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Abstract

We propose a novel sensor with its temperature sensitivity improved by the Vernier effect. The
sensor comprises two parallel Fabry–Pérot interferometers (FPI), namely, FPI1 and FPI2, which have
a similar free spectral range (FSR) to obtain the Vernier effect. FPI1 and FPI2 are formed by a
single-mode fiber inserted into a ceramic ferrule and an UV-curable glue film on the end surface of the
ceramic ferrule. Since the UV-curable glue is a thermally sensitive material, FPI1 is very sensitive to
temperature. The experimental results show that the temperature sensitivity of the proposed sensor is
up to −14.633 nm/◦C, which is 9.6 times that of the single FPI1 temperature sensor (1.5271 nm/◦C).
The sensor elaborated has a simple structure, good repeatability, high sensitivity, and low cost. It can
be easily fabricated and has broad application prospects.

Keywords: fiber-optic sensor, Fabry–Pérot interferometer, ceramic ferrule, ultraviolet-curable glue,

temperature sensor.

1. Introduction

Optical-fiber temperature sensors have been deeply studied due to their passive operation, easy

manufacturing process, remote sensing capability, and anti-electromagnetic interference performance.

There are two main types of optical-fiber temperature sensors, namely, optical-fiber grating temperature

sensors [1, 2] and optical-fiber interferometric temperature sensors [3–7]. The temperature measure-

ment range of a fiber grating is limited and, in the low-temperature region, its sensitivity is relatively

low. Optical-fiber interferometric temperature sensors are mainly based on Fabry–Pérot interferome-

ters (FPI) [3], Mach–Zehnder interferometers (MZI) [4], Michelson interferometers (MI) [5], and Sagnac

interferometers (SI) [6, 7]. Optical-fiber interferometric temperature sensors have been widely used in

communication, construction industry, aerospace, and scientific research. However, these applications

are strongly limited by the sensitivity and linearity of the sensor, which are governed by the intrinsic

structural properties of the sensors.

One of the effective methods to improve the sensitivity of the instrument measurement is the em-

ployment of the Vernier effect, which is widely used in calipers and barometers. In recent years, fiber

sensors with enhanced sensitivity based on the Vernier effect have been proposed to measure strain [8],

hydrogen concentration [9], refractive index [10], gas pressure [11], and temperature [12]. Concerning

the Vernier-effect-based devices, much attention has been paid to high-sensitivity temperature sensors,

such as two cascaded MZIs [13], cascaded MI structure [14], two cascaded SIs [15, 16], cascaded SI and
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FPI [17], as well as cascaded SI and MZI [18]. In particular, the FPI-based Vernier-effect temperature

sensor has been in focus [19–22]. Gomes et al. reported a multimode FPI probe and the Vernier effect

to enhance the temperature sensitivity to – 654 pm/◦C [19]. Zhang et al. employed a hollow fiber and a

single-mode fiber to form an FPI and produce the Vernier effect to improve the temperature sensitivity

to 1.019 nm/◦C [20]. Yang et al. proposed the sensor based on cascaded FPIs, involving a silica tube

and a single-mode fiber to produce the Vernier effect, which enhanced the temperature sensitivity to

183.99 pm/◦C [21]. Zhang et al. reported a high-temperature Vernier probe based on an FPI using a

photonic-crystal fiber, with its temperature sensitivity reaching 535.16 pm/◦C [22]. However, using the

cascading method to obtain the Vernier-effect temperature sensor is not an easy task, and the sensiti-

vity enhancement factor of such devices is not easy to adjust. Sometimes, the Vernier effect cannot be

achieved in the prepared sensors.

In this paper, we present a novel FPI-based Vernier-effect temperature sensor. The sensor comprises

two parallel FPIs consisting of a single-mode fiber inserted into a ceramic ferrule and an UV-curable glue

film on the end surface of the ceramic ferrule. In our scheme, the sensing and reference cavities during the

sensor manufacturing can be fabricated independently to effectively design various cavity shapes. The

parallel structure is different from the cascaded structure, which prevents the reference cavity from being

affected by the sensing environment and significantly improves the system stability. Our designed sensor

can easily produce the Vernier effect, which can be an effective solution to the problem of preparing the

Vernier-effect sensors. The temperature sensitivity of the proposed sensor reaches – 14.633 nm/◦C, which
is 9.6 times that of the temperature sensors based on a single FPI. Our sensor has simple structure, good

repeatability, high sensitivity, and low cost, showing an important application value in the market.

The outline of this paper is as follows.

