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ABSTRACT A novel highly sensitive temperature sensor based on all-fiber polarization interference filter
with Vernier effect is proposed and experimentally demonstrated in this article. The all-fiber polarization
interference filter, namely Lyot filter, is simply consisted of a section of polarization-maintaining fiber
positioned between two linear fiber polarizers. Vernier effect is introduced by simply cascading a Fabry–
Perot interference with the Lyot filter. The temperature characteristics of the Lyot filter without and with
Vernier effect are experimentally investigated, respectively. The experimental results show that with Vernier
effect, the temperature sensitivity of Lyot filter can be improved from −1.752 nm/◦C to −25.289 nm/◦C.
To the best of our knowledge, this is the first demonstration of Lyot filter based temperature sensor combining
with Vernier effect. The good performance of the Lyot filter with Vernier effect in temperature sensing not
only provides a new option for the optical fiber temperature sensor, but also further broadens the application
of Lyot filter in the sensing field.

INDEX TERMS Optical fiber sensors, temperature sensor, fiber birefringence, polarization interference,
fiber filters.

I. INTRODUCTION
In the past few decades, with the rapid development of the
emerging industries including the Internet of Things, artifi-
cial intelligence, autonomous driving and so on, the sensor
industry has also ushered in new development opportunities.
Among the numerous kinds of sensors, optical fiber sensor
has attracted a lot of research interest due to its unique advan-
tages such as simple structure, light weight, immunity to
electromagnetic interference, etc. So far, a variety of optical
fiber sensors with different techniques have been developed
by researchers and successfully achieved the measurement
of different parameters such as torsion [1], [2], transverse
load [3], temperature [4], gas pressure [5] and so on. Among
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the various parameters, temperature is an important physical
parameter in all fields of natural science, industrial manufac-
ture as well as most aspects of daily life. And accordingly,
great efforts have been made to develop the optical fiber
temperature sensor.

Currently, the development of optical fiber temperature
sensors are mainly based on two technical routes: fiber grat-
ing based temperature sensors [6]–[14] and fiber interferom-
eter based temperature sensors [15]–[28]. For fiber grating
based temperature sensors, long period grating (LPG) is a
common employed device [6]–[10]. Bhatia et al. have pro-
posed a bare LPG based temperature sensor [6]. Ye et al.
have demonstrated a temperature sensor based on a LPG
written in commercially available boron-doped fibers [7].
Rao et al. have reported a special photosensitive single
mode fiber based LPG for temperature sensing [8]. And
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then, Zhang et al. have presented a sandwiched LPG to mea-
sure temperature [9]. Wang et al. have developed a CO2-
laser-notched LPG based temperature sensor [10].

However, owning to the inherent characteristics of LPG,
LPG based temperature sensors are also sensitive to the
refractive index, bend, transverse load and so on, which is a
barrier to the practical application. Meanwhile, Fiber Bragg
Grating (FBG) based temperature sensors have attracted
great attention for their stability in the practical applica-
tion [11]–[14]. Grobnic et al. have firstly reported a sap-
phire FBG sensor made by femtosecond laser radiation
for ultrahigh temperature sensing [11]. Zhang et al. have
designed a novel hydrogen-loaded germanium-doped FBG
based high-temperature resistance temperature sensor [12].
Sengupta et al. have employed a superstructure FBG to
fulfill temperature sensing [13]. In addition, Sridhar et al.
have proposed a multi-layer MoS2 coated etched FBG based
temperature sensor [14]. And yet, the highest sensitivity
of the above mentioned FBG based temperature sensors is
only ∼0.095 nm/◦C, which is relatively low and has yet
to be further improved. Compared to fiber grating based
temperature sensors, fiber interferometer based temperature
sensors are much more desirable sensors and have gradually
become the most widely used optical fiber temperature sen-
sors for their simple structure and high sensitivity. The fiber
interferometers employed to construct temperature sensors
mainly contain Fabry–Perot interference (FPI) [15]–[18],
Michelson interferometer (MI) [19], [20], Mach–Zehnder
interferometer (MZI) [21]–[23] and Sagnac interferome-
ter (SI) [24]–[30], which are fabricated by using different
kinds of fibers including thin core fiber [15], single mode
fiber [19]–[22], microfiber [23], [30], polarization maintain
fiber [24]–[26], [28], photonic crystal fiber [27], [29] and
so on. Among the above mentioned fiber interferometers,
a very high temperature sensitivity of−16.38 nm/◦C has been
achieved with an isopropanol cladding elliptical microfiber
based SI [30]. However, the fabrication of the isopropanol
cladding elliptical microfiber is a complicated process that
involves femtosecond laser micromachining, fiber taper
drawing and encapsulation, which is a large obstacle for
practical application.

