthermore, the phase-matching conditions for coupling to
the cladding modes is modified, which results in a variation
in the resonant wavelengths and powers of the attenuation
bands [28].

The sensitivity to a particular measurand is dependent upon
the composition of the fiber and the order of the cladding
mode to which the guided optical power is coupled, and
is thus different for each attenuation band. These charac-
teristics enable the LPG particularly attractive for sensor
applications [29].

Because the change of LPG resonance wavelength results
from the influence of RH and temperature, the resonance
wavelength shift AA;pg can be expressed as [30]

Aripc = k11 AT + k1o ARH )

where k11 and k1, represent the sensitivity coefficients of tem-
perature and RH in wavelength, respectively. The spectrum
of the PVA-coated LPG with the change of the temperature
and RH is described in Fig. 1(b). The intensity variation
of the PVA-coated LPG in resonance wavelength results
from the variation of the RH (ARH) and temperature (AT)
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is written as
APrpg = ko1 AT + kyp ARH 5)

where kp; and kp3 are the sensitivity coefficients of the
temperature and RH in intensity, respectively. Since both
temperature and RH will cause variations of the PVA-coated
LPG in resonant wavelength and resonant peak intensity, and
then the changes of the fiber laser in the peak power intensity
will be affected. Meanwhile, the wavelength change of UFBG
caused by temperature will also affect the laser output power
intensity variation. Thus, the intensity difference variation of
the proposed fiber laser output (include the effects of UFBG
and PVA-coated LPG) can be expressed as

APjyser = K21 AT + Ko ARH (6)

Based on the equation (3) and (6), the coefficient matrix
can be given by

Allaser | K O £ @
APjser K1 K»n || ARH
The variation of temperature and RH by matrix transfor-
mation can be expressed as

AT _ i K> 0 Aliaser (8)
ARH | D | —Kxu Kii || APjager
where D = K11K22, K11, K21, K27 can be determined by
measured curve based on temperature and RH responses
separately for AAjgger and APjgger [31]. According to the

above analysis, the variations of the temperature and RH can
be evaluated by expression (8).

B. FABRICATION PROCESS

Two UFBGs and the LPG were separately fabricated in
three 10-day hydrogen-loaded (10 Mpa; at room temperature)
B/Ge co-doped single mode fibers (the length is about 30 cm)
using phase/amplitude mask technology and mobile scanning
technique, exposed by the 248 nm UV laser with 80 mJ
pulse energy and 10 Hz pulse frequency. The fabrication and
schematics are shown in Fig. 2. The periods of the phase mask
are 1068 nm for UFBG; and 1075 nm for UFBG,, and the
period of the amplitude mask is 250 um. The length of two
UFBG:s is respectively 1.0 cm, and the length of the LPG is
about 2.0 cm. Fig. 3(b) displays the measured transmission
spectrum of the fabricated UFBGs and LPG from 1540 nm
to1570 nm. Through the analysis of data, the center wave-
lengths of UFBGs are 1543.7 nm and 1558.04 nm, respec-
tively. Two UFBGs and the LPG were annealed at 18 °C
for 8 h before being ready for employing in the experiments.
Then, the LPG and UFBG; are fused together with a cutting
knife and a fusion splicer as the sensor probe, and UFBG; is
fused into the laser ring as a reference grating.

In order to coat the LPG, the PVA solution should first
be prepared. In our experiment, the PVA (PVA-205, low vis-
cosity) was supplied by Aladdin company. The configuration
process of 3% PVA aqueous solution is as follows (take 3%
as an example). Firstly, 3 g low-viscosity PVA granules for
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FIGURE 2. The fabrication and schematics of the LPG and UFBG (including UFBG; and UFBG,).
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FIGURE 3. (a) The image of PVA-coated LPG at the scanning electron microscope; (b) Transmission spectrum of the uncoated LPG (red line)
and the PVA-coated LPG with two UFBGs (black line).
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FIGURE 4. Experimental structure diagram of the proposed fiber laser sensor using PVA-coated LPG and dual UFBG.

until complete alcoholysis. The fabricated LPG was cleaned
with deionized water and evaporated in the air, repeatedly.
Then, The LPG was fully immersed into the PVA aqueous
solution for coating 1 h at 80 °C by using the dip-coating

several times (about 0.5 g each time) were dissolved into
97 g deionized water at 90 °C with magnetic stirring for
30 minutes. Then, the aqueous solutions were taken into a
climate chamber with keeping temperature 90~95 °C for 2 h
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FIGURE 5. (a) Measured output spectra of dual-wavelength fiber laser sensor based on the PVA-coated LPG and dual UFBG at
15 minutes interval during five hours. (b) (c) The variation of lasing output power intensity and wavelength during five hours.

process. At last, the PVA-coated LPG was dried in the climate
chamber for 1 h at 50 °C to evaporated off the water of
the LPG surface. The image of the PVA-coated LPG at the
scanning electron microscope is shown in Fig. 3(a).

