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A B S T R A C T   

Object: Owing to advances in optical fiber sensing, sensing techniques based on surface plasmon 
resonance (SPR) have received much attention. In this work, an SPR temperature sensor based on 
the anti-resonant fiber (ARF) is designed and analyzed. By filling the core with a thermosensitive 
liquid, the ambient temperature in the range of 5–55 ◦C can be detected. 
Methods: The proposed ARF was simulated utilizing the finite element analysis software COMSOL, 
followed by systematic and comprehensive structural parameter optimization, and the basic 
characteristics of the ARF-SPR temperature sensor were analyzed. Filling with a gold medium 
instead of the traditional coating process reduces the difficulty in manufacturing the ARF-SPR 
temperature sensor. 
Results: The average temperature sensitivity of the ARF-SPR sensor is 16.055 nm/◦C, the mini
mum structural parameter sensitivity is 1.0 nm/μm, and the maximum FOM is 360.8 ◦C− 1 at 5 ◦C. 
The ARF sensor with excellent properties has large commercial potential in biochemical analysis, 
temperature monitoring, as well as long-distance sensing.   

1. Introduction 

An optical sensor is a device that uses an optical signal to detect regular changes in some physical entities of an analyte under 
external stimulation [1]. The common optical sensors are the F-P interference air bubble microcavity sensors [2], Bragg grating sensors 
[3], and optical fiber sensors [4–6]. In recent years, optical fiber sensing technology has received great attention due to advantages 
such as strong anti-electromagnetic interference ability, low loss, no marking, and real-time monitoring. 

The beam from a specific light source is totally reflected after entering the optical fiber sensor [7]. Owing to the changes in physical 
quantities such as the refractive index, strain, magnetic field, and temperature of the detection environment, the wavelength, phase, 
frequency, and polarization of incident light change regularly according to a certain corresponding relationship [8]. The modulated 
optical signal is converted into the electrical signal by the demodulator and then output for measurement, thus accomplishing optical 
fiber sensing. In order to detect the modulated light signal more efficiently, it is necessary to seek a feasible method to alter some 
characteristics of light. Surface plasmon resonance (SPR) is a physical optical phenomenon widely adopted in optical fiber sensing [9]. 
When the incident light with a certain frequency impinges onto a metal surface, it will be coupled with the surface plasma wave (SPW) 
on the materials, and the energy will be transferred from photons to the surface plasmons, resulting in changes in some characteristics 
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of the incident light [10]. 
Many optical fibers can be used for SPR sensing, for example, the single mode fiber (SMF) [11], photonic crystal fiber (PCF) 

[12–14], and SPR fiber sensors [15–18]. In 2020, X. Guo et al. [19] have designed a D-shape polished dual-core PCF refractive index 
sensor based on SPR, which can detect analytes with refractive indexes in the range of 1.33–1.43. Liu et al. [20] have proposed a 
photonic quasi-crystal fiber (PQF) sensor using the OAM1,1 mode to excite SPR for the refractive index range of 1.36–1.435. Most of the 
SPR sensors are based on PCF, and there have been few studies on anti-resonant fiber (ARF) SPR sensors. ARF is a microstructure 
composed of negative curvature anti-resonant tubes. When the light is transmitted to the interface between the core and cladding, the 
light meeting the anti-resonance conditions will be directly propagated from the cladding, while other that does not dissatisfy the 
conditions will be reflected back to the core [21]. ARF not only has a simpler structure, but also exhibits a lower loss due to its special 
light transmission principle. J. Lv et al. [22] have designed an SPR refractive index sensor based on ARF with an amplitude sensitivity 
of 2573.33 RIU− 1. If a thermosensitive liquid fills the core of ARF, the effective refractive index of the fundamental mode will change 
correspondingly at different temperatures, and the ARF-SPR temperature sensor can be designed. Q. Wang et al. [23] have proposed an 
eight-conjoined tube ARF-SPR temperature sensor with more than 6 resonance peaks in different bands. Q. Chen et al. [24] have 
designed a hollow-core negative curvature ARF with a maximum temperature sensitivity is 5.047 nm/◦C. However, the sensitivity of 
these temperature sensors is still low and further development is necessary. 

Herein, a six-conjoined-tube ARF temperature sensor based on SPR is designed and the structural parameters are optimized to 
achieve the best temperature sensing properties. The structural parameters investigated include the diameter of the guide mode, the 
thickness of the negative curvature tube, the composition ratio of the thermosensitive liquid, and the inner diameters of the inner and 
outer negative curvature tubes. The mode field distribution, temperature sensing, and amplitude sensitivity of the ARF-SPR sensor are 
derived by the finite element method (FEM) [25,26]. The numerical results indicate that the ARF-SPR sensor can detect temperatures 
in the range of 5–55 ◦C with a maximum temperature sensitivity of 19.4 nm/◦C. The longest detection distance and highest FOM are 
20.17 m and 360.8 ◦C− 1 respectively, suggesting great commercial potential in environmental monitoring and chemical analysis. 

