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Abstract: We first propose and demonstrate a polarimetric fiber laser system for relative
humidity (RH) sensing based on the beat frequency demodulation. A graphene oxide-coated
D-shaped fiber (GDF) with a low insertion loss of 0.8 dB was embedded into a laser cavity to
form an RH sensing probe. The output of the fiber laser could generate mode splitting between
two orthogonal polarization modes due to birefringence of the GDF device. Hence, two types
of beat signals, i.e., longitudinal mode beat frequency (LMBF) and polarization mode beat
frequency (PMBF) could be generated synchronously. The experimental results indicated that
the LMBFs of the fiber laser had almost no response to the ambient humidity, and the PMBFs of
the fiber laser were very sensitive to the various RH levels. There was a good linear relationship
between the PMBF and RH changes in the range of 30% to 98%. This fiber-optic RH sensor
exhibited a sensitivity of 34.7 kHz/RH% with a high quality of fit (R>>0.997) during the ambient
RH increase and decrease. Moreover, the average response and recovery times of the fiber-optic
RH sensor were measured to be about 64.2 ms and 97.8 ms, respectively. Due to its long stability,
reversibility, quick response time and low temperature cross-sensitivity (i.e., 0.12 RH%/°C), the
proposed fiber-optic RH sensor could offer attractive applications in many fields, such as biology,
chemical processing and food processing, etc.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Relative humidity (RH) sensors play an important role in food processing, agriculture, biology,
structural health monitoring, instrument manufacturing, and many other fields [1].Compared
to traditional electrical RH sensors, fiber-optic RH sensors have the advantages of low costs,
anti-electromagnetic interference, anti-corrosion, and remote detection capacity [2]. Recently,
massive RH sensors based on optical fiber devices have been proposed, such as fiber Bragg
gratings (FBGs) [3,4], tilted fiber Bragg gratings (TFBGs) [5], long period gratings (LPGs) [6],
and many kinds of fiber-optic interferometers [7—13]. In particular, some fiber-optic RH sensors
consist of the microfiber [14], hollow core fiber [15], no-core fiber [16], plastic optical fiber
[17], few-mode fiber [18,19], polarization-maintaining fiber (PMF) [8], side-polished fiber [20],
and photonic crystal fiber (PCF) [21]. However, these fiber-optic RH sensors listed above have
a few defects: (1) the manufacture of fiber gratings, fiber-optic interferometers and microfiber
structures is complicated. (2) The costs of some special fiber (e.g., PMF and PCF) are very high.
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(3) The insertion loss of some fiber-optic RH sensors is very large. Considering all the factors
described above, the side-polished fiber, i.e., D-shaped fiber with a low insertion loss is more
suitable for an RH sensor due to its low cost and simple fabrication process. Moreover, various
humidity-sensitive polyimide [3], chitosan [22], metal oxides [23], polymethyl methacrylate
[24], agarose gel [25], polyvinyl alcohol [26], and tungsten disulfide [27] are always required to
coat the surfaces of fiber devices to enhance the sensitivity of RH sensors. However, in these
studies, the refractive index change of the coated material was closely related to the penetration
capacity of the water molecules, and the poor penetrability of the water molecules may lead
to the hysteresis. Additionally, many efforts have been devoted to fabricate high-performance
fiber-optic gas sensors based on 2D material graphene [28-31]. However, these fiber-optic
sensors exhibited slow response time or small measurement range. To address this issue, the
graphene oxide (GO) can be considered an outstanding candidate for high sensitivity RH sensing
due to its large specific surface area and massive functional groups including hydroxyl, carboxyl
and carbonyl [32,33], which could lead to fast response time and large measurement range of
optic-fiber RH sensors.

