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Abstract—A Fabry-Perot interferometer (FPI) temperature sen-
sor was proposed by splicing a self-made hollow core anti-resonance
fiber (HC-ARF) between two single mode fibers (SMFs). The HC-
ARF was 2 mm long and one SMF was 20 mm in length. The SMF
end face was coated with an Au film. When temperature varied
from 45 °C to 85 °C, a sensitivity of 81.1 pm/°C was obtained at the
waveband of 1550 nm∼1555 nm. When temperature varied from
35 °C to 95 °C, a sensitivity of 138.8 pm/°C was obtained at the
waveband of 1571 nm∼1581 nm. Theoretical analysis suggested
that the sensitivity of this proposed sensor can be easily adjusted
by varying the length of the Au-coated SMF via the Vernier effect,
which was confirmed by a subsequent experiment where the SMF
length was varied from 20 mm to 170 mm. This work offers a
simple sensitivity control method, and the proposed sensor is easy to
manufacture, compact in structure, and convenient in performance
control, which can be applied for a wide range of biological and
chemical applications.

Index Terms—Hollow Core anti-resonance fiber (HC-ARFs),
Fabry Perot Interferometer (FPI), temperature sensor.

I. INTRODUCTION

AN ACCURATE and real-time measurement of temperature
is essentially important for process control in fields of food
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processing and health, agricultural biological manufacturing
and electronic manufacturing, etc. Demonstrating advantages
of strong anti-interference, compact structure, easy layout and
online monitoring [4], [5], optical fiber temperature sensors have
been widely used in various industries and environments, for
instance, petroleum exploration, marine monitoring, biomedical
[1] and aerospace engineering [2], [3], etc. With the development
of optical fiber sensing technology, more recently, a variety of
novel temperature sensors have been developed based on Bragg
fiber [6], [7], stress-optical effect (SOE) [8], Michelson interfer-
ometer (MI)[9], Mach-Zehnder interferometer (MZI) [10], hol-
low fiber interferometer (HI) [11], [12] and Fabry-Perot interfer-
ometer (FPI) [13], [14]. Although these optical fiber temperature
sensors have been well exploited and widely applied, they still
have problems such as high manufacturing difficulty [13], [14],
rigid machining accuracy or special splicing. Particularly, their
sensitivity needs to be improved [5]–[13].

The optical Vernier effect, which was proposed by Urquhart
in 1988 [15] and which happens when the FSRs of the FP
cavities are close [16], has been acknowledged to be an ef-
fective and simple way to improve the temperature sensing
sensitivity. Based on this effect, Mingran Quan et al. obtained
a RI sensitivity of 30899 nm/RIU in 2015 [17], Chen Zhu
and Jie Huang obtained a sensitivity of −10.58 kHz/°C using
a two-cascaded-FPIs-OCMI in 2021 [18]. Recently, Marta S.
Ferreira et al. proposed a sensor with a temperature sensitivity of
41.7 pm/°C and a strain sensitivity of 2.5 pm/με by exploiting the
Vernier effect of a specially spliced hollow core anti-resonance
fiber (HC-ARF). The HC-ARF has the advantage of low loss,
large bandwidth and exceptional polarization purity [21]–[23].
Moreover, its light guiding mechanism follows the anti-resonant
reflecting optical waveguide (ARROW) effect which is highly
sensitive to the environmental RI change, and the multiple mode
interference (MMI) can also contribute to improving the sensor’s
performance [24], [25]. Although the HC-ARF has proved its
application values in the sensing field [19], [24]–[30], its fabri-
cation sometimes needs special splicing which is hard to control.

In this paper, a FPI temperature sensor was designed and
experimentally investigated based on a self-made HC-ARF,
where a sensitivity of 138.8 pm/°C and 81.1 pm/°C was re-
spectively realized at the waveband of 1571 nm∼1581 nm
and 1550 nm∼1555 nm when temperature respectively varied
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Fig. 1. The fabrication process of HC-ARF (a) preform tube, (b) first drawing,
(c) second drawing.

from 35 °C to 95 °C and from 45 °C to 85 °C. Theoretical and
experimental investigation revealed that the sensitivity of the
proposed sensor structure can be regulated by adjusting the
length of the Au-coated SMF. The sensor design in this work
offers a simple method to control sensitivity. Compared with
other sensors reported previously [5]–[13], [19], the proposed
sensor is easy to manufacture, compact in structure, convenient
in performance control, and exhibits different sensitivities at
different wavebands, which can be applied for a wide range of
biological and chemical applications.

