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Abstract: A highly sensitive relative humidity (RH) sensor based on Fabry-Perot interferometers
(FPI) is proposed and experimentally demonstrated. The sensor is fabricated by splicing a
segment of hollow core Bragg fiber (HCBF) with single mode fiber (SMF) and functionalized
with chitosan and ultraviolet optical adhesive (UVOA) composite at the end of HCBF to form a
hygroscopic polymer film. The reflection beams from the splicing point and the two surfaces
of the polymer film generate the Vernier effect in the reflection spectrum, which significantly
improves the humidity sensitivity of the sensor. To demodulate the envelope based on the Vernier
effect and realize multi-point sensing, a digital signal processing (DSP) algorithm is proposed
to process the reflection spectrum. The performance of the DSP algorithm is theoretically
analyzed and experimentally verified. The proposed sensor demonstrates a high sensitivity of
1.45 nm/% RH for RH ranging from 45% RH to 90% RH. The compact size, high sensitivity and
multiplexing capability make this sensor a promising candidate for RH monitoring. Furthermore,
the proposed DSP can potentially be applied to other sensors based on the Vernier effect to
analyze and extract valuable information from the interference spectrum.

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

1. Introduction

Relative humidity (RH) measurements and control are of great importance in various industrial
fields, such as production and storage of food and computer components, environmental
monitoring, chemical synthesis, and civil engineering [1–4]. Numerous humidity sensors were
proposed for precise humidity monitoring in the past decade [5–7]. Conventional electronic RH
sensors achieve RH detection based on variation of capacitance, resistance, and conductivity of
electronic components on humidity [8,9]. However, the intrinsic properties of electronic devices
hinder their applications in remote monitoring and usability in narrow space and electromagnetic-
interference conditions [10]. Recently, optical fiber sensors have attracted considerable attention
thanks to their unique advantages compared with their electronic counterparts, such as compact
size, light weight, high stability, and electromagnetic immunity [11,12]. Meanwhile, the optical
signal can transmit in fiber with low loss, enabling multi-point and remote sensing [13,14]. It
can also be used for RH monitoring in hazardous environments such as downhole and chemical
synthesis workshops. However, silica is intrinsically insensitive to humidity. This leads to the
low sensitivity of all-silica fiber RH sensors [10]. Therefore, typical fiber sensing schemes
are commonly integrated with hygroscopic materials, such as PVA (Poly(vinyl alcohol)) [15],
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agarose [16], and chitosan [17], which undergo a greater change in refractive index (RI) or
volume under different humidity, to achieve higher sensitivity and better performance. Besides,
to improve the interaction between the evanescent field and the hydrophilic materials, many
micromachining techniques, such as tapering [18], etching [19] and femtosecond processing [20],
have been applied to optical sensing fiber. Although effective, these processes typically rely on
expensive equipment and the sensing structures are fragile, which hinders large-scale commercial
production and practical utilization.

As a kind of sensor that does not rely heavily on the expensive precision instrument, the
Fabry-Perot interferometer (FPI) has been widely used in fiber humidity sensing due to its
characteristics of high integrality, miniaturization, and simple configuration [21,22]. Different
FPI schemes have been reported, including thin films [23], hybrid cavities [24] and microtips
[25]. For instance, in 2012, L. Chen et al. proposed a chitosan-based FP humidity sensor [17],
where a diaphragm of hygroscopic material is bonded at the end of the hollow core fiber to
form the reflector of FPI. The RH variations would cause the diaphragm’s elastic deformation,
leading to the change in the FPI cavity length. Similar structures relying on plentiful types of
microcavities and thin films have been proposed consecutively [26]. These FPIs are commonly
formed by dipping, spin coating, hydroxide catalysis bonding or 3D femtosecond machining. It
is noted that the shorter the cavity length, the higher the sensitivity. However, it is not easy to
form an extremely short FP cavity while maintaining the uniformity of the thin film.