In Sec. 2, we introduce the sensor structure and the operation principle. In Sec. 3, we present the

experimental results on temperature sensing and the analysis. Finally, in Sec. 4, we provide the summary.

2. Sensor Structure and Operation Principle

Fig. 1. Schematic diagram of the sensor composed of
FPI1 and FPI2 coupled in parallel.

In Fig. 1, we show the proposed sensor struc-

ture, which comprises the sensor FPI (FPI1) and

the reference FPI (FPI2) coupled in parallel. A

3 dB coupler is used to connect a broadband light

source (BBS), FPI1, FPI2, and an optical spectrum

analyzer (OSA). The light emitted from the BBS

is split into two paths through a 3 dB coupler and

transmitted to FPI1 and FPI2. After two Fabry–

Pérot (F–P) cavity reflections, the two beams re-

turn to the coupler and interfere, and the superimposed light is delivered to the OSA. If the beam

reflection spectra have close FSR, the beams produce the Vernier effect when superimposed.

In Fig. 2, we show a schematic diagram of the structures of FPI1 and FPI2; they consist of a single-

mode fiber inserted into a ceramic ferrule and an UV-curable glue film on the end surface of the ceramic

ferrule. In our structure, FPI1 (sensing element) and FPI2 (reference element) can be fabricated indepen-

dently, and the difference in the cavity lengths for the two FPIs (L1 and L2) can be accurately tailored,

yielding a large and well-controlled enhancement factor, when using the Vernier effect. By analyzing the

drift characteristics of the envelope extracted from the reflection spectrum of the sensor, high temperature
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a) b)

Fig. 2. Structure schematic diagram for FPI1 (a) and FPI2 (b).

sensitivity of the sensor can be achieved.

During the FPI manufacturing process, the OSA can be used to monitor the real-time reflection

spectrum of the FPI structure. Therefore, the FSR of the two FPIs can be accurately determined when

the cavity length of the FPIs is determined. The relationship between the cavity length and the FSR of

FPIs is as follows:

FSR =
λ2

2nairL
, (1)

where λ is the wavelength of the incident light, L is the cavity length, and nair is the refractive index (RI)

of air in the F–P cavity (nair ≈ 1). Finally, in Fig. 3, we show the reflection spectra of two separate

FPIs, where one can see that the FSR values of FPI1 and FPI2 are ∼8 and ∼7.2 nm, respectively.

It is inconvenient to measure the length of the FPIs using a microscope for this sensor, so we used

formula (1) to theoretically determine the cavity lengths of FPI1 and FPI2 for further calculations, which

are ∼150 and ∼167 μm, respectively. In the subsequent temperature sensing tests of single FPI1, the

Dip 1 (∼1532 nm) was used as the tracking wavelength.

a) b)

Fig. 3. Reflection spectra of FPI1 (a) and FPI2 (b) at 50◦C.

In Fig. 4, we present the output spectrum of the sensor, which comprises a high-frequency interference

fringe and a slowly varying envelope. The high-frequency oscillation is similar to the spectrum of FPI1
or FPI2, and the envelope is determined by the FSR difference for the two FPIs. To better track the

envelope peak drift and enhance the measurement sensitivity of the sensor, the envelope lines can be

gained, using known curves. In the subsequent temperature sensing tests, the lower envelope Peak1

321



Journal of Russian Laser Research Volume 43, Number 3, May, 2022

(∼1528 nm) was used as the tracking wavelength.

Fig. 4. Reflection spectrum of the proposed sensor includ-
ing high-frequency interference fringes (the solid curve) and a
lower-frequency envelope (the dotted curve) at T = 56◦C.

In the sensor, all reflections are due to

Fresnel reflection from the silicon–air inter-

face or the air–UV-curable-glue-film inter-

face. However, due to the relatively small

reflectivity of the interfaces, only part of the

power will be reflected, while a large part of

the power will be transmitted. Meanwhile,

owing to the air cavity and light transmis-

sion in free space, the transmission loss and

coupling loss between the SMF and the UV-

curable glue film are large. Thus, multibeam

interference can be ignored for both FPIs, and

they can be considered as two-beam interfero-

meters. The resonance modes of the two F–

P cavities determine the reflection spectrum,

wherein the case of two parallel FPIs can be described as

I = I1 + I2 + I3 + I4 + 2
√

I1I2 cos(4πnairL1/λ) + 2
√
I3I4 cos(4πnairL2/λ). (2)

Here, I is the total light intensity, I1, I2, I3, and I4 are the intensities of the light reflected by the four

reflective surfaces of FPI1 and FPI2, respectively, L1 and L2 are the cavity lengths of FPI1 and FPI2,

respectively, nair is the refractive index (RI) of air in the two FPIs, and λ is the wavelength of light in

free space.