II. SENSOR PREPARATION

The HC-ARF used in this work was fabricated at our lab, the
preparation process of which is shown by the following Fig. 1.
First, nine silicon glass tubes with a diameter of 4 mm was used
to form a preform tube with a diameter of 20 mm, as shown in
Fig. 1(a). Then the preform was drawn into a glass tube of 3 mm
in diameter using the graphite furnace at 1810 °C, as shown in
Fig. 1(b). After that, the as-prepared glass tube was put into a
glass sleeve with a diameter of 8 mm, and finally drawn into the
HC-ARF of 150 um in diameter, as shown in Fig. 1(c). During
the fabrication process, argon of 8kPa was used to keep the
interstitial hole formation in the core-cladding interface.

The cross-section image of the fabricated HC-ARF has a nine-
sided structure, as shown in Fig. 2(a). The external diameter of
the fabricated HC-ARF was about 156 μm. The central core
radius was 34 um, with a thickness of 0.8 um or 1.1 um, and
the cladding wall was 36.6 um. The specific structure data has
been marked in Fig. 2(b). The transmission spectrum measured
using a Supercontinuum Light Source SC-5-FC is presented in

Fig. 2. (a) Microscopic picture of the cross-section of HC-ARF, (b) specific
size data, (c) transmission spectrum from 600 nm to 2000 nm.

Fig. 2(c), which is obviously an anti-resonant fiber spectrum.
The fiber loss varied greatly in the 1500∼1600 nm and a high
loss dip appeared near 1560 nm, which significantly affected
part of the high order mode transmitted in different wavebands.
It can lead to obviously different changes in the interference
spectrum at different wavebands.

The proposed temperature sensor was made by splicing a
section of HC-ARF (2 mm in length) between two sections
of single mode fiber (SMF28) using a fusion splicer (FITEL
S179C) switched to the manual mode. The arc discharge power
was set to 60 arb units, the discharge time 500 ms (for compari-
son, an automatic splicing of two SMF28 has a discharge power
of 100 arb units and a time of 2000 ms). The HC-ARF and
the SMF were aligned axially and placed as close as possible
but not in direct contact. To ensure the splicing stability and
the internal fiber structure, the arc discharge was applied in the
middle of the two fibers. Finally, an Au film was coated on the
SMF vertical end face by plasma magnetron sputtering coating
instrument (VTC-16-SM). For better cutting and splicing, the
length of Au-coated SMF should not be less than 20 mm. Fig. 3
shows a successfully fabricated sensor with a 2 mm HC-ARF
and a 20 mm Au-coated-SMF.

III. SENSING PRINCIPLES

Without the Au film, the proposed sensor structure can be
regarded as a low-finesse FPI, which approximates a two-wave
interferometer shown in Fig. 4 (without the blue dotted area). It
only has two reflective surfaces: the first SMF/HC-ARF inter-
face can be considered as Mirror M1 and the other interface
as M2. The reflection coefficient of M1 is R1 = (nSMF −
nARF)2/(nSMF + nARF)2, where n1 is the effective RI of the
HC-ARF, nSMF is the effective RI of the SMF [17], and α1

is the transmission loss of the M1 surface. Correspondingly,
the reflection coefficient of M2 is R2, which is equal to R1.
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Fig. 3. The splicing details of a fabricated sensor with a 2 mm HC-ARF and a 20 mm-SMF2.

Fig. 4. Schematic design of the FPI sensor.

The light loss in the ARF cavity, including the effects due to
mode mismatch and beam expansion, can be accounted for as
the coefficient β1. According to the electric field formula for
a low-finesse FPI, the normalized reflection intensity I can be
estimated as:

I = R1 +A+ 2
√

AR1 cosϕ1 (1)

A = (1− α1)
2(1− β1)

2 (1−R1)
2R2 (2)

where ϕ1 = 4πnARFLARF/λ is propagation shift, LARF is the
length of the HC-ARF and λ is the vacuum wavelength. From the
above equations, we can see that I is theoretically independent
of the SMF2 length (LSMF)

The spectrum generation of the proposed sensor structure
without the Au film is under the combined effect of the thermal
refractive index change of the fiber and the thermal expansion
of the FP cavity [5]. The temperature sensitivity of the dense
fringes can be obtained by [31], [32]

SARF =
∂λ

∂T
=

(
1

nARF

∂nARF

∂T
+

1

LARF

∂LARF

∂T

)
λ

= (αT + ξT ) λ (3)

where αT is the thermo-optic coefficient and ξT is the ther-
mal expansion coefficient. According to Equation (3), a real-
time temperature measurement can be achieved by monitoring
the wavelength shift of the reflection spectrum [31], [32]. Be-
cause the low-finesse FPI is theoretically insensitive to temper-
ature, a mixed interference is introduced cladding an Au film to
the HC-ARF structure.