Therefore, the Vernier effect has been introduced to FPI-based sensors to improve the sensitivity
under current microcavity processing technology [27]. In the Vernier effect, two interferometers
with small free spectral range (FSR) difference are used to create a superimposed spectrum.
By monitoring the response of the extracted envelope, the sensor’s sensitivity is amplified by
orders of magnitude. The sensitization mechanism has been successfully integrated with FPI,
Mach-Zehnder interferometer (MZI), and Sagnac interferometer to detect temperature, curvature,
strain, gas pressure, etc. [28,29]. Various works based on the Vernier effect combined with FPI
for humidity sensing have been demonstrated [15,30]. In these works, the widely used method to
extract the spectra envelope formed by the Vernier effect is to connect the peaks of high-frequency
fringes. However, the results obtained by this method are imprecise, and such a method is
invalid when the spectrum is influenced by noises that make the envelope unrecognized. In
addition, when multiple sensing heads are integrated, the superimposed spectra are too complex
to distinguish the shifts of the envelope corresponding to each sensor. This simple fitting method
results in the incapability of multi-point sensing. Thus, developing a novel method to effectively
demodulate the spectra based on the Vernier effect is essential to achieving high-precision and
multi-point humidity measurement.

In this paper, we present an extrinsic FPI for multi-point RH sensing based on a homemade
hollow core Bragg fiber (HCBF) and the Vernier effect. The sensing probe is fabricated by
splicing a section of HCBF with conventional single-mode fiber (SMF). A hygroscopic thin
film composed of ultraviolet optical adhesive (UVOA) and chitosan is coated at the tip of the
HCBF. Using our two-step film manufacture method, a thin film with two smooth surfaces and
high reflectivities is fabricated, forming a triple-beam interferometer. Based on the Vernier
effect, the interference fringes generate an envelope in the reflected spectrum, which can be
used to realize highly sensitive RH sensing. The spectra are demodulated using a well-designed
digital signal processing (DSP) approach based on fast Fourier transform (FFT), filtering, and
inverse fast Fourier transform (IFFT). The method can extract the Vernier effect-based envelope
accurately and conveniently. The algorithm’s effectiveness is analyzed theoretically and verified
experimentally by comparing the original spectra with the extracted envelopes. Our sensing
structure based on the Vernier effect combined with the DSP algorithm can significantly improve
the sensor’s RH sensitivity to reach 1.45 nm/% RH. Meanwhile, three sensing probes with
designed HCBF lengths are precisely fabricated under a microscope and connected in parallel
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with a coupler to form a superimposed spectrum. Due to the different HCBF lengths of the
sensors, the signals corresponding to them can be distinguished in the FFT spectrum, allowing
our DSP algorithm to demodulate the Vernier effect envelopes for each sensor. This provides
our sensing system with multi-point sensing capability. The entire fabrication process is simple
without expensive equipment or chemical etching, which results in the low cost, satisfactory
repeatability and safety of fabrication. More importantly, the proposed DSP algorithm is a
promising method to demodulate other sensors based on multi-beam interference spectra.

2. Operating principle

2.1. Fabry-Perot interferometers based on Vernier effect

The configuration of our proposed RH sensor is shown in Fig. 1, which is formed by an SMF, a
short section of HCBF and a thin polymer sensing diaphragm coated at the end face of HCBF.
The HCBF has a concentric ring structure consisting of an air core surrounded by multiple
high- and low-index silica layers. Light is guided in the core due to the anti-resonant reflecting
optical waveguide (ARROW) effect [31]. The incident light transmitted along the lead-in SMF is
partially reflected from the SMF-HCBF splicing point and the two surfaces of the polymer thin
film. These three reflective mirrors are labeled as M1, M2 and M3, respectively. These mirrors
comprise an air FP cavity, a polymer FP cavity and an air-polymer hybrid cavity.

M1 M2 M3

SMF HCBF Polymer Film

Fig. 1. The schematic diagram of our proposed RH sensor structure.

The RIs of air and the polymer film, labeled as n1 and n2, are approximately 1 and 1.45 in
our experiment, respectively. According to Fresnel’s reflection theory, the reflection coefficients
at polymer-air interfaces are calculated as [(n2 − n1)/(n2 + n1)]

2 = 3.37%, which are very low
[17,32,33]. Therefore, the simplified method is only calculating the three beams that undergo
one reflection reflected at the three mirrors. The light intensities attributed to multiple reflections
are too weak and can be ignored. According to triple-beam interference theory, the reflected
light can be written as [34]:

Er = Ein[
√︁

R1 + Ae−j2φ1 + Be−j2(φ1+φ2)], (1)

where Er and Ein are the incident and reflected electric field. A = (1 − T1)(1 − R1)
√