The fiber-optic RH sensors discussed above are mainly classified into two categories, i.e.,
wavelength-encoded sensors and intensity-encoded sensors. The former ones convert the
measurand into the wavelength variation of the spectral peak or notch location, and these sensors
typically suffer from a low response rate due to the mechanical wavelength scanning process.
The latter ones rely on the detection of optical power change with the different RH levels, and
these sensors are easily affected by optical power fluctuations. Fortunately, the beat frequency
demodulation method has garnered great interest in recent years [34,35] and opened a new
avenue for fiber laser sensors due to its fast response rate. A weak change of the intracavity
birefringence can obviously induce a polarization mode beat frequency (PMBF) shift. The
measurand can be converted into a corresponding change in the PMBF of the fiber laser. Hence,
massive polarimetric fiber laser sensors for measuring the hydrostatic pressure, lateral force,
temperature, strain and ultrasound based on a beat frequency demodulation have been reported
[34-37]. In 2021, Yao et al. realized a two-dimensional-material functionalized microcomb gas
sensor by depositing graphene in an over-modal microsphere, which can offer high sensitivity
for the detection of gas mixtures without cross-sensitivity issues based on a beat frequency
demodulation [38]. Compared to the two kinds of fiber-optic RH sensors described above, a
polarimetric fiber laser sensor only need a photo-detector and a frequency spectrum analyzer to
interrogate the beat signals, which means that this type of fiber laser possesses several advantages
of a simple structure, decrease in complexity, and immunity to intensity perturbation.

In this research, we proposed a fiber laser system for RH sensing based on the beat frequency
demodulation. The RH sensor probe was formed by a graphene oxide-coated D-shaped fiber.
This proposed fiber-optic RH sensor exhibited a high sensitivity of 34.7 kHz/RH% during the
increase and decrease of the ambient RH. Additionally, the average response and recovery times
of the fiber-optic RH sensor were measured to be about 64.2 ms and 97.8 ms, respectively. The
experimental results indicated that the proposed fiber-optic RH sensor had the advantages of long
stability, reversibility, a quick response, and a low temperature cross-sensitivity.

2. Sensing mechanism

Figure 1 shows a schematic diagram of the polarimetric fiber laser based on graphene oxide-coated
D-shaped fiber (GDF). The fiber laser consisted of an FBG, a section of erbium-doped fiber (EDF,
Nufern SM-ESF-7/125, peak absorption: 55dB/m @ 1530 nm), and a loop mirror to form the
laser cavity. The FBG and the coupler could play a role in the two reflectors, and the EDF acted
as the gain medium. The pump light from a 980 nm laser diode was transmitted through a 980 nm
optical isolator (ISO) and a wavelength division multiplexer (WDM). Then the pump light was
injected into the laser cavity. The function of the ISO is to suppress the reflected 980 nm pump
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laser. According to the laser principle, many longitudinal modes were excited in the long laser
cavity when the pump threshold condition was satisfied. When the GDF was inserted into the
laser cavity, the orthogonal polarization modes (i.e., vx and vy) were not degenerate due to the
birefringence effect in GDF. As a result, the slight mode splitting phenomenon (i.e., v’x#v’y)
occurred. The birefringence value of the GDF could be defined as:

B =|n, —nyl, (1

where ny and ny are the refractive indices of the slow and fast axes. Hence, there exists two types
of beat frequency signals, i.e., the longitudinal mode beat frequency (LMBF) and polarization
mode beat frequency (PMBF). It is noted that the generation mechanism of the LMBF and PMBF
are different. The LMBF are induced by two different longitudinal modes at x or y direction.
The PMBF are caused by two different polarization modes [39].
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Fig. 1. Schematic diagram of the polarimetric fiber laser based on a graphene oxide-coated
D-shaped fiber (GDF). ISO: isolator; WDM: wavelength division multiplexer; FBG: fiber
Bragg grating; EDF: erbium-doped fiber.

For the multi-longitudinal mode fiber laser, the j-order longitudinal mode of fiber laser could
be expressed as [40]:
jc

fi=51 @)

where j is the number of the longitudinal mode, c is the light speed in empty space, n is the
effective refractive index of the fiber, and L is the total laser cavity length. The LMBF of the
fiber laser could be written as [35]:

Nc

fy=G=D5=

L~ onL’ 3)

where 7 is the number of the longitudinal mode, and N =j-i (N=1, 2, 3...). Due to the fiber
intrinsic birefringence, the frequency values of the two orthogonal polarization modes were
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different. As a result, the PMBF induced by the birefringence effect could be written as:

(ny — n}')jc B
= — = = -7, 4
o =tx =ty 2nynyL n]3 @
where ny and ny are the effective refractive indices of the two orthogonal polarization modes.
If the polarization mode beat signals caused by other laser modes with different polarization
directions are considered, a general expression for describing the PMBFs can be written as:

eyl )
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When different RH was applied to the GDF, the refractive index of the graphene oxide could be
obviously changed due to its excellent hydrophilicity. Hence, the birefringence of the GDF could
be also changed, resulting in the PMBF shift. The sensitivity between the PMBFs and the RH
could be expressed as:
so b (548 Ne g i) ©
dRH ndRH 2nL ndRH

From Eq. (6), the sensitivity was mainly determined by the RH-induced birefringence variation
dB/dRH.