With the addition of Au film, different interferometric paths
are created, which generates three FPIs, as shown in Fig. 4
(include the blue dotted area). The input light coming from

the SMF1 core suffers a first reflection at Mirror M1, a second
reflection at Mirror M2, and a third reflection at the SMF/Au
interface, namely, M3. As a result, an FPI with a cavity length
of LARF (FPI-1) and an FPI with a cavity length of LSMF (FPI-2)
are formed, together with another FPI (FPI-3) formed by M1 and
M3. These three FPIs can be taken as a hybrid interferometer
as a whole. The reflection intensity I can be expressed using the
three-beam optical interference equation:

I = R1 +A+ B+ 2
√

R1Bcos (ϕ1 + ϕ2)

+ 2
√
R1Acos (ϕ1) + 2

√
ABcos (ϕ2) (4)

A = (1− α1)
2 (1− β1)

2(1−R1)
2R2 (5)

B = (1− α1)
2 (1− α2)

2(1− β1)
2

× (1− β2)
2(1−R2)

2(1−R1)
2R3 (6)

where R3 is the reflection coefficient of M3 and R3 = (nSMF −
nAu)2/(nSMF + nAu)2, nAu is the effective refractive index of
Au film, ϕ2 = 4πnSMF LSMF/λ is propagation shift, and α2 is
the transmission loss of the M2 surface. Light loss of SMF2 can
be accounted for as the coefficient β2.

The FPI-1, FPI-2 and FPI-3 are designed to produce Vernier
effect and an envelope will appear in the spectrum. The Vernier
effect can significantly amplify waveform changes and thus
improve the temperature sensitivity [14]–[16], [21]–[24]. The
corresponding free spectral range (FSR) can be derived as [17],
[19], [21]–[24]

FSR1 ≈ λ2

2nARFLARF
(7)

FSR2 ≈ λ2

2nSMFLSMF
(8)

FSR3 ≈ λ2

2 (nARFLARF + nSMFLSMF )
(9)

When the M3 reflection is weak, FPI-3 would be much weaker
than FPI-2 and FPI-1, hardly causing any effect on the envelope.
Under this situation, the FSR of the sensor (FSRS) can be derived
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Fig. 5. Diagram of the experiment set up.

as [17], [19], [24]–[28]

FSRS =
FSR2 · FSR1

|FSR1 − FSR2| (10)

However, when the M3 reflection is strong, FPI-3 will affect
the envelope, and FSRS can be derived as [17], [19], [24], [25],
[33]–[36]

FSRS =
FSR3 · FSR1

|FSR1 − kFSR3| (11)

where k = [FSR1/FSR2].
The temperature sensitivity adjustment coefficient K and the

temperature sensitivity S can be respectively expressed as [16],
[19], [24], [25], [33]–[36]

K =
FSR1

|FSR1 − kFSR3| (12)

S = SARF K (13)

Based on Equation (6)–(8), when the length of SMF2 is
changed, the temperature sensitivity adjustment coefficient (K’)
and the temperature sensitivity (S’) of a similar waveband can
be expressed as

K′ =
LSMF

LSMF
′ K (14)

S′ =
LSMF

LSMF
′ S (15)

where LSMF’ is the changed length of SMF2. We can see that
the temperature sensitivity is directly related with the length
change of SMF2, thus the sensor performance can be adjusted
by varying the SMF2 length of the designed Au-coated sensor,
which greatly simplify the sensors preparation and application
convenience. In addition, the Au-coated film improves the sen-
sitivity of the sensor at the same time, has oxidation resistance
and a certain hardness, can play a protective role on the fiber end
face, improve the damage resistance of the sensor.