R2 and
B = (1 − T1)(1 − T2)(1 − R1)(1 − R2)

√
R3. T1 and T2 are the transmission loss at air FP cavity

and polymer FP cavity. Ri is the reflection coefficient of the mirror i (i = 1, 2, 3). ϕ1 = 2πn1L/λ
and ϕ2 = 2πn2d/λ are the phase shifts in air cavity and polymer cavity, respectively. L and d
refer to the lengths of such cavities. λ is the wavelength. Therefore, the light intensity reflected
from the proposed cascaded FPIs can be expressed as:

Ir = (Er)
2 = E2

in

[︂
R1 + A2 + B2 + 2

√︁
R1Acos(2ϕ1)

+2ABcos(2ϕ2) + 2
√︁

R1Bcos[2(ϕ1 + ϕ2)
]︂

.
(2)
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By combining the two terms, i.e. 2
√

R1Acos(2ϕ1) and 2
√

R1Bcos[2(ϕ1 + ϕ2)] , Eq. (2) can be
converted into the form as:

Ir = (Er)
2 = E2

in
[︁
R1 + A2 + B2 + Esin(2ϕ1 + ϕ2 + δ) + 2ABcos(2ϕ2)

]︁
, (3)

where E and δ are defined as:

E = 2
√︂

R1A2 + R1B2 + 2R1ABcos(2ϕ2) (4)

δ = −arctan [A + Bcos(2ϕ1 + ϕ2)/Bcos(ϕ2)] . (5)

Equation (3) indicates that the high-frequency component determined by the term sin(2ϕ1+ϕ2+δ)
will form dense interference fringes in the reflected spectra. The low-frequency component
related to the term E has the same phase as the term 2ABcos(2ϕ2), which will modulate the
interference fringes. Therefore, in the reflection spectrum, the high-frequency interference fringes
will form an envelope with the same phase of 2ϕ2.

When the external RH varies, the swelling and shrinking of the hygroscopic polymer layer will
result in the variation of the film thickness d. At the same time, the RI n2 changes accordingly.
These will cause a change in phase ϕ2 and finally lead to a shift in the envelope, which is a
valuable indicator for RH monitoring.

For the traditional two-beam FPI-based sensor, the wavelength shift of the high-frequency
fringe is commonly used to monitor the RH value [17]. For instance, in an interferometer formed
by M1 and M3, when the cavity length of hybrid FP cavity L + d changes with RH, the shift of
the FPI fringe ∆λFP is conducted as:

∆λFP =
λ

Ln1 + dn2
∆(n2d). (6)

Similarly, the shift of the envelope ∆λen in our three-beam FPI is expressed as [30]:

∆λen =
λ

dn2
∆(n2d). (7)

Therefore, the amplification factor based on the Vernier-effect envelope compared with
traditional FPI is written as:

M =
Ln1 + dn2

dn2
. (8)

By making Ln1 much larger than dn2, the RH sensitivity would be improved significantly due to
the Vernier effect.

2.2. Algorithms to demodulate the envelope

Equation (2) can be written in the form of optical frequency as

Ir = (Er)
2 = E2

in

[︂
R1 + A2 + B2 + 2

√︁
R1Acos(4πn1Lf /c)

+2ABcos(4πn2df /c) + 2
√︁

R1Bcos[4π(n1L + n2d)f /c
]︂

,
(9)

where f and c are the frequency and velocity of light in vacuum, respectively. Here, the reflected
spectrum is actually the summation of three cosine functions with different angular frequencies
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[35–37]. By normalizing, the three cosine functions can be written as:

s1 = cos(ω1f ), (10)

s2 = cos(ω2f ), (11)
s3 = cos(ω3f ), (12)

where
ω1 = 4πn1L/c, (13)
ω2 = 4πn2d/c, (14)

ω3 = 4π(n1L + n2d)/c. (15)
In our case, since d is much smaller than L, s1 and s3 are high frequency components with

small frequency difference, while s2 is a low frequency component.
We proposed a DSP method to extract the envelope from the superimposed spectrum. Figure 2

shows the detailed processing procedures, which contain several steps:

(i) Apply FFT to the raw reflected spectrum data. The original spectrum is mainly formed
by two FP interferometers with similar cavity lengths, resulting in the obvious envelope
related to the Vernier effect. After FFT, there are two dominant peaks in the spectrum,
respectively marked in green and orange colors;

(ii) Use two band-pass filters to obtain the two high-frequency components s1 (green color)
and s3 (orange color);

(iii) Multiply s1 by s3 and get a new component with the following form:

s1s3 = cos(4πn1Lf /c)cos[4π(n1L + n2d)f /c]
= 1/2{cos[4π(2n1L + n2d)f /c] + cos(4πn2df /c)}.