3. Device fabrication

3.1. Fabrication procedure

Figure 2 demonstrates the fabrication process for the proposed GDF device. In step 1, the
D-shaped fiber (DF) was fabricated using a high precision wheel polishing setup (WanRun Ltd.,
WuXi, China), as shown in Fig. 2(a). This fiber side-polishing method was similar to that of our
previous study [41]. A 62 mm grinding wheel lined with an abrasive paper was translated across
the singe-mode fiber (SMF, Corning) in the fiber axis direction. The SMF was gradually polished
by a back-and-forth motion of the rolling wheel along the fiber. The lengths of the flat region and
the tapered transition region were 10 and 2 mm. In step 2, the GO solution (XFNANO, Nanjing)
was transferred onto the polishing surface of the DF via a pipette, as shown in Fig. 2(b). The
DF was sequentially immersed into a series of GO solutions that could be synthesized with the
Hummers method. The particle diameter and the concentration of the GO are about 50-200 nm
and 2 mg/ml. In step 3, the DF coated with GO solution was dried using a heater, as shown in
Fig. 2(c). The processes of step 2 and step 3 should be repeated many times to guarantee that the
GO was evenly coated on the polishing surface of the DF. As shown in the inset of Fig. 2(c), the
remaining thickness of the DF was defined as d, and the thickness of the GO film was defined as
h.

3.2. Characterization of the RH sensor

When a 633 nm light was guided through the GDF, a strong scattering could be clearly seen on
the GO-coated area due to the enhanced evanescent field, as shown in Fig. 3(a). Figure 3(b)
illustrates the micrograph image of the GDF. The GO was evenly coated on the polishing surface
of the DF. The cross-sectional scanning electron micrograph (SEM) of the GDF is shown in
Fig. 3(c). The thickness & of the GO film was measured to be ~300 nm. Figure 3(d) illustrates
the Raman spectrum of the GO film coated on the DF surface via a 532 nm laser excitation. It
was clear that the characteristic peaks are located at 1340 cm™! and 1600 cm™", corresponding to
the D band and the G band, respectively. The D band corresponded to the respiratory vibration
mode of a benzene ring atom, and its peak intensity characterized the disorder degree of the GO
material. The G band corresponded to the mutual stretching mode of an SP? atom pair, and its
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Fig. 2. Schematic diagrams of the fabrication process of the GDF humidity sensor.
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Fig. 3. (a) Strong scattering on the GO-coated area. (b) Micrograph image and (c) Cross-
sectional SEM of the GDF. (d) Raman spectrum of the GO. (e) The transmission spectra of
the SMF, DF and GDF. (f) Simulated mode distributions of the SMF, DF and GDF.



Research Article Vol. 30, No. 10/9 May 2022/ Optics Express 16003 |

Optics EXPRESS N ‘

peak intensity indicated the number of SP? structure in the material. The features above indicated
that the GO was effectively and tightly coated on the DF surface.

During the fabrication process of the GDF device, the transmission spectra of the SMF, DF,
and GDF were measured online, as shown in Fig. 3(e). Compared to the SMF, the insertion
loss (IL) of the DF could be increased to 0.3 dB with a remaining fiber thickness d of 74.8 pm.
Finally, the total IL could be further increased to 0.8 dB when the GO was coated on the DF
surface. In order to determine the effect that the GO film had on the transmission properties of
the GDF device, the mode distributions of the SMF, the DF, and the GDF were simulated via a
finite element method (FEM, COMSOL), as shown in Fig. 3(f). The remaining fiber thickness of
the DF and the thickness of the GO film were set to 74.8 um and 300 nm, respectively. It was
clear that the evanescent field appeared the DF surface and the mode center of the GDF could be
dragged closer to the GO film to further enhance the light-matter interaction.