First, we analyze the temperature response of a single FPI1. The wavelength λm of the mth interfe-

rence dip of FPI1 can be calculated as

λm =
4L1nair

2m+ 1
, m = 1, 2, 3 . . . (3)

The UV-curable glue used in the sensor structure is NOA65; it has a high thermal expansion coefficient.

With increasing the temperature, NOA65 expands rapidly, resulting in a reduced cavity length of FPI1.

Though the ambient temperature also affects the effective RI of air in the F–P cavity and the length of

the ceramic ferrule, the corresponding change is so small that it can be neglected. Therefore, as for the

FPI1 temperature sensor, its sensitivity ST1 is calculated as [23]

ST1 =
dλm

dT
= λm

(
1

L

dL

dT
+

1

nair

dnair

dT

)
≈ λ · α, m = 1, 2, 3, . . . , (4)

where T is the ambient temperature, and α is the thermal expansion coefficient of NOA65 equal to

220 · 10−6/◦C [23]. Due to the large thermal expansion coefficient of NOA65, the temperature sensitivity

of FPI1 is high.

To further enhance the temperature sensitivity, FPI1 was connected with FPI2 in parallel to obtain

the Vernier effect. According to the interference theory, the FSR of the reflection spectrum envelope is

much larger than that of a single FPI and is defined as [19]

FSRenvelope =
FSR1 · FSR2

|FSR1 − FSR2| . (5)
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In the Vernier-effect sensor elaborated, FPI1 plays a sensing role, and FPI2 acts as a reference. There-

fore, when the temperature changes, the wavelength of FPI1 will drift, causing the enhancement of the

wavelength drift of the envelope by a factor of M , which is expressed by the following formula [20,21]:

M =
FSRenvelope

FSR1
=

L1

|L2 − L1| . (6)

It is seen in Eq. (6) that M depends only on the cavity lengths of the two FPIs. Thus, in device

manufacturing, precise control of the F–P cavity length ensures that the enhancement factor reaches the

expected value. In addition, the smaller the cavity length difference for FPI1 and FPI2, the greater the

enhancement factor obtained. However, if the cavity length difference is too small, the envelope FSR

becomes very large, which may lead to an envelope drift beyond the BBS wavelength range, making the

measurement difficult to perform. According to the Vernier effect, the envelope drift (Δλenvelope) of the

reflection spectrum of the proposed sensor is M times the wavelength shift (Δλ) of FPI1. Thus, the

temperature sensitivity of the proposed sensor is M times that of the single FPI1 sensor. The sensitivity

enhancement corresponds to the Vernier effect, which is the theoretical basis for our proposed structure

implementation for high-sensitivity temperature detection. The temperature sensitivity of the envelope

of the proposed sensor can be described as

STenvelope
= M · ST1 . (7)

3. Experimental Setup

Fig. 5. Experimental setup for the temperature measurement by the
sensor.

The experimental device for tem-

perature sensing using the parallel-

structure sensor is shown in Fig. 5. A

3 dB fiber coupler was employed to

connect the BBS (FL-ASE-EB-D-2-2-

FC/APC, Beijing, China), OSA (Yoko-

gawa, AQ6370D), FPI1, and FPI2,

and only FPI1 was placed in a pro-

grammable temperature and humidity

test box (WHTH-80L-0-OYO, Dong-

guan, China) with a temperature mea-

surement accuracy of ±0.1◦C. During the experiment with the parallel-structure sensor, the temperature

was varied from 56◦C to 68◦C with a step of 3◦C. After each temperature change, we waited for 5 min

to ensure that the system reached thermal equilibrium before recording the data. At the same time, in

the experiment with the single FPI1, FPI2 is not needed to be connected to the 3 dB coupler, and the

temperature increases from 50◦C to 80◦C with a step of 5◦C.

4. Experimental Results and Discussion

4.1. Temperature Sensitivity

The shifts of the lower envelope Peak1 in the sensor reflection spectrum are shown in Fig. 6 a, with

the temperature increasing from 56◦C to 68◦C. It can be found that the spectral envelope for the sensor
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a) b)

Fig. 6. Shifts of the lower envelope Peak1 with temperature, namely, increase from 56◦C to 68◦C (a) and decrease
from 68◦C to 56◦C (b).

has a large blue shift (∼175 nm) as the temperature increases. Figure 6 b shows the shifts of the lower

envelope Peak1 with the temperature decreasing from 68◦C to 56◦C. The spectral envelope for the sensor
has a large red shift (∼166 nm), following the decrease in temperature.