(16)

Equation (16) indicates that the component s1s3 contains one high frequency component
cos[4π(2n1L + n2d)f /c] and one low frequency component cos(4πn2df /c).

(iv) Apply FFT to s1s3. The high frequency component and the low frequency component of
s1s3 can be obviously observed in the spectrum (purple color). Then a low-pass filter is
applied to obtain the low frequency component cos(4πn2df /c), i.e. cos(2ϕ2) , and IFFT is
conducted to the filtered result to achieve the envelope.

The phase of the curve is determined by cos(2ϕ2). According to Eq. (3) and previous
discussion, the phase of Vernier-effect related envelope is also the same as cos(2ϕ2). Therefore,
the wavelengths of the dips in the IFFT curve and the original spectrum envelope are consistent
with each other. In conclusion, the curve obtained using our DSP method can be regarded
as an effectively extracted envelope formed by the Vernier effect and can be used for sensing
experiments. Note that the wavelength spectrum in Fig. 2 (blue color) is ideal. In practical
measurement, the unevenness of the film interfaces and the deformation of the HCBF will
decrease the visibility of the envelope. Therefore, the widely used method of connecting the
fringe peaks to extract the spectra envelope is unavailable and inaccurate. However, our DSP
algorithm can eliminate the low-frequency noise in the FFT spectrum and extract the desired
signals, significantly improving the sensor’s usability. In addition, by designing sensors with
different HCBF lengths, the peaks corresponding to each sensing head in the FFT spectrum
can be distinguished. When these sensors are connected parallel with couplers, the reflected
superimposed spectrum is too complex to find available information (see dark blue curve in
Fig. 2). However, using our FFT and filtering processes, peaks corresponding to each sensor can
be extracted independently. This means that our structure combined with DSP algorithms can
achieve multi-point simultaneous sensing.
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Fig. 2. The flowchart of DSP method.

3. Experiment and discussion

3.1. Sensor fabrication

The schematic diagrams of the fabrication processes of the proposed sensing structure are shown
in Fig. 3. Firstly, a section of HCBF was spliced with a lead-in SMF (SMF-28 Corning) using a
commercial fiber splicer (Fujikura 80S). The homemade HCBF was fabricated in our lab. The
preform of the HCBF was fabricated by using the modified chemical vapor deposition (MCVD)
equipment and drawn into the desired size via a modified drawing tower. The detail of the
drawing process can be found in our previous work [11]. The scanning electron microscope
(SEM) image of the HCBF cross-section is shown in Fig. 4(b). To improve the reflectivity, the
parameters of fiber splicing were carefully optimized to avoid the deformation and collapse of
the HCBF. Then, the HCBF was precisely cleaved under an optical microscope to achieve an
expected length. After that, the tip of the HCBF was dipped vertically into a chitosan solution
for 0.5 seconds. The concentration of the chitosan solution was chosen as 1% [17,30], prepared
by mixing 1 wt% chitosan powder in acetic acid solution followed by magnetically stirring
for 24 hours at room temperature. The probe was placed in a drying chamber with optimized
humidity and temperature for 10 minutes to form a thin chitosan diaphragm at the end of the
HCBF. Subsequently, another SMF with a thin droplet of UVOA (NOA61, Norland Products Inc)
at the end face was aligned with the HCBF. The UVOA was then transferred to the HCBF by tip
touching process and mixed with the chitosan. Here, the amount of UVOA can be adjusted by
spin coating [38]. Finally, the UVOA was well cured under ultraviolet light for 1 hour to form the
hybrid FP cavity. The schematic of the proposed sensor structure is shown in Fig. 4(a).