C. EXPERIMENTAL STRUCTURE

The experimental structure diagram of the proposed fiber
ring laser sensor is depicted in Fig. 4. A 3 m long erbium-
doped fiber (EDF, YOFC-ED1016, absorption of 36 dB/m,
the peak of which is at 1532 nm) is used as a gain medium.
The pumped light from 976 nm laser diode enters the gain
medium through 980/1550 nm wavelength division multi-
plexer (WDM). A 3-port optical circulator (OC) united with
dual UFBGs (UFBG A1 = 1543.7 nm, UFBGA, = 1558.04
nm) is used to reflect the dual-channel lasing light into the
ring cavity. An optical isolator is inserted in the ring cavity in
order to assure the unidirectional operation and prevent any
negative effects such as spatial hole burning. Furthermore,
the PVA-coated LPG cascaded with UFBGg as an integrated
sensing probe is used to achieve the perception of the RH
and temperature change. Meanwhile, the distance between
the PVA-coated LPG and UFBG; is limited to centimeter
magnitude to ensure the sensing probe in the same measure-
ment environment. The other port of the sensing probe is
connected with an optical spectrum analyzer (OSA, 0.1 nm
resolution). The sensing probe (the length of 6 cm) is put into
the climate chamber for realizing to monitor the changes of
RH and temperature. Through measuring the output spectrum
(wavelength and differential power intensity) of the proposed
fiber laser sensor system by OSA, the simultaneous detection
of the RH and temperature with high accuracy and good
repeatability is achieved.

Ill. EXPERIMENT RESULTS AND DISCUSSIONS
A. LASER OUTPUT CHARACTERISTIC

The fiber laser can immensely improve the performance of
the fiber sensor on account of their high SNR, high stability
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FIGURE 6. (a) Measured output spectral of the proposed
dual-wavelength fiber laser sensor under different RH (from 30% to
80%); (b)(c) Local amplification diagram of laser peak location.

and narrow spectral width [32]. In our experiment, the pump
light was set at 248 mW which was beyond the pump thresh-
old 150 mW. Through adjusting the polarization controller
(PC) and variable optical attenuator (VOA), the stable dual-
wavelength lasing was achieved. Fig. 5(a) shows the mea-
sured output spectra of the proposed dual-wavelength fiber
laser sensor with dual UFBGs and the PVA-coated LPG
scanned repeatedly at 15 minutes interval in five hours. From
the measured output spectra, we can find that the dual-
line laser emission which is slightly greater than the Bragg
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FIGURE 7. (a) The differential intensity variation of dual-wavelength laser sensor as a function of RH. (b) The wavelength
difference variation of proposed laser sensor along with the surrounding RH.

wavelengths of dual UFBGs is generated at 1543.74 nm
and 1558.08 nm with SNR of 45 dB and 3dB bandwidth
of 0.04 nm. Additionally, the wavelength and power stability
of the dual-wavelength fiber laser at room temperature is
validated as shown in Fig.5. From Fig. 5(b) and 5(c), the max-
imum variations of lasing power intensity and lasing wave-
length are less than 0.1 dB and 0.02 nm, respectively. By the
stability study above, the high SNR, high stability and narrow
spectral width performance of the proposed laser sensor has
been demonstrated to ensure simultaneous measurement with
high-accuracy and good repeatability.

B. RH RESPONSE

During the RH and temperature experiment, the sensing
probe including PVA-coated LPG and UFBG; was fixed into
the climate chamber for realizing to monitor the change of
the RH and temperature, and the other parts of the fiber
laser system were fixed on the optical platform. For the RH
measurement, the temperature was held at 25 °C. Fig. 6 shows
the actual spectrum from 1540nm to 1565nm measured by
OSA under 30% RH, 40% RH, 50% RH, 60% RH, 70%
RH and 80% RH. The output power variations at the dual-
wavelength laser peak are opposite with RH from 30% to
80%. At the same time, dual emission wavelengths basically
remain constant.

Further, the response curve between RH and the proposed
laser sensor has been investigated, as shown in Fig. 7.
Because of external environment change and identical pump
light jitter, the measurement of differential intensity at dif-
ferent wavelengths is used to remove the instability of laser
sensor by above-mentioned factors. As can be acquired from
Fig. 7(a), the RH function based on differential output power
measurement from 30% to 85% is in a quadratic equation,
and the quadratic and linear coefficient are 0.005 dB/%?> and
—0.335 dB/% (R?* approach to 0.995), respectively. Mean-
while, the laser sensor has a good linear relationship under
high RH experiment from 55% to 85%, and the RH sensitivity
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coefficient is 0.358 dB/% (R* approach to 0.997). Then,
we have also researched the variation of wavelength differ-
ence at different RH. The wavelength difference basically
remains constant, as shown in Fig. 7(b).

C. TEMPERATURE RESPONSE

Temperature cross-sensitivity is the main concern which
needs consideration for such RH sensors. The temperature
response of the proposed laser sensor was conducted and
the actual spectral shift from 25 °C to 65 °C temperature
was depicted in Fig. 8, when the RH was held at 50%.

