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Abstract: In this paper, fiber sensor based on Vernier effect for simultaneous measurement of rela-
tive humidity (RH) and temperature is proposed. The sensor is fabricated by coating two kinds of
ultraviolet (UV) glue with different refractive indexes (RI) and thicknesses on the end face of a fiber
patch cord. Vernier effect is formed by the inner lower-RI polymer cavity and the cavity composed
of both polymer films. By calibrating the RH and temperature response of two peaks on the enve-
lope of the reflection spectrum, simultaneous measurement of RH and temperature is realized by
solving a set of quadratic equations. Experimental results show that the highest RH and temperature
sensitivities of the sensor are 387.3 pm/%RH (in 20%RH to 90%RH) and -533.0 pm/°C (in 15°C to
40°C), respectively. The sensor has merits of low cost, simple fabrication, and high sensitivity, which
makes it very attractive for applications that need to simultaneously monitor these two parameters.

Keywords: Fabry-Perot interferometer; cascaded polymer films; optical fiber sensor; optical Vernier
effect

1. Introduction

Relative humidity (RH) and temperature are the two most important environmental
parameters in many applications, such as monitoring the living conditions of manned
spacecrafts, controlling specific chemical reactions, and managing certain hazardous arti-
cle warehouse. Compared with electronic hygrometers, optical fiber humidity sensors
have the advantages of electromagnetic interference resistance, high sensitivity, quick re-
sponse and so on[1-3]. Several kinds of fiber RH sensors have been reported, such as those
based on tapered fiber [4,5], Mach-Zehnder interferometers[6-8], Fabry-Perot interferom-
eters (FPI)[9,10], optical fiber Bragg gratings[11,12], and microfiber knot resonators[13].
However, these RH sensors lack the ability to measure the temperature simultaneously.
Relative humidity is defined as the percentage of current water vapor pressure to the sat-
urated water vapor pressure at the same temperature[14]. This means that in order to en-
sure the accuracy of RH measurement, the corresponding temperature must be measured
at the same time. In 2022, Li et al.[15] proposed an optical fiber sensor based on cascaded
C-shaped Fabry-Perot interferometers to measure RH and temperature simultaneously.
However, the fabrication of the sensor is complex.

In this paper, a RH and temperature simultaneous measurement sensor with a very
simple structure is proposed. The sensor was fabricated by curing two kinds of ultraviolet
(UV) glue with different refractive indexes (RlIs) to form two layers of polymer films with
different thicknesses on the end face of a fiber patch cord. Thus, a cascaded Fabry-Perot
interferometer (FPI) was formed. The change of the surrounding RH only influences the
RI of the exterior layer, whereas temperature change affects the Rls of both layers. By
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solving a set of quadratic equations, RH and temperature can be demodulated simultane-
ously. The Vernier effect has also been utilized to enhance the sensitivity[16-18].

2. Sensor Fabrication and Working Principle
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Figure 1. (left) Schematic diagram and (right) 3D illustration of proposed sensor.

The schematic diagram and a 3D illustration of the sensor are shown in Fig. 1. Two
polymer films were fabricated directly on the end face of a polished fiber patch cord with
a FC connector. The fiber in the patch cord is standard singlemode fiber (SMF). In order
to ensure a RI difference as large as possible and optimize the visibility of the interference
spectrum, the UV glues of the first layer and second layer were choose to be PC 373 LD
(Luvantix ADM inc.) and the NOA 144 (Norland Products inc.). The corresponding Rls

are 1n,=1.373 and m =1.440, respectively. The fabrication process is as follows:

Firstly, a drop of the low RI glue was dropped on a slide. Then, the end face of the
fiber patch cord was shallowly dipped into it vertically. A hemispherical film would be
formed on the end face after the fiber was moved up, due to surface tension of the glue.
During the whole process, the reflection spectrum was monitored in real-time by an opti-
cal spectrum analyzer (ADVANTEST Q8384). If the thickness of the film needs to be
slightly adjusted, the connector can be turned bottom-up. Under the combined action of
the viscosity of the glue and gravity, the thickness of the film will change slowly. When
the desired spectrum was observed on the OSA, the UV light source was tuned on to cure
the glue quickly. The reflection spectrum after the curing of the first layer is show in Fig.2
(a). It can be seen that the peak-valley difference is about 20 dB.