2. ARF design and sensing principle 

When a light beam is emitted from a light dense medium to a light sparse medium, total reflection will occur under certain con
ditions. If the incident light reaches the interface of the two media, the reflected light will not be generated immediately. Instead, it will 
first pass through the light sparse medium about a depth of about one wavelength and propagate along the axial direction for half a 
wavelength before returning to the optically dense medium. The wave flowing along the axial direction is called an evanescent wave, 
and its propagation constant is shown in Eq. (1) [27]: 

K =
ω
c

̅̅̅̅̅̅̅̅̅̅̅̅
ε1(ω)

√
sin θi, (1)  

where ω is the frequency of the incident light, ε1 is the dielectric constant of the optically dense medium at this frequency, c is the speed 
of light, and θi is the incident angle of the light wave. When a definite frequency of incident light reaches the metal surface, it will 
disrupt the uniform distribution of electron density. If the regional electron density is a smaller amount than the average electron 
density, positively charged particles cannot be completely neutralized. To maintain electrical neutrality, a large number of electrons 
are attracted to this region. When the number of electrons is sufficient, the repulsion between them is greater than the attraction of a 
positive charge to them, and the electrons will be driven away. The cyclic motion of electrons on a metal surface is called plasma 
oscillation, and the resulting charge density wave is called SPW. The propagation constant of SPW can be obtained by Eq. (2) [28]: 

Kspw =
ω
c

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
εm(ω)ε2

εm(ω) + ε2

√

, (2)  

where εm(ω) and ε2 are the dielectric constants of the metal and optically sparse medium, respectively, and ω is the frequency of the 
incident light. When K = kspw, the evanescent wave resonates with the SPW, and the reflected light intensity decreases greatly. The 

Fig. 1. Principle of the SPR phenomenon.  

H. Fu et al.                                                                                                                                                                                                              



Optik 290 (2023) 171312

3

incident angle corresponding to the lowest intensity is defined as the resonance angle. Because SPR is very sensitive to the refractive 
index of the medium attached to the metal surface, the resonance angle will change with different environmental physical entities. The 
principle is illustrated in Fig. 1. 

In the ARF-SPR sensor, the negative curvature anti-resonance tube is a light dense medium and the thermosensitive liquid is a light 
sparse medium. SPR is essentially the energy exchange between the guided mode and the metal surface plasmon (SPP), which can be 
characterized by the confinement loss of the guided mode in a certain band. The loss can be computed by Eq. (3) [29], and the 
wavelength corresponding to the loss peak is called the resonance wavelength: 

L =
2π
λ

20
ln(10)

104Im
(
neff
)
/(

dB
/

cm
)

, (3)  

where λ is the wavelength, Im(neff) is the imaginary part of the effective refractive index. The ARF-SPR temperature sensing structure is 
described in Fig. 2. 

The ARF-SPR sensor consists of six groups of conjoined anti-resonance tubes. Each group is composed of two negative curvature 
tubes with inner diameters of d1 and d2, respectively. Six groups of conjoined tubes are placed in a large glass tube with an inner radius 
of R1 and are tangent to the large glass tube to form a guided mode region with a diameter of D. The conjoined tube and large glass tube 
with identical thickness t are both made of SiO2. The thickness of the negative curvature tube should satisfy the anti-resonance 
condition given in formula (4) [22]: 

t =
λm

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n2

1 − n2
0

√ , (4)  

where λ is the wavelength, m is the order of resonance generally equal to 1 to obtain a large anti-resonance region, and n1 and n0 are the 
refractive indexes of SiO2 and core. Since the sensor is designed to detect temperature, the influence of temperature must be considered 
when calculating the refractive index of SiO2. The formula is expressed in (5) [30]: 

n2

(

λ, T

)

= 1.31552+A1T +

(
B1 + B2T

)
λ2

λ2 −
(
B3 + B4T

)+

(
C1 + C2T

)
λ2

λ2 − 100
, (5)  

where A1 = 6.90754 × 10− 6, B1 = 0.788404, B2 = 2.35835 × 10− 5, B3 = 0.0110199, B4 = 0.584758 × 10− 6, C1 = 0.91316, C2 
= 0.548368 × 10− 6, λ is the wavelength, and T is the ambient temperature. The pink area is the thermosensitive liquid for temperature 
sensing, which is mixed with a certain amount of ethanol and chloroform. The reason why chloroform is selected as the thermo
sensitive liquid is that the thermo-optic coefficient is large, but its refractive index is high, and a certain amount of ethanol needs to be 
added to reduce the refractive index. The refractive index of the thermosensitive liquid is a function of temperature is determined by 
Eq. (6) [24]: 

nmix = A
[

neth|T=T0
+

dneth

dT

(

T − 20
)]