VOLUME 8, 2020



B. Yin et al.: Wavelength- and Intensity-Demodulated Dual-Wavelength Fiber Laser Sensor

IEEE Access

I 3585
® Iacreaing temperamrs from 23°C to G53°C
& decreaing temperature from 659 to 25°C
15584 F I,?ncur Ij.l?ng n[: im:rcz.i_ng lemperature dala
Linggr fisting of decreaing tempearature data
£
£ sas3 )
=
? 4. 13pm/eC
= 13382 F 9.07pm.f°C
z
=
~ 1ss8
13380 F (a)
1 1 1 1 1 1

] 60

Temperature/2C

Il

kit

Wavelength/nm

1544.5
= Inereaing temparature from 237 o 6570
#  [Jecreaing temperature from 63°C o 237
13410 |
15435 F
13430 4 L L L L L I L ( ).
25 300 3% 400 45 50 55 60 65
Temperature/°C

Dl of Taser power dilfereney
Linear fitting from 25°C to 63°C

=]

=

ot .

=]

-]

o

g = 0.020dB/°C

=

o

@ gl

e 9

)

&

(c)
8 1 1 1 L 1 L 1 1 1 L 1 L 1
25 30 35 40 45 50 35 60 a5
Temperature/°C

FIGURE 9. (a)(b) Each wavelength variation of the proposed laser sensor as temperature from 25 °C to 65 °C. (c) The change of
differential output power intensity as temperature from 25 °C to 65 °C.

We can find that the output power at the dual-wavelength laser
peak increases gradually with the temperature from 25 °C to
65 °C. Meanwhile, the peak wavelength of the dual-
wavelength fiber laser at the UFBG; position presents red-
shift, and the peak wavelength at the UFBG; position
basically remains constant.

Furthermore, the results of the characterization for the
dual-wavelength fiber laser sensor and the linear regression
of the temperature response at different wavelengths and
differential output power in the range from 25 °C to 65 °C
are presented in Fig. 9. It can be seen that the temperature
function based on lasing wavelength measurement and differ-
ential output power measurement show a good linear relation.
At the same time, the measured experiment of temperature is
repeated twice, and the two measurement results show good
consistency. Then, the temperature sensitivity of 9.1pm/°C
based on wavelength demodulation at the UFBG; position
(R? approach to 0.991) is analyzed, and the temperature sen-
sitivity at the UFBGj position approach to zero. Meanwhile,
the temperature sensitivity of 0.021 dB/°C (R? approach
to 0.955) using differential output power measurement is
obtained.
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Through the above theoretical analysis and experimental
data processing, the coefficient matrix can be given by

|:A)\laseri|_|:Kll 0 :||:£i|

APusr | | K1 Kxn || ARH
_|: 9.1nm/°C 0 :||:£:| ©)
"~ 10.358dB/% 0.021dB/°C ARH

Based on the above formula, the discrimination between
RH and temperature by the detection of wavelength shift and
differential power intensity variation has been realized.

In order to research the simultaneous response charac-
teristics of the RH and temperature for the proposed laser
sensor, we have also measured the laser spectral datum at
60% and 30 °C, 65% and 40 °C, 70% and 45 °C, 75%
and 50 °C, 80% and 60 °C in Fig. 10. Based on the laser
spectral data (5.025 dB and 14.32 nm) at 55% and 25 °C
as reference points, the measured wavelength difference and
the variation of differential power intensity are 6.735 dB and
14.38 nm, 8.744 dB and 14.46 nm, 10.526 dB and 14.50 nm,
12.565 dB and 14.54 nm, 14.69 dB and 14.64 nm, which
are approximately equal to the calculation data (6.92 dB and
14.37 nm, 8.92 dB and 14.46 nm, 10.815 dB and 14.50 nm,
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12.71 dB and 14.55 nm, 14.71 dB and 14.64 nm) by formula
9. Thus, the dual-wavelength fiber laser sensor has potential
applications in the RH and temperature simultaneous mea-
surement with high SNR, high accuracy, good repeatability.

IV. CONCLUSION

A dual-wavelength fiber laser sensor for simultaneous
detection of the RH and temperature is proposed and exper-
imentally demonstrated. The PVA-coated LPG combines the
UFBG; as the sensing probe, and the UFBG; is used as
the reference grating. The RH and temperature can affect
the variation of laser wavelength and output power intensity.
Experimental results show that the RH function based on the
differential output power measurement from 30% to 85% is
in a quadratic equation, and the measured quadratic and linear
coefficients are 0.005 dB/%? and —0.335 dB/%. From 55%
to 85%, the RH function shows a good linear relation and
the RH sensitivity coefficient is 0.358 dB/%. At the same
time, the temperature function based on lasing wavelength
measurement and differential output power measurement all
show good linear relation, and the temperature sensitivity
coefficients are 9.1 pm/°C and 0.021 dB/°C. Compared to
the conventional fiber-optic RH and temperature sensors,
the proposed fiber laser sensing structure with high SNR,
high accuracy, and good repeatability has the capability of
simultaneous multi-parameter measurement.
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