IV. EXPERIMENTAL INVESTIGATION AND DISCUSSION

The experimental investigation concerning the temperature
sensing performance of the proposed sensor was set up based
on a typical reflection system, as presented in Fig. 5. A ther-
mostat (DHTHM-27-20-P-SD) was responsible for the tem-
perature adjustment. An ASE source with a bandwidth of

Fig. 6. (a) The FPI spectrum measured at 55 °C, (b) the corresponding FFT.

1520 nm∼1610 nm was adopted as the light source. The op-
tical spectrum analyzer (OSA YOKOGAWA AQ6375B 1200-
2400 nm) had a resolution of 0.05 nm and a sample interval of
0.01 nm. Temperature adjustment was realized by placing the
sensor in a thermostat ((DHTHM-27-20-P-SD, with a resolution
of 0.1 °C) which gradually heated from 35 °C to 95 °Cwith an
interval of 10 °C. Each temperature change step was main-
tained for 10 min to assure the stability of the transmission
spectrum.

As mentioned in Section II, the proposed HC-ARF sensor
coated with an Au-coated film can be taken as a hybrid inter-
ferometer. Here the sensor was proposed to have a HC-ARF
of 2 mm in length and an Au-coated SMF of 20 mm in length
(the end of SMF2 experienced a sputter coating of 40s using
VTC-16-SM). The FPI spectrum measured at 55 °C is shown
in Fig. 6(a), and the result after going through the Fast Fourier
Transform (FFT) is shown in Fig. 6(b). As expected, the FFT
curve exhibited the typical behavior of a hybrid interferometer
and generated two distinct frequencies.

The spectra recorded by OSA as the temperature changed
from 35 °C to 95 °C is shown in Fig. 7(a), where obvious red
shifts can be observed. Since the original image is very dense
and has a high degree of coincidence, the lower envelopes
of the data are used to evaluate the sensor’s performance in
the subsequent analysis. The lower envelop data obtained by
OriginPro 2022 beta2 are shown in Fig. 7(b), where obvious
red shifts can be observed with the temperature increase in
the range of 1530∼1605 nm. The lower envelops, involving
two distinct dips (Dip 1 and Dip 2) were selected and the
dip near 1560 nm was affected by the transmission spectrum
of the HC-ARF. The dips have different shifts and apply to
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Fig. 7. (a) the measured spectra at the temperature variation range of 35 °C∼95 °C, (b) the lower envelopes of the measuring spectra using a 20 mm-SMF2,
(c) the linear fitting of Dip 1 at the temperature variation range of 45 °C∼85 °C, (d) the linear fitting of Dip2 at the temperature variation range of 35 °C∼95 °C.

different temperature ranges. The linear fitting of the wavelength
variation of Dip 1 with temperature change from 45 °C to 85 °C
at the range of 1550 nm∼1555 nm is shown in Fig. 7(c), and
the corresponding function is “Y = 0.0811X+1547.64” (Y
is wavelength in nanometer and X is temperature in degree
Celsius). As a result, based on Dip1, the temperature sensi-
tivity was 81.1 pm/°C and R-square was 0.96003. Fig. 7(d)
shows the linear fitting of Dip 2 with temperature change from
35 °C to 95 °C at the range of 1571 nm∼1581 nm, and the
corresponding function is “Y = 0.1388X + 1567.5”. Hence,
based on Dip 2, the temperature sensitivity was as high as
138.8 pm/°C and R-square was 0.97009. The disparity of the
two sensitivities was mainly caused by the difference of the
interference modes at different wavebands due to the change of
transmission loss of the fabricated HC-ARF. We can see that a
good liner relationship was obtained throughout the whole tem-
perature range, indicating that there was an obvious interference
occurrence under this length setting of the Au-coated SMF2
(20 mm).

Experiments were conducted to verify the influence of the
SMF2 length on the sensor’s performance. The length of the
SMF2 was lengthened to 34 mm while the length of the HC-ARF
was kept the same. The temperature was adjusted from 45 °C
to 85 °C. The FPI spectrum measured at 55 °C is shown in
Fig. 8(a), and the result after going through the Fast Fourier
Transform (FFT) is shown in Fig. 8(b). As expected, the FFT
curve is similar to that in Fig. 6(a). The lower envelops of

the measured spectra are shown in Fig. 8(c), together with the
selected envelop range. In this experiment, the dip located from
1554 nm to 1557 nm was focused to evaluate the sensitivity.
The liner fitting curve of the envelop data with the temperature
is shown in Fig. 8(d) and the corresponding function is “Y =
0.0485X+1552.51”, indicating a sensitivity of 48.5 pm/°C with
a R-square of 0.97505. This sensitivity was only 60% of that
obtained in the previous experiment at the similar waveband
(∼81.1 pm/°C). This result was consistent with the theoreti-
cal analysis based on Eq. (14) and Eq. (15) which predicted
an increase in the length of SMF2 would reduce the sensing
sensitivity. Therefore, it was confirmed that the sensitivity of
the proposed sensor can be adjusted by varying the length of
SMF2. In addition, it suggested that the sensitivity had much
room for enhancement, namely, with the improvement of cutting
and splicing technology, a higher sensitivity (over 138.8 pm/°C)
can be obtained by further shortening the length of SMF2.

When SMF2 was lengthened to 45 mm, the Vernier amplifica-
tion effect was further reduced. The envelope of the magnitude
spectrum is presented in Fig. 9(a). Not similar to Fig. 7 and Fig. 8,
the shift of envelope was not obvious, which was ∼1550 nm at
the temperature variation range of 55∼85 °C. The liner fitting
curve of the envelop data from 55 °C to 85 °Cis shown in Fig. 9(b)
and the corresponding function is “Y = 0.013X+1549.2”. The
sensitivity of ∼13 pm/°C with a R-square of 0.89418 was much
worse than the experimental data obtained using the 34 mm long
SMF2.
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Fig. 8. (a) The FPI spectrum measured at 55 °C, (b) the corresponding FFT. (c) The lower envelopes of the measuring spectra using a 34 mm-SMF2, (d) the
linear fitting at the temperature variation range of 45 °C∼85 °C.

Fig. 9. (a) The lower envelopes of the measuring spectra using a 45 mm-SMF2, (b) the linear fitting at the temperature variation range of 55 °C∼85 °C.

Similar experiments were conducted with the further increase
of the SMF2 length (70 mm, 81 mm, 95 mm, 115 mm and
134 mm) at the temperature variation range of 35∼95 °C, and
the envelopes of the measured spectral waveform are shown in
Fig. 10(a)∼(e). In these cases, the development of the envelopes
became messy with the length of SMF2 increase. Moreover, the
performance of the proposed sensor structure with a 170 mm
long SMF2 but without the Au film was investigated (see
Fig. 10(f)). In comparison, it was clear that all the spectra
were extremely similar, which indicated that the sensitivity

enhancement brought by the Au film had already been offset
by the lengthening of SMF2.

Table I presents a performance comparison between our pro-
posed sensor and those reported previously [6], [8], [9], [11],
[19]. Compared with these temperature sensors based on differ-
ent working schemes, the sensor of this work has the advantages
of good temperature sensitivity, easy manufacture, and compact
structure. More importantly, the temperature sensitivity can be
further improved by shortening the length of the Au-coated SMF
with the advancement in cutting and splicing technology.
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Fig. 10. The lower envelopes of the measuring spectra using (a) a 70 mm-SMF2, (b) a 81 mm-SMF2, (c) a 90 mm-SMF2, (d) a 115 mm-SMF2, (e) a 134 mm-SMF2,
(f) a 170 mm-SMF2 without the Au film.

TABLE I
COMPARISON BETWEEN THE PROPOSED SENSOR AND THE PREVIOUSLY

REPORTED ONES

V. CONCLUSION

In summury, a FPI temperature sensor was proposed based on
a 2 mm self-made HC-ARF and an 20 mm Au-coated SMF. Ex-
perimental investigation found that with the temperature chang-
ing from 35 °C to 95 °C, this sensor can achieve a sensitivity
of 138.8 pm/°C at the waveband of 1571 nm ∼1581 nm when
temperature vary from 45 °C to 85 °C and 81.1 pm/°C at the
waveband of 1550 nm∼to 1555 nm when temperature vary from
45 °C to 85 °C. Theoretical analysis suggested that its sensing
sensitivity can be adjusted by varying the length of the Au-coated
SMF with Vernier effect, and this was confirmed by a subsequent
experiment where the SMF length was varied from 20 mm to
170 mm. The design of this HC-ARF based FPI sensor offers
a simple sensitivity control method and it can achieve high
and diverse sensitivities at different wavebands. The sensor is
easy to manufacture, compact in structure, and convenient in

performance control, which can be applied for a wide range of
biological and chemical applications.
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