The second layer was coated with the same procedure with the NOA 144. After coat-
ing the second layer, the reflection spectrum is show in Fig.2(b). The envelop is formed by
the Vernier effect of the cascaded FPIs.
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Figure 2. The reflection spectrum after (a) the first layer and (b) the second layer was cured.

As depicted in Fig.1(a), Fresnel reflections from the three interfaces (M1, M2, and M3)
forms three FPIs, i.e., FPI1 formed by M1 and M2, FPI2 formed by M2 and M3, and FPI3
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formed by M1 and M3. The corresponding cavity length of the FPIs are L;, L,, and
L, =L +L,, respectively. The electric field of the reflected beam can be expressed as[17]:

E= Eo[\/El + Ae 7 4 Be ? )] 1)

where Fyis the input electric field, ¢4 and ¢ are the round-trip phase shift of FPI1 and
FPI2, which can be expressed as:

_ 2L,
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] P s 2)

and[19]

A=(1-g)1-R)R,,
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where & and &, are the transmission loss of FPI1 and FPI2, respectively, andR, R,

and R3 are the reflection coefficients of M1, M2 and M3, which can be expressed as:
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where 1, 1m,, n; and 7, are the RIs of core of the SMF, low-RI polymer film, high-RI
polymer film, and air, respectively, as shown in Fig.1.
The relative intensity of the reflected beam can be expressed as:

2
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The free spectrum range (FSR) of a single FPI can be expressed as:
FSR = 2’1; =% ()

where [ is the frequency of the interference spectrum, which is the reciprocal of FSR.
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Figure 3. FFT of the reflection spectrum.

The Fast Fourier Transformation (FFT) of the reflection spectrum is shown in Fig. 3.
It can be seen that the reflected beam is the superposition of two components with a small
difference in frequency. The corresponding cavity lengths are 369.9um and 442.5um.This
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means that the reflection spectrum is mainly composed of the FPI1 and FPI3[17]. The
length of the FPI2, i.e., L2 = 72.6 um. Therefore, the FSR of the periodic envelope can be
expressed as:

PSR, = ISROFSR, @)
" |FSR, — FSR;|
A2 A2
where FSR, = is the FSR of FPIl; FSR,=——————— is the FSR of FPI3.
2n,L, 2n,L, +2n,L,

Compared with a signle FPI3, the sensitivity is amplified M times due to the Vernier
effect, where M can be expressed as follows

FSR, n,L,

M = =1+ . (8)
|FSR, — FSR,| n,L,

Clearly, M is determined by the ratio of the optical path length of FPI1 and FPI2. For the
sensor fabricated previously, M is about 5.86. For FPI3, the center wavelength of the mt"

dip of the interference fringes can be expressed as:

1 = 4(n, L, + L))
" 2m+1

)

Because FPI1 is insensitive to RH, the RH shifts the spectrum mainly through the change
of 1y and L. The humidity sensitivity S, can be expressed as follows

An3'L2+n3-AL2)

S, =MA
" l n,L +n,L,

(10)
The RH sensitivity is a combined effect of the RI and length change of the FPI2, after the
film absorbs the water molecules. The temperature ; can be deduced in a similar way,
but now both cavities are sensitive to temperature. It can be expressed as follows
An,-L +n,-AL +An, - L, +n, -ALz)

S. =M
r n( n,L, +n,L,

(11)

The temperature sensitivity is resulted from the thermal expansion and thermal optical
effect of the polymer films.

3. Experimental Results and Discussion
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Figure 4. Schematic diagram of the experimental setup.

The experimental setup is shown in Fig. 4. The sensor was fabricated directly on the
FC connector surface of one arm of a 2x2 3 dB coupler. The idle arm was tightly tied to
suppress reflection. On the other side of the coupler, one arm was connected to a C+L
band ASE light source and the other arm was connected to the optical spectrum analyzer
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(OSA, resolution 0.01nm). The sensor head was placed into a test chamber (SETH-A-
040U) with a RH resolution of 1% and temperature resolution of 0.1°C. During the exper-
iment, the temperature was tuned from 15 °C to 40 °C with a step of 5 °C. At each temper-
ature, the RH was tuned from 20% to 90% with a step of 10%. The temperature range is
mainly restricted by the characteristics of the UV glue. We found in this range the sensor
has a good repeatability.