4. Experiment and discussion

4.1. Experimental setup

Figure 4 illustrates the experimental setup of the polarimetric fiber laser for RH measurement.
The output of the fiber laser was divided into two branches. One branch was detected by an
optical spectrum analyzer (OSA, Yokagawa AQ6370C) with a resolution of 0.02 nm. The other
branch was launched into a high speed photodetector (PD, Newfocus 1592) and then detected by
a frequency spectrum analyzer (FSA, Rohde & Schwarz). The RH sensor (i.e., GDF device) was
mounted and fixed in the gas chamber to prevent adverse bending and vibration. In this system,
we used dry nitrogen as the carrier gas, and the humid gas could be produced to increase the
humidity after the nitrogen passed through the water. Then, the RH value in the gas chamber
could be precisely controlled from 30% to 98% by altering the flow rates of both the dry and
humid gases. A commercial hygrometer (Rotronic, HygroPalm HP22) and) was placed in the gas
chamber to monitor the RH variation online.

OSA \ 3 dB Hygrometer

| coupler

SO \
989 \—-\T" ——
m Jage, WbhMm FBG

Gas jp

Fig. 4. The experimental setup of the polarimetric fiber laser for RH measurement.

4.2. Characterization of the polarimetric fiber laser

Figure 5(a) illustrates the optical spectrum of the grating (i.e., FBG) and the lasing spectrum of
the polarimetric fiber laser. The FBG exhibited a transmission loss of -12.6 dB at a resonance
wavelength of 1551.0nm. It was obvious that the resonance wavelength of the grating could
match the lasing wavelength of the fiber laser. Moreover, the output of the fiber laser exhibits
a high signal-to-noise ratio (SNR) of 63.3 dB at a pump power of 30 mW. The beat frequency
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spectrum of the fiber laser was measured by an FSV with a resolution bandwidth of 10 kHz, as
plotted in Fig. 5(b). The experimental results showed that several dominant beat signals, i.e., the
LMBF fy (N=1,2,3...) located at those positions of which have an equal frequency separation
of 15.7 MHz, corresponding to a laser cavity length of ~ 6.6 m from Eq. (3) above. Additionally,
two PMBEFs (i.e., fy+fp) were located at both sides of the LMBF, and the SNRs of the dominant
LMBEF were obviously greater than those of the PMBEF. The birefringence-induced beat frequency
f5 had a small value of 3.4 MHz, corresponding to a fiber birefringence of ~ 2.6¥1078 from

Eq. (4) above.
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Fig. 5. (a) The optical spectrum of the grating (i.e., FBG) and the lasing spectrum of the
fiber laser. (b) The beat frequency spectrum of the fiber laser.

4.3. Relative humidity response of the fiber-optic RH sensor

Figure 6(a) shows the beat signals of the polarimetric fiber laser at different RH levels. The beat
frequency fp shifted to a high frequency when the RH in the gas chamber was increased from
30% to 98% with a step size of 10% at room temperature. From Eq. (4), the birefringence of the
GDF could be gradually increased with the RH increase. As a result, the PMBF (i.e., fy-fp, N=1,
2, 3...) on the left of the dominant LMBEF shifted to a low frequency. Moreover, the LMBF
fnv remained mostly unchanged with the RH increase. From Eq. (3) above, this meant that the
different RH levels had no effect on the length of the fiber laser cavity. The LMBF at f3 and
PMBEF at f3-fg were chosen as the monitored beat frequency signals for measuring the different
RH values due to their relatively high SNR. As shown in Fig. 6(b), the PMBF at f3-fp shifted
linearly with the RH increase and decrease. The RH sensitivity of -34.7 kHz/RH% with a high
quality of fit (R>>0.997) was obtained, which was higher than most of the fiber-optic RH sensors
based on the GO material, as shown in Table 1 bellow. It was clear that the GDF device had high
repeatability with no hysteresis phenomenon during the RH cycling. However, the LMBF at f3
exhibited an extremely low RH sensitivity of -0.001 kH/RH%, which was consistent with the
theoretical analysis described above.