During the whole fabrication process, the reflected spectra were monitored in real-time. The
sample with the HCBF length of 650 µm is set as an example to demonstrate the validity of
our proposed DSP method. The interference spectra formed based on pure chitosan film and
chitosan/UVOA composite film are shown in Fig. 5(a) and Fig. 5(b), respectively. The envelopes
obtained by connecting the extreme points of the interference fringes are shown as the red lines.
It is obvious that the visibility of the envelope improves significantly after introducing the UVOA.
FFT is applied to the two reflected spectra, and the results are illustrated in Fig. 5(c). There is
only one dominant peak in the FFT spectrum related to pure chitosan film (the green line), which
means only two high reflectivity surfaces exist and form a double-beam interferometer. However,
there are two peaks in the FFT spectrum of chitosan/UVOA hybrid membrane (the orange line).
One of the peaks locates at the same abscissa position as the peak in the chitosan FFT spectrum,
and the other is to the right of it. By analyzing the two FFT spectra, it can be concluded that
the reflectivity of M3 is much lower than that of M2 for the pure chitosan film. It results in the
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Fig. 3. The schematic diagrams of the fabrication processes of our proposed RH sensor.
(a) Splice HCBF with SMF pigtail; (b) slice the HCBF to achieve an expected length; (c) dip
the HCBF tip in chitosan solution; (d), (e) transform the UVOA to chitosan film by tip
touching process; (f) cure the UVOA under ultraviolet light.
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Fig. 4. (a) The microscope image of the fabricated sensing probe; (b) SEM images of the
proposed HCBF before and (c) after coating with chitosan and UVOA.

indistinctness of the envelope shown in Fig. 5(a). When UVOA is coated at the end-face of HCBF
and mixed with chitosan to form a new polymer diaphragm, the high reflectivity of M2 remains
while the surface M3 is reshaped to be smoother. The cross-section SEM of the proposed sensor
after coating with chitosan/UVOA is shown in Fig. 4(c). Two bandpass filters were applied to
extract the two dominant frequency components and achieve the Vernier effect envelope formed
by the two FPIs (see Fig. 5(b) (black line)). The black curve’s dip wavelengths match well with
those of the envelope extracted from the orange curve. It means our DSP method can figure out
the Vernier effect-related envelope effectively and accurately.
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Fig. 5. (a) The reflected spectrum of the sensing probe coated with pure chitosan film.
(b) The reflected spectrum of the sensing probe coated with chitosan/UVOA film (orange
curve) and the extracted envelope by using our DSP method (black curve). (c) The fast
Fourier Transform results of the reflected spectra.
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3.2. Relative humidity response

The schematic diagram of the proposed humidity sensing system is shown in Fig. 6. The light
launched from a broadband source (BBS) was transmitted along the SMF and reflected from the
sensing head. The reflected signal passed through the optical circular and was recorded by the
optical spectrum analyzer (OSA). The sensing head was mounted and fixed inside a commercial
climate chamber, which can adjust the RH from 40% to 95% and temperature from 20 ◦ to 60 ◦ C.
In the RH response test, the RH value in the chamber was increased from 45% to 90% with a step
of 5% at a constant temperature of 27 ◦C. Before recording the reflected spectrum, the RH was
stabilized for about 30 minutes after reaching the set value. The evolution of the reflected spectra
in this process are shown in Fig. 7(a). The DSP was carried out, and the envelopes extracted
from the reflected interference spectra are illustrated in Fig. 7(b). When the RH increases, the
envelope exhibits a redshift. The dip around 1475 nm at 45% RH was chosen as the original
tracing wavelength to analyze the RH sensitivity, as shown in Fig. 7(c). The sensor exhibits a
good linear response in the RH sensing experiment. The RH sensitivity is calculated by using
linear fitting as 1.42 nm/% RH.

CirculatorBBS

OSA Climate chamberComputer

Fig. 6. The experimental setup of the humidity sensing system.

Fig. 7. (a) The reflected spectra evolution during the relative humidity response experiment.
(b) Envelopes demodulated using the DSP method. (c) The wavelength at different RH and
the relevant linear fitting result.

3.3. Temperature response

To investigate the temperature response of our proposed RH sensor, the ambient temperature was
raised from 20 ◦C to 40 ◦C with an interval of 5 ◦C at a constant RH of 40%. The evolution of
the reflected spectra is recorded and the envelope evolution calculated from them is illustrated
in Fig. 8(a) and (b). The spectra exhibit a red shift during the temperature increasing process.
The relationship between the dip wavelength and temperature is illustrated in Fig. 8(c). The
temperature sensitivity is calculated through linear fitting as 0.381 nm/◦C.
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Fig. 8. (a) The reflected spectra evolution during the temperature response experiment;
(b) envelopes demodulated using the DSP method; (c) the wavelength at different
temperatures and the relevant linear fitting result.
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Fig. 8. (a) The reflected spectra evolution during the temperature response experiment;
(b) envelopes demodulated using the DSP method; (c) the wavelength at different temperatures
and the relevant linear fitting result.

3.4. Response time

The response time of our RH sensor is investigated by using the experimental setup shown
in Fig. 9. Probing signal pumped from a tunable laser launched into the sensing system and
reflected from the sensing head. The wavelength was fixed at 1535 nm, located in the center
of a resonance peak and its adjacent valley in the reflected spectrum, which facilitates higher
sensitivity and better monotonicity. The reflected light was received by a photoelectric detector
(PD) and recorded via a data acquisition (DAQ) card with a sampling frequency of 100Hz. The
sensor was fixed on an electric displacement platform which can vertically adjust the position
of the sensing probe rapidly. A bottle of saturated salt solution was placed under the probe to
provide a humidity condition different from that in the air.

Circulator
TL

PDComputer DAQ

A

B

Fig. 9. The experimental setup for response time measurement.

During the experiment, the proposed sensor head was moved downward from position A to
position B in about 100 ms by adjusting the displacement stage. Ten minutes later, the sensing
probe is raised from position B to A with 100 ms. During the two processes, the relative intensity
collected by the PD is shown in Fig. 10. The response times for the sensor at the two processes
are 351ms and 455ms, respectively. The fast response of our sensor may be attributed to the
compact size and thin film thickness, which means it can realize real-time monitoring of humidity
changes related to human breathing and environment monitoring.

3.5. Multi-point RH sensing

Three samples were fabricated to further demonstrate the multi-point RH sensing capability of
our sensor combined with the proposed DSP method. The samples are labeled as 1, 2 and 3 with
HCBF length as 423 µm, 552 µm and 671 µm, respectively. The independent reflected spectra
of the three samples are shown in Fig. 12(a), (b) and (c). The corresponding spatial frequency
spectra are shown in Fig. 12(e). To distinguish the reflected signals from the three samples, their
HCBF lengths were well designed. The peaks in the three FFT spectra used to extract sensing
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Fig. 8. (a) The reflected spectra evolution during the temperature response experiment;
(b) envelopes demodulated using the DSP method; (c) the wavelength at different
temperatures and the relevant linear fitting result.
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Fig. 10. Response time of the sensor to relative humidity.

signals and calculate envelopes do not overlap with each other. Then, the three sensors were
connected to a coupler in parallel, as shown in Fig. 11. The signal light launched from the
BBS will be split and coupled into the three samples. The reflected signals passed through the
coupler are recorded by the OSA and processed by the computer connected to the OSA. The
superimposed interference spectrum with complex fluctuation is observed (see in Fig. 12(d)). The
excessively complicated interference fringes make it difficult to obtain valuable RH information
of each sensor from the wavelength domain. Therefore, our DSP were conducted to analyze the
superimposed spectrum, and the result of the FFT spectrum are shown in Fig. 12(f). Comparing
Fig. 12(e) and (f), we can find that the normalized amplitudes of the peaks in the superimposed
FFT spectrum are much smaller than the values of peaks in Fig. 12(e). However, the related
abscissa positions and shapes of the three pairs of peaks from the superimposed spectra are the
same as those from the independent reflected spectra. This is consistent with our theoretical
expectations. The three groups of peaks were extracted from the superimposed FFT spectrum
by using three bandpass filters. Then, the envelopes are calculated from the three peaks using
our DSP method, as shown in Fig. 12(a), (b) and (c)(black lines). It is obvious that the three
curves demodulated from the superimposed spectrum match well with the independent reflected
spectra of the three samples. It means our DSP method can figure out the Vernier effect-related
envelope effectively and accurately based on the superimposed complex spectrum. Therefore,
the RH sensing signals from each of the three sensors can be demodulated individually to realize
multi-point RH sensing.

Climate chamberCoupler

Sample 1

Sample 2

Sample 3

Input

Output

Fig. 11. The experimental setup for multi-point relative humidity measurement.

To demonstrate the multi-point sensing capability, samples 1 and 3 were placed at room
temperature (27 ◦C) and 48% RH, while sample 2 was mounted inside the humidity chamber.
The humidity changed in the same way as described in the previous section. The schematic
diagram of the RH conditions where the samples are placed with time is shown in Fig. 13(d). The
DSP was carried out, and the envelopes related to each sample were extracted from the reflected
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Fig. 12. The independent reflected spectra of the three samples and the three envelopes
demodulated from the superimposed spectra: (a) sample 1,(b) sample 2 and (c) sample
3. (d) The superimposed interference spectrum reflected from the three samples. (e)
The independent FFT spectra corresponding to the three samples. (f) The FFT spectra
corresponding to the superimposed spectrum.

the RH sensitivity. As shown in Fig. 13(e), the wavelength redshifts with time for sample 2,306

while those for sample 1 and sample 3 keep almost unchanged during this process because the307

two sensing probes are fixed in a constant temperature and RH environment. The wavelength as308

a function of RH values for sample 2 is shown in Fig. 13(f). The RH sensitivity measured here is309

1.45 nm/% RH, which is consistent with the previously obtained value of 1.42 nm/% RH.310

Fig. 13. (a-c) The reflected envelopes evolution during the multi-point relative humidity
response experiment. (d) The schematic diagram of the RH conditions where the
samples are placed with time. (e) Variation of wavelengths with time. (f) The
wavelengths at different RH and the relevant linear fitting result.

Fig. 12. The independent reflected spectra of the three samples and the three envelopes
demodulated from the superimposed spectra: (a) sample 1, (b) sample 2, and (c) sample 3.
(d) The superimposed interference spectrum reflected from the three samples. (e) The inde-
pendent FFT spectra corresponding to the three samples. (f) The FFT spectra corresponding
to the superimposed spectrum.

interference spectra and illustrated in Fig. 13(a), (b) and (c), respectively. The dip wavelength
around 1500 nm at 45% RH was chosen as the original tracing wavelength to analyze the RH
sensitivity. As shown in Fig. 13(e), the wavelength redshifts with time for sample 2, while those
for sample 1 and sample 3 keep almost unchanged during this process because the two sensing
probes are fixed in a constant temperature and RH environment. The wavelength as a function of
RH values for sample 2 is shown in Fig. 13(f). The RH sensitivity measured here is 1.45 nm/%
RH, which is consistent with the previously obtained value of 1.42 nm/% RH.

Fig. 13. (a)-(c) The reflected envelopes evolution during the multi-point relative humidity
response experiment. (d) The schematic diagram of the RH conditions where the samples are
placed with time. (e) Variation of wavelengths with time. (f) The wavelengths at different
RH and the relevant linear fitting result.
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3.6. Discussion

Several optical fiber RH sensors based on various principles are listed in table 1. Thanks to the
thin chitosan/UVOA film and the Vernier effect generated by the triple-beam interferometer, our
sensor has higher sensitivity than other works. At the same time, our DSP algorithm contributes
to accurately extracting valuable sensing signals from the complex reflection spectrum and
renders our sensing system multi-point sensing capability. Note that the composite film is
thicker than the pure chitosan film proposed in other works [17,30], which is not conducive to
further improving RH sensitivity. However, the fringe and envelope visibilities of our sensors are
much higher. Meanwhile, the film cured by UV exposure has higher mechanical strength and
stability. Therefore, our proposed sensor fabrication processes are an optimized tradeoff between
theoretical sensitivity and practicability.

Table 1. Comparison of various optical fiber humidity sensors performance

Types Material Sensitivity Range Multi-point measurement

MZI [39] ZnO 0.0205 nm/%RH 35%-60% N

MZI [40] PVA 0.186 nm/%RH 30%-95% N

MKR [41] PVA 0.870 nm/%RH 20%-80% N

SI [42] PVA 0.422 nm/%RH 30%-90% N

FPI [17] chitosan 0.13 nm/%RH 20%-95% N

FPI [15] GQDs-PVA 0.117 nm/%RH 13%-81% N

FPI [This work] chitosan/UVOA 1.42 nm/%RH 45%-90% Y

The dynamic range of the sensor is limited by the oscillation period of the spectral envelope.
RH values out of this range may lead to ambiguity since adjacent fringes of the envelope will be
mistaken. Therefore, the dynamic range DR should be limited by the FSR of the sensor and the
RH sensitivity (SRH), which can be expressed as:

DR<
FSR
SRH

. (17)

The sensitivity of our sensor can be derived from Eq. (7) as:

SRH =
∆λen

∆RH
=
λ∆(dn2)

dn2∆RH
. (18)

For our sensor, the phase of Vernier-effect related envelope is the same as cos(2ϕ2), i.e.,
cos(4πn2d/λ). Therefore, the FSR can be derived as [43]:

FSR =
λ2

2dn2
. (19)

Substituting Eq. (18) and Eq. (19) into Eq. (17), giving:

DR<
FSR
SRH

=
λ

2

(︃
n2
∆d
∆RH

+ d
∆n2
∆RH

)︃−1
. (20)

Since the film is very thin, we can assume that the RH dependence of RI and film thickness, i.e.,
∆d/∆RH and ∆n2/∆RH are the same in polymer films with different thicknesses. Therefore,
according to Eq. (18), Eq. (19) and Eq. (20), with the decrease of the film thickness, all the
RH response sensitivity, FSR and dynamic range are increased. For practical applications, the
thickness of the polymer film must be carefully optimized to ensure that the DR of the sensor can
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cover the range of RH to be measured while also considering the film’s mechanical strength and
sensitivity.

In fact, most other FPI-based sensors heavily rely on expensive high-precision equipment to
fabricate extremely short cavities to improve sensitivities. However, the sensitivity of our sensor
based on the Vernier effect is determined by the thickness and material of the thin film, but not
the length of the hollow-core fiber [30]. The length of the HCBF precisely sliced in our sensor
can reach hundreds of micrometers or even a few millimeters while maintaining high sensitivity.
It not only reduces the difficulty of glass processing but also increases the sensitivity of our
multi-point RH sensor. Signals from all sensors can be separated from each other on the FFT
spectrum by adjusting the length of the HCBF. Due to the independence of the HCBF length and
the RH sensitivity, we can realize multi-point detection by connecting multiple samples with
different lengths while ensuring high sensitivity for each sample.

The longer hollow-core fiber length is beneficial for sensor fabrication and multi-point
multiplexing; however, it leads to a weaker light reflection from the polymer thin film, resulting
in lower fringe visibility. Due to this, it is necessary for the hollow-core fiber used here to support
signal light transmission at low loss. Additionally, sufficient periods are essential to ensure the
visibility and separation of the two peaks in the FFT spectrum, as too few periods lead to an
overlap of the two peaks, resulting in inaccuracy in the envelope retrieval. Therefore, a fiber with
a broader transmission window is preferred to enable more periods of fringes in the reflected
interference spectrum. According to the above two requirements, we designed, fabricated and
used the HCBF. Light is guided in the fiber with low transmission loss thanks to the concentric
ring silica layers with high- and low- RI. Meanwhile, the bandwidth of the guided band based on
this ARROW effect is broad, reaching 300 nm (from 1350 nm to 1650 nm) in our HCBF. This
low-loss broadband transmission property is essential to ensure the quality of the spectra.

Overall, the superior performance of our sensor is derived from the broadband and low-loss
light transmission properties of the HCBF, the use of our two-step film fabrication process to
build a thin film with high reflectivity and a well-designed DSP algorithm to demodulate the
Vernier effect envelope from the complex superimposed spectrum. All three factors are essential
to manufacturing our multi-point, high-sensitivity humidity sensing system.

4. Conclusion

In this paper, we designed and fabricated a highly-sensitive RH sensor based on FPIs and the
Vernier effect. The sensor is fabricated by splicing an SMF with a section of HCBF, where a
hygroscopic thin film composed of chitosan and UVOA is immobilized at its tip. DSP algorithms
based on FFT, filtering and IFFT are proposed to demodulate the sensing signal. The feasibility
and effectiveness of this method are theoretically analyzed and experimentally demonstrated.
High-sensitivity multi-point RH sensing is realized due to the Vernier effect related to our sensing
structure, the transmission properties of HCBF and the well-designed DSP algorithm. The
proposed sensor exhibits a high sensitivity of 1.45 nm/% RH, ranging from 45% RH to 90%
RH. The entire fabrication process is simple, safe and low-cost, making our sensor a promising
candidate for RH monitoring. In addition, the proposed DSP algorithms have considerable
potentials for other interferometer-based sensors.
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