3.1. Humidity Response of the Sensor

As an example, Figure 5 (a) shows spectra at RH values of 20%, 60%, and 80%, re-
spectively, under the temperature of 30°C. In the spectral range, there plenty of peaks and
dips on the envelope of the spectrum. Theoretically each of them can be tracked to de-
modulate the measurand. To investigate their difference, the peaks at 1545.1 nm and
1585.8 nm under the initial RH was examined. The wavelength of these peaks as a func-
tion of RH are plotted in Fig.5(b) and (c), respectively. Firstly, we can see that the character
wavelengths shift to the longer wavelength with the increasing of RH. Secondly, the A -
RH relationship is nonlinear, which can be fitted very well with a quadratic polynomial.
Thirdly, by taking the first-order derivative of the fitting equations shown in the figure,
we can conclude: the sensitivity at a longer wavelength is higher than that at a shorter
wavelength; and the RH sensitivity is linearly increasing with the RH. These features are
common to other interferometric fiber sensors[20,21]. Thus, choosing a character wave-
length at a longer wavelength is helpful to increase the sensitivity of the sensor. The high-
est RH sensitivities in the experimental range are 378.6 pm/RH and 387.3 pm/RH for the
two peaks in the RH range.
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Figure 5. (a) Reflection spectra at different RH and (b) and (c) wavelength as function of RH of the
two peaks initially at 1545.1nm and 1585.8nm at 30°C.

3.2. Temperature Response of the Sensor

Figure 6 (a) shows three typical spectra at 15 °C, 25 °C, and 40 °C, when the RH is
20%. We can see that, contrary to the RH response, blue shift occurs when the tempera-
ture increases. Figure 6(b) and (c) are the A -T relationship obtained from the two peaks
as indicated in Fig. 6(a). Obviously, the A -T relationship is nonlinear and the longer
wavelength peak has a higher temperature sensitivity. The curves can be perfectly fitted
with a cubic polynomial. We believe the temperature response, as well as the RH response
discussed previously, is closely related to the property of the UV glues selected to make
the film. Thus, sensors with specific materials need to be calibrated specifically, but the
working principle should be in common as long as the same design is used. The highest
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temperature sensitivities in the experimental range are -482.5 pm/°C and -533.0 pm/°C for
the two peaks in the temperature range.
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Figure 6. (a) Reflection spectra at different temperature and (b) and (c) wavelength as function of
temperature of the two peaks initially at 1550.5 and 1591.2nm at 20% RH.

3.3. Simultaneous mearment method

Because both the humidity and temperature response of the sensor are nonlinear, as
reveled by the above experimental results, it is required that two feature wavelengths be
characterized in the calibration of the sensor, in order to demodulate the two measurands
simultaneously. After calibration, fitting functions as shown in Fig.5 and Fig.6 can be ob-
tained. Then, the wavelength shifts of the two peaks under the combined influence of
temperature and humidity can be expressed as:

A =[£,(20%+ ARH) ~ f,(20%)]+ [g,(30°C + AT) — g,(30°C)],

AL, =[£,(20% + ARH)) — £,(20%)]+ [g,(30°C + AT)— g,(30°C)], (12)

Where 20% and 30 °C are the RH and temperature at which the sensor was calibrated.
This is a set of two equation in two unknowns. With the measured AA and A, tem-
perature and RH can be obtained by solving Eq.(12).

4. Conclusion

In conclusion, a fiber sensor for the simultaneous measurement of RH and tempera-
ture has been proposed and experimentally investigated in this paper. The sensor was
fabricated by simply curing two kinds polymer films with different RIs and thicknesses
on the end face of FC path cord. Simultaneous of the two measurands was accomplished
by calibrating two feature wavelengths on the envelope of the reflection spectrum and
then solving a set of nonlinear equations. The sensor employs the advantage of the Vernier
effect to enhance the sensitivity. For the sensor fabricated in this paper, the highest RH
and temperature achieved in the experimental range are 387.3 pm/%RH and -533.0 pm/°C,
respectively. The sensor can find applications in monitoring RH and temperature of spe-
cial environment, such as that of manned crafts, chemical reactions, and explosive ware-
house, etc.
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