Fig. 7. Fits of the shifts of the lower envelope Peak1
with increasing (�) and decreasing (�) temperatures.

In Fig. 7, we show the fits of the shifts of

the lower envelope Peak1 with increase and de-

crease in the temperature. It can be seen that,

as the temperature increases from 56◦C to 68◦C,
the lower envelope Peak1 linearly shifts to shorter

wavelengths, and we obtain a temperature sensitiv-

ity of – 14.633 nm/◦C with a linear scale factor of

99.83%. Also, as the temperature decreases from

68◦C to 56◦C, the lower envelope Peak1 linearly

shifts to longer wavelengths, and we obtain the tem-

perature sensitivity of – 13.82 nm/◦C with a linear

scale factor of 99.58%. Thus, the temperature sen-

sitivity of the sensor is almost unchanged when the

temperature rises or drops. The sensor has a small

hysteresis error. The sensitivity of the proposed sensor is higher than that found in the literature [19–22]

or comparable to the published data [23].

Figure 8 shows the shifts for the single FPI1 with increase in the temperature, which indicates that

Dip1 wavelength of the FPI1 spectrum has a red shift (∼46 nm) with the temperature increasing from

50◦C to 80◦C. The fit of the wavelength shifts for Dip1 with changing temperature is shown in Fig. 9, which

gives the temperature sensitivity of 1.5271 nm/◦C with a linear scale factor of 99.29%. By comparing

the temperature sensitivity for the lower envelope Peak1 and that of the single FPI1, we obtain the

experimental sensitivity enhancement factor of 9.6 (14.633/1.5271 = 9.6), which shows an obviously

enhanced temperature sensitivity, meaning a notable Vernier effect. Such sensitivity enhancement factor

is basically consistent with the theoretically calculated value, M =
L1

|L2 − L1| = 8.8. The minor difference
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Fig. 8. Shifts for the single FPI1 with the temperature increasing from 50◦C to 80◦C.

Fig. 9. Fit of the wavelength shifts for the single FPI1
with changing temperature.

Fig. 10. Temperature measurement stability of the sen-
sor at T = 60◦.

between the experimental result and theoretically calculated value is mainly due to the fact that the

wavelength of the selected Peak1 and Dip1 is not exactly 1550 nm.

4.2. Stability Experiment

The measurement error of the sensor was investigated through stability experiments. In the stability

experiment, the sensor was placed in the temperature box for long-term testing at a constant temperature

60◦C. In Fig. 10, we show the experimental results on the wavelength response of the lower envelope Peak1
(1480.3 nm) over the 60 min time range. The peak wavelength reveals almost no change, which shows
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that the sensor elaborated has good stability. The maximum wavelength shift of the lower envelope

Peak1 is 0.3 nm. Thus, the measurement error of the proposed sensor is estimated to be about 0.02◦C
(0.3/14.633 = 0.02◦C). The error of the temperature is within the permitted range, which demonstrates

that the sensor has a good measurement accuracy.

4.3. Repeatability Experiment

Fig. 11. Experimental results of three temperature mea-
surements shown by �, � and � for the sensor with
increasing temperature.

To test the repeatability of the proposed sen-

sor, we performed three temperature experiments

for the sensor after long-time intervals. In Fig. 11,

we present the experimental results of three tempe-

rature measurements, which show that the tempe-

rature sensitivity in the three measurements has the

same value of – 14.073 nm/◦C. The experimental

results reveal that the measured deviation is rather

small, and the data obtained in the three experi-

ments are basically consistent. Therefore, the sen-

sor is demonstrated to have good repeatability.

5. Conclusions

In this study, we presented a novel FPI-based Vernier-effect temperature sensor. The sensor comprises

two parallel FPIs (FPI1 and FPI2), which consist of a single-mode fiber inserted into a ceramic ferrule

and a UV-curable glue film on the end surface of the ceramic ferrule. In the sensor, FPI1 acts as a sensing

element, and FPI2 plays a role of a reference element. The proposed sensor can easily produce the Vernier

effect, which can effectively reduce the fabrication difficulty of Vernier-effect sensors. The experimental

results show that the temperature sensitivity of the sensor elaborated reaches – 14.633 nm/◦C, which is

9.6 times that of the single FPI1 temperature sensor. The designed sensor will have wide application

prospects due to its simple structure, good repeatability and stability, high sensitivity, and low cost.
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