+

(

1 − A
)[

nchl|T=T0
+

dnchl

dT

(

T − 20
)]

, (6)  

where A and (1-A) are the concentrations of C2H5OH and CHCl3 respectively, and neth|T=T0 and nchl|T=T0 are the refractive indexes of 
ethanol and chloroform at 20 ◦C as shown by Eq. (7) [31] and (8) [31]: 

n2
eth

⃒
⃒

T=T0
= 1+

0.83189λ2

λ2 − 0.00930
−

0.15582λ2

λ2 + 49.4520
, (7)  

Fig. 2. Cross-section of the ARF-SPR sensor.  
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Fig. 3. (a) Optimization of the diameter of the guide mode and (b) Result summary.  
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Fig. 4. (a) Optimization of the thickness of the negative curvature tubes and (b) Result summary.  

H
. Fu et al.                                                                                                                                                                                                              



Optik290(2023)171312

6

Fig. 5. (a) Optimization of the ethanol concentration in the thermosensitive liquid and (b) Result summary.  
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n2
chl

⃒
⃒

T=T0
= 1+

1.04647λ2

λ2 − 0.01048
+

0.00345λ2

λ2 − 0.15207
, (8)  

where dneth/dT = − 3.94 × 10− 4 /◦C and dnchl/dT = − 6.328 × 10− 4 /◦C are the thermo-optic coefficients of C2H5OH and CHCl3, 
respectively. Since the boiling points of ethanol and chloroform are 78.4 ◦C and 61.3 ◦C respectively, the highest temperature that can 
be detected by the mixed thermosensitive liquid with the two substances is 60 ◦C. In addition, one of the negative curvature tubes is 
filled with an Au medium as the plasmonic material, which effectively reduces the difficulty in preparation compared to the traditional 
coating process. The relative dielectric constant of Au can be calculated by Eq. (9) [32]: 

εAu(ω) = ε∞ −
ω2

p

ω(ω + iωτ)
, (9)  

where ε∞ = 9.75, ωp = 1.36 × 1016 rad/s, and ωτ = 1.45 × 1014 rad/s. In fact, the plasma frequency ωp undergoes slight changes in 
high-temperature environments. However, within the detection range of 5–55 ◦C, the fluctuation of ωp is not significant [17], and the 
impact on the dielectric constant and refractive index of Au is even negligible. In addition, when the variation in temperature is 
identical, the change in refractive index of thermosensitive liquid is much higher than gold. Therefore, for the proposed ARF-SPR 
sensor, the temperature characteristic of the gold dielectric constant can be ignored. The dark blue region of the outermost layer of 
the fiber with a radius of R2 is the perfect matching layer (PML) that can absorb all the electromagnetic waves and provides the ideal 
boundary condition. 

The structural parameters of the optical fiber and the composition of the thermosensitive liquid have significant effects on the 
performance of the ARF-SPR temperature sensor thus requiring optimization. Based on the temperature sensitivity of the ARF-SPR 
sensor at 45 ◦C expressed in Eq. (9) [33], the diameter D of the guide mode, the thickness t of the negative curvature tube, the 
amount of ethanol in the thermosensitive liquid, and the inner diameter d1 and d2 of the inner and outer tube are optimized: 

Sn =
Δλpeak

ΔT
, (10)  

where △λpeak is the resonance wavelength difference at adjacent temperatures and △T is the temperature difference. The reason why 
temperature sensitivity as a benchmark for optimization is that Sn not only directly determines the detection accuracy of the proposed 
ARF-SPR sensor, but has a more significant change in temperature sensitivity compared to other performance under different structural 
parameters, which is more conducive to performance optimization. In addition, D, t, and the ethanol content are more sensitive to Sn 
compared with d1 and d2, therefore it is more reasonable in this order for optimizing. The initial parameters of the sensor are: D 
= 15.0 µm and t = 0.5 µm, the concentration of C2H5OH is 50 %, d1 = 4.8 µm, and d2 = 4.0 µm. 

Based on these original parameters, we first optimize the diameter of the guide mode. When the guide mode diameter is less than 
14.88 µm, the loss of the core fundamental mode is proportional to the wavelength at all times, and the loss peak does not exist. On the 
other hand, when it is greater than 27.21 µm, the optical wave cannot be completely limited in the core, and a large number of photons 
leak into the outer layer, resulting in distortion of the fundamental mode. Therefore, D is optimized within 15–27 µm, and the specific 
process is displayed in Fig. 3(a) and (b). 