Lyot filter, as a type of polarization interference filter firstly
developed in 1933 [31], has been widely employed in the
visible and near infrared. In the traditional Lyot filter design,
it is consisted by positioning a birefringent element between
a single pair of polarizers. After 80 years of development,
Lyot filter has evolved from bulk Lyot filter [32]–[34] to
bulk-fiber mixed Lyot filter [35], [36] and further to all
fiber Lyot filter [37]–[41]. While its size is more and more
compact, the application area of Lyot filter has been con-
fined to spectral imaging [33], [34], laser [35], [36], and
communication [37], [38]. Until recently, with the advent
of all fiber Lyot filter, Lyot filter based fiber sensor has
been achieved and then worked as torsion sensor [39]–[41],
transverse load sensor [41] and gas pressure sensor [5],
respectively. And yet, the application of Lyot filter in the

field of temperature sensing is rarely reported. In this article,
a novel highly sensitive temperature sensor based on all-fiber
polarization interference filter with Vernier effect is proposed
and experimentally demonstrated. The all-fiber polarization
interference filter, namely Lyot filter, is simply consist of a
section of polarization-maintaining fiber (PMF) positioned
between two linear fiber polarizers. The temperature charac-
teristic of Lyot filter is firstly analyzed and experimentally
investigated. The obtained experimental results indicate that
the employed Lyot filter can achieve temperature sensing
with a sensitivity of−1.752 nm/◦C, confirming the feasibility
of Lyot filter based temperature sensor. And then, Vernier
effect is introduced into the Lyot filter based temperature
sensor by simply cascading a FPI. By tracking the wavelength
shift of the envelope, the temperature measurement can be
achieved with an extremely high temperature sensitivity up
to −25.289 nm/◦C. To the best of our knowledge, this is the
first demonstration of Lyot filter based temperature sensor
combining with Vernier effect. By simply cascading a HCF
based FPI, the combination of Lyot filter and the Vernier
effect can be easily achieved and significantly improves the
temperature sensitivity of Lyot filter from −1.752 nm/◦C
to−25.289 nm/◦C, which is no costly and complicated treat-
ment process required. The good performance of the Lyot
filter with Vernier effect in temperature sensing not only
provides a new option for the optical fiber temperature sensor,
but also further broadens the application of Lyot filter in the
sensing field.

II. PRINCIPLES AND TEMPERATURE CHARACTERISTIC
OF LYOT FILTER
Figure 1 is the schematic diagram of the proposed all-fiber
Lyot filter, which is comprised of a section of PMF and a
single pair of fiber polarizers. In the all-fiber Lyot filter,
the PMF works as the birefringent element, and the input
fiber polarizer and output fiber polarizer play the roles of
a polarizer and a polarization analyzer, respectively. From
Fig. 1, we can clearly see that the incident light will transmit
through the input fiber polarizer, the PMF and the output
fiber polarizer in sequential order. As a polarizer, the input
fiber polarizer will convert the input light into linearly polar-
ized light. Then, the linearly polarized light will enter into
the PMF. Due to the birefringence of the PMF, the linearly
polarized light will be subsequently resolved into two paths
that travel along the fast-axis and slow-axis at different phase
velocities. In the output fiber polarizer, the two beams with a
phase difference will be combined, resulting in interference
of linear polarization status.

FIGURE 1. Schematic diagram of the proposed all-fiber Lyot filter
consisting of a PMF cavity sandwiched by two linear fiber polarizers.
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For the Lyot filter, the normalized transmittance T can be
given by [36]

T =sin2 α sin2 β+cos2 α cos2 β+
1
2
sin 2α sin 2β cos1ϕ

(1)

Here, α, β are the angles between the linear polarization
directions of the two fiber polarizers and the direction of the
slow-axis in the PMF, respectively.1ϕ is defined as the phase
difference induced by the PMF based birefringence cavity,
which can be given by the equation as follows:

1ϕ =
2πLHB−SMF1n

λ
(2)

where LPMF is the length of the PMF based birefringence
cavity, 1n is the birefringence of the employed PMF and λ
is the working wavelength of the incident light. From Eq. (1)
and (2), we can find that the normalized transmittance T is a
cosine function of the working wavelength λ. When the phase
difference 1ϕ satisfies the condition of 1ϕ = (2m+1)π
(m is a nonnegative integer), the normalized transmittance T
attains the minimum value, corresponding to the dip in the
transmission spectrum. The corresponding wavelength of the
dip can be expressed as:

λdip =
2LPMF1n
2m+ 1

(3)

Accordingly, the free spectrum range (FSR), namely the
wavelength interval of the adjacent dips, can be given by:

FSRLyot =
λ2dip

LPMF1n
(4)

According to Eq. (1)-(4), it can be concluded that in the
interference spectrum of Lyot filter, the fringe visibility is
only related to the angles of α and β, and the wavelength
λdip of the dip and the FSR are associated only with the
length LPMF and the birefringence1n of the employed PMF.
In the proposed Lyot filter, the employed PMF is the Panda
fiber, which is a common birefringence fiber that has a high
thermal optical coefficient. When there is a variation in tem-
perature, the thermo-optic effect will bring about a variation
in the birefringence 1n, and the dip wavelength λdip will
correspondingly have a shift. This provides a mechanism
to achieve the temperature sensing with the Lyot filter by
tracking the shift of the dip wavelength in the interference
spectrum.

To confirm the feasibility of the above mentioned mech-
anism for temperature sensing, the temperature test on the
Lyot filter is conducted with the experiment setup shown
in Fig. 2(a). In the experiment, a broadband light source
(BBS, YSL Photonics SC-5) with the working wavelength
ranging from 1000 nm to 1700 nm is employed as the
input light source. At the same time, a commercial opti-
cal spectrum analyzer (OSA, Yokogawa AQ6370C) with an
operation wavelength ranges from 600 nm to 1700 nm is
used to record the output spectrum of Lyot filter. To track
the evolution of interference spectrum in real-time under

FIGURE 2. (a) Experiment setup for temperature sensing with Lyot filter
based temperature sensor. (b) The output spectrum of the Lyot filter
under room temperature.

different temperature, the input end and output end of the
Lyot filter are directly connected to the BBS and the OSA,
respectively. The Lyot filter is simple comprised of a 9.5 cm
long PMF based birefringence cavity positioned between two
parallel linear fiber polarizers. The employ PMF is a com-
mercial PMF (PM-1550, YOFC), which has a birefringence
of 2.28× 10−4. In addition, as the fringe visibility of the
interference spectrum is depend on the angles of α and β,
a polarization controller (PC) is inserted between the input
fiber polarizer and the PMF to adjust the angle α to get a
desired fringe visibility. And yet, the PC is not essential in
the practical application as the angle α and β can be precisely
pre-set with a Polarization Maintaining Fiber Fusion Splicer
(FSM-100P+, FUJIKURA). Figure 2(b) is the obtained out-
put spectrum of the Lyot filter under room temperature in
the wavelength ranging from 1400 nm to 1700 nm. From
Fig. 2(b), it can be clearly seen that the output spectrum of
the Lyot filter is a typically interference spectrum that the
intensity changes periodically with the wavelength. The FSR
of the interference spectrum around 1550 nm is 71.55 nm,
corresponding to the 9.5 cm long PMF based birefringence
cavity. In addition, the obtained maximal fringe visibility is
up to ∼31 dB around 1550 nm, which is well suited to the
requirements of the wavelength interrogation technique used
for this sensor.

To experimentally investigate the temperature characteris-
tic of Lyot filter, the PMF as the sensor head is heated by a
temperature-controlled furnace from 25 ◦C to 50 ◦C with an
increment of 5 ◦C, and the corresponding interference spectra
of the Lyot filter under different temperatures are recorded by
the OSA with a resolution of 0.5 nm in real-time. Figure 3(a)
is the recorded interference spectrum evolution of the Lyot
filter in the wavelength from 1475 nm to 1625 nm under
each temperature. One can clearly see from Fig. 3(a) that
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FIGURE 3. (a) Recorded interference spectrum evolution of the Lyot filter
under the temperature from 25 ◦C to 50 ◦C. (b) Relationship between the
selected dip wavelengths and temperature.

with the increase of temperature, the wavelength of the dip
shifts to the shorter wavelength, namely blue shift. Under
the temperature variation of 25 ◦C, the temperature-induced
wavelength shifts of the dip at 1534.70 nm and 1606.35 nm
are 42.90 nm and 44.35 nm, respectively. Figure 4(b) depicts
the relationship between the selected two dip wavelengths
and temperature. By linear fitting, one can observe that
the selected two dip wavelengths change linearly with the
temperature, confirming the feasibility of Lyot filter based
temperature sensor. The slopes of the obtained two lin-
ear fitting curves are −1.724 and −1.752, correspond-
ing to the temperature sensitivities of −1.724 nm/◦C and
−1.752 nm/◦C, respectively.
For the Lyot filter based temperature sensor, the tempera-

ture sensitivity ST at the selected dip wavelength λdip can be
derived from Eq. (3) as [41]:

ST =
dλdip
dT
=
λdip

L
∂L
∂T
+
λdip

1n
∂1n
∂T
= λdipKα +

λdip

1n
KT

(5)

Here, Kα and KT are the thermal expansion coefficient and
thermo-optical coefficient of the employed PMF, respec-
tively. In view of that thermal expansion coefficient Kα of
silica type fiber is 5×10−7 /◦C, the contribution from thermal

FIGURE 4. Configuration of the temperature sensing system based on
Lyot filter with Vernier effect.

expansion effect to the temperature sensitivity ST is so small
that can be neglected. Thus, the temperature sensitivity ST of
the Lyot filter based temperature sensor can be simplified as:

ST =
λdip

1n
KT (6)

From Eq. (6), it can be concluded that the temperature sensi-
tivity ST is only rest with the thermo-optical coefficient of the
employed PMF. The thermo-optical coefficient is a parameter
of the PMF itself-inherent, which means that the temperature
sensitivity ST is a constant as long as the PMF employed
in the Lyot filter is selected. In the practical application,
by employing a PMF with a higher therm-optical coefficient,
the achieved temperature sensitivity of the proposed Lyot
filter based temperature sensor can be further improved.

III. TEMPERATURE CHARACTERISTIC OF LYOT FILTER
WITH VERNIER EFFECT
Instead of employing a PMF with a higher thermo-optical
coefficient, the sensitivity of the proposed Lyot filter based
temperature sensor is improved by introduced Vernier effect.
Figure 4 illustrates the configuration of the temperature sens-
ing system based on Lyot filter with Vernier effect. In the
temperature sensing system, Vernier effect is introduced by
cascading a FPI with the Lyot filter. The employed FPI is
comprised of a hollow core fiber (HCF) sandwiched by single
mode fiber (SMF). The inner diameter and outer diameter
of the employed HCF are 10 µm and 125 µm, respectively.
To eliminate the parasitic interference generated from the end
facet reflection, the output end of the FPI is sliced with a tilt
angle. The BBS, FPI and Lyot filter are connected to the ports
1, 2, and 3 of an optical circulator (OC), respectively. The
OSA is connected to the output end of the Lyot filter. Thus,
the superimposed spectrum of the cascaded FPI and Lyot
filter can be observed by the OSA. In addition, to observe
an obviously Vernier effect in the superimposed spectrum,
the FSRs of the two interferometers must be close but not
equal, which could be achieved by accurately controlling the
length of the employed HCF in the experiment.

Figure 5(a) is the measured interference spectra of FP
and Lyot filter under room temperature, respectively. For
the Lyot filter, the length of the employed PMF is 65 cm,
corresponding to the FSRs of 10.10 nm in the interference
spectrum. To get an FSRr that close to FSRs, the length of
the employed HCF is accurately controlled by a homemade
microscope-assisted fiber cutter, and the final obtained FSRr
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FIGURE 5. (a) Interference spectra of FP and Lyot filter. (b) Superimposed
spectrum of the cascaded FPI and Lyot filter.

is 10.80 nm. Figure 5(b) is the superimposed spectrum of the
cascaded FPI and Lyot filter, which consists of a series of
fringes with different amplitude, confirming the generation
of Vernier effect. Although the employed PM fiber, optical
circulator, and polarizer all have bandwidths, the obtained
superimposed spectrum shows that the proposed sensor can
be work in the wavelength ranging from 1300 nm to 1700 nm,
which means that the bandwidth of the above devices will
not influence the sensor’s performance. By using curve fitting
method, the upper envelope profile of superimposed spectrum
is extracted and shown in Fig. 5(b) with the red curve. The
measured FSR of the upper envelope is ∼157.50 nm.
According to the theory of Vernier effect, the FSR of the

upper envelope can be given by [42]:

FSRUpper =
FSRr · FSRs
|FSRr − FSRs|

(7)

Here, FSRr and FSRs are the FSRs of the reference inter-
ferometer and sensing interferometer, respectively. From
Eq. (7), we can know that, to get a desired FSRUpper, the PMF
employed in the Lyot filter and the HCF employed in the FPI
should have the appropriate length, respectively. In our exper-
iment, the FPI and Lyot filter work as the reference inter-
ferometer and sensing interferometer, respectively, and the
corresponding FSRr and FSRs are 10.80 nm and 10.10 nm.

FIGURE 6. (a) Recorded spectrum evolution of the upper envelope under
the temperature from 23 ◦C to 29 ◦C. (b) Relationship between the
selected dip wavelengths of the upper envelope and temperature.

According to Eq. (7), the theoretical calculated value of the
FSR is 156.83 nm, which is consistent with the experiment
result.

The experiment to investigate the temperature character-
istic of Lyot filter with Vernier effect is carried out with the
experiment setup shown in Fig. 4. In the experiment, the PMF
in Lyot filter is employed as the sensing fiber and heated from
23 ◦C to 29 ◦C, and the corresponding interference spectra
are recorded in real time by the OSA. Figure 6(a) illustrates
the obtained spectrum evolution of the upper envelope under
different temperatures. Similar to the temperature response
of Lyot filter, there is a blue shift in the upper envelope. And
yet, the difference is mainly in the amount wavelength shift
induced by the temperature variation. Compared with the
wavelength shift of 44.35 nm under the temperature variation
of 25 ◦C in the Lyot filter, the wavelength shift of the upper
envelope is up to 147.60 nm under the temperature variation
of 6 ◦C. Furthermore, the relationship between the selected
dip wavelengths of the upper envelope and temperature is
presented in Fig. 6(b). One can clearly see that there is a
linear relationship between the selected dip wavelengths and
temperature. For the selected dip wavelengths at 1466.3 nm
and 1623.8 nm, the wavelength-temperature coefficient
are −25.289 and −24.432, corresponding to the temperature
sensitivities of −25.289 nm/◦C and −24.432 nm/◦C,
respectively. In comparison with the temperature sensitivity
of Lyot filter, the temperature sensitivity can be magnified
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about 15 times. Although the achieved temperature sensitivity
is significantly high, the structure of the proposed temper-
ature sensor is relatively complex. To further simplify the
structure, the proposed temperature sensor can be achieved
by cascading a FPI with a reflective Lyot filter. And the
reflective Lyot filter is only consist of a single 45◦-tilted fiber
gratings based fiber polarizer and a segment of femtosecond
laser-induced high birefringence single-mode fiber. In this
way, the structure of the proposed temperature sensor can be
simplified and work in reflection mode.

For the Lyot filter with Vernier effect, the improved tem-
perature sensitivity S can be expressed as [42]:

S = M · ST (8)

whereM is the amplification factor referring to Vernier effect,
which can be given by [42]:

M =
FSRr

|FSRr − FSRs|
(9)

In view of that the values of FSRr and FSRs are 10.80 nm
and 10.10 nm, the theoretical calculated amplification factor
M is about 15. The theoretical analysis agrees well with
the experiment result, confirming the feasibility of highly
sensitive temperature sensor based on all-fiber polarization
interference filter with Vernier effect. In addition, according
to Eq. (8) and (9), it can be concluded that the achieved tem-
perature sensitivity S can be further improved by accurately
controlling the lengths of the PMF employed in Lyot filter
and the HCF employed in the FPI.

IV. CONCLUSION
In conclusion, a novel highly sensitive temperature sensor
based on all-fiber polarization interference filter with Vernier
effect is proposed and experimentally demonstrated in this
article. The all-fiber polarization interference filter employed
in the experiment is Lyot filter, which is simply comprised
of a PMF based birefringence cavity sandwiched by two
linear fiber polarizers. Experimental results show that a single
Lyot filter can achieve temperature sensing with a sensitivity
of −1.752 nm/◦C, confirming the feasibility of Lyot filter
based temperature sensor. To further improve the temperature
sensitivity, Vernier effect is introduced into the Lyot filter by
simply cascading a Fabry–Perot interference. With the help
of Vernier effect, the temperature sensitivity of the Lyot filter
is improved to −25.289 nm/◦C, indicating the good perfor-
mance of Lyot filter with Vernier effect in temperature sens-
ing. With the high sensitivity, simple structure and all-fiber
configuration, the proposed sensor is highly desirable for
temperature sensing.
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