4.4. Stability and response time of the fiber-optic RH sensor

The stability was an important parameter of the fiber-optic RH sensor. As shown in Fig. 7(a), the
BMBF at f3-fz was monitored for three typical RH levels (i.e., 40%, 60%, and 80%) for 60 min at
a temperature of 25°C. It was obvious that there was only a small frequency fluctuation within 60
min. Hence, this fiber-optic RH sensor exhibited good stability. In order to obtain the response
time of the proposed RH sensor, a human breathing experiment was performed directly on the
sample (i.e., the GDF device). The ambient RH of the GDF could quickly jump from 28.2% (i.e.,
room humidity) to 36.4% and then quickly decrease to 28.2%. It is noted that the carbon dioxide
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Fig. 6. (a) Beat signals of the fiber laser at different RH levels. (b) Beat signals (i.e., f3 and
f3-fp) versus the RH values.

Table 1. Performance of different types of fiber-optic RH sensor based on graphene oxide

Structure RH range Sensitivity Response
Michelson [11] 40%-75% 2.72 nm/%RH 36s
32%-85% 0.15 nm/%RH 66.7 s
D-shaped fiber [20]
85%-97.6% 0.92 nm/%RH
micro-knot resonator [18] 0%-80% 0.01 nm/%RH N/A
core-offset MZI [12] 30-60% 0.03 nm/%RH N/A
30%-55% ~0.19 nm/%RH N/A
few-mode MZI [19]
55%-95% 0.06 nm/%RH
TFBG [5] 10%-80% ~0.13 dB/%RH 1s
micro-nano FBG [4] 20%-80% ~0.02 nm/%RH 32s
fiber-tip FP [13] 12.4%-88.4% 0.2 nm/%RH 60 ms
this work 30%-98% 34.7 kHz/%%RH 64.2 ms

amount absorbed by the GO at normal temperature and pressure is very small [42]. Hence, the
carbon dioxide exhaled by the human body has no effect on response time error of fiber-optic RH
sensor. In this experiment, a time-dependent light intensity response was used to monitor the
RH variation when a person blows repeatedly into the RH sensor. As shown in Fig. 7(b), the
fiber-optic RH exhibited high reversibility, and the average response time and the recovery time
for the GDF device were 64.2 ms and 97.8 ms from 10% to 90% of the target RH value, which
were faster than those for most of the fiber-optic RH sensors, as shown in Table 1 bellow.

4.5. Temperature measurement of the fiber-optic RH sensor

Moreover, the temperature cross-sensitivity of the RH sensor also needed to be analyzed. As
shown in Fig. 8(a), when the temperature was increased from 30°C to 90°C with a step of 10°C,
the dominant LMBFs fn (N=1, 2, 3...) were also mostly unchanged with a constant RH of
50%. Furthermore, the PMBEF (i.e., fy+fp) had a small shift with a temperature sensitivity of 4.2
kHz/°C, as shown in Fig. 8(b). It was concluded that the proposed RH sensor exhibited a very
low temperature cross sensitivity of 0.12 RH%/°C.
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Fig. 7. Stability test of the fiber-optic RH sensor at three RH levels. (b) The response time
of the RH sensor.
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Fig. 8. (a) Temperature response of the fiber-optic RH sensor. (b) Data and a linear fit of
the PMBF (i.e., f3-fp) versus temperature.

5. Conclusion

In this work, we proposed and demonstrated a fiber laser system for RH sensing based on the beat
frequency demodulation. The RH sensor probe was fabricated with GDF, and fiber birefringence
of the GDF could be changed for different RH levels. The experimental results showed that the
LMBF of the fiber laser had no response to the ambient humidity, and the PMBF of the fiber laser
was very sensitive to the various RH levels. It was found that there is a good linear relationship
between the PMBF and RH changes in the range of 30% to 98%. The proposed RH sensor exhibits
a sensitivity of 34.7 kHz/RH% with a high quality of fit (R>>0.997). Moreover, the average
response and recovery times were measured to be about 64.2 ms and 97.8 ms, respectively. The
sensor had the advantages of long stability, reversibility, a quick response, and a low temperature
cross-sensitivity. With such highly beneficial properties, the sensor could be used in widespread
potential fields, such as biology, chemical processing, and food processing, etc.
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