With increasing wavelength, the loss at any temperature and diameter increases first and then decreases, and the perfect resonance 
peak exists. When D increases, the resonance wavelength blueshifts, and the temperature sensitivity abates. When the diameter of the 
guide mode is 15 µm or 18 µm, the temperature sensitivity is 7.6 nm/◦C. Here, the reason why the D is set as 18 µm is that the 
resonance is stronger for this diameter. 

After the guide mode diameter is determined, we optimize the thickness of the negative curvature tube. When t < 0.395 µm, the 
loss of the fundamental mode is too high, and according to the anti-resonance condition given in Eq. (4), the minimum t value affecting 
SPR is 0.823 µm. Therefore, the pipe wall thickness is optimized in the range of 0.4–0.8 µm as shown in Fig. 4(a) and (b). 

Fig. 4 indicates that the thickness of the negative curvature tubes of the ARF-SPR sensor has a significant impact on the temperature 
sensing performance. For the same thickness, the resonance wavelength is positively correlated with the temperature, and the tem
perature sensitivity is directly proportional to the thickness of the negative curvature tube. In addition, with increasing t, the resonance 
wavelength redshifts, and the loss of the fundamental mode also decreases. When t = 0.8 µm, the temperature sensitivity is 9.0 nm/◦C, 
which is the highest in the set optimization range. Consequently, the thickness of the negative curvature tube is selected to be 0.8 µm. 

The amount of ethanol and chloroform in the thermosensitive liquid is an important factor affecting the performance of ARF-SPR. 
The reason why we choose to optimize in the range of ethanol concentration of 10–50 % (chloroform concentration of 90–50 %) is that 
if the ethanol concentration is less than 10 %, the refractive index of chloroform cannot be reduced, but at above 50 %, there is no 
effective resonance peak. As shown in Fig. 5(a) and (b), with a reduced amount of ethanol, the resonance wavelength at both tem
peratures shifts to the short wavelength direction, and the resonance intensity also increases, which is more conducive to exciting SPR. 
When the ratio of C2H5OH to CHCl3 is 1:9, the temperature sensitivity shows a maximum value in the optimized range, which is 
13.6 nm/◦C. Therefore, the ethanol concentration should be 10 % and chloroform is 90 % in preparing the thermosensitive liquid. 

Based on D = 18.0 µm and t = 0 8 µm, C2H5OH: CHCl3 = 1: 9, we optimize the inner diameter of the inner negative curvature tube. 
When d1 < 2.97 µm, the fundamental mode photon energy cannot be well bound in the core, resulting in mode distortion. When the 
diameter is greater than 5.45 µm, the electric field direction of the fundamental mode will deviate. Therefore, the appropriate d1 is in 
the range of 3–5.4 µm as shown in Fig. 6(a) and (b). 

As the inner diameter of the inner tube increases, the resonance wavelength redshifts, and the resonance wavelength difference 
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Fig. 6. (a) Optimization of d1 in the range of 3.0–5.4 µm and (b) Summary of relevant results.  
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Fig. 7. (a) Optimization of d2 in the range of 3.0–6.0 µm and (b) Summary of relevant results.  
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corresponding to the adjacent temperature also goes up. In addition, the loss at 45 ◦C is inversely proportional to d1 and directly 
proportional to the temperature sensitivity. The maximum temperature sensitivity (14.4 nm/◦C) is achieved when the inner diameter 
of the inner tube is 5.4 µm. Therefore, d1 is set at 5.4 µm. 

Finally, we optimize the inner diameter of the outer negative curvature tube. In fact, setting the outer tube is to further limit the 
light wave to the core. Compared to other structural parameters, d2 is less susceptible to temperature, but it still needs to be optimized. 
When d2 is less than 2.94 µm, the core energy will leak. When d2 > 6.02 µm, the imaginary part of the fundamental mode refractive 
index is negative, leading to loss without physical significance. Therefore, the optimal inner diameter of the outer tube is between 3 µm 
and 6 µm. As shown in Fig. 7(a) and (b), as the thickness of the negative curvature tube increases, the resonance wavelength blueshifts 
and the loss accentuates. When the inner diameter is 3 µm or 4 µm, the temperature sensitivity is 14.4 nm/◦C, but the resonance is 
stronger when d2 = 4.0 µm. Hence, the optimal d2 is 4.0 µm. Consequently, the optimal parameters of the ARF-SPR temperature sensor 
are D = 18.0 µm, t = 0 8 µm, C2H5OH: CHCl3 = 1:9, d1 = 5.4 µm, and d2 = 4.0 µm. 

After obtaining the most suitable structure parameters, the ARF can be fabricated industrially by tube stacking technology [34]. 
Firstly, three circular holes with different sizes are drilled into the center of the SiO2 columnar glass by rotary sonic drilling [35] to 
manufacture the negative curvature tubes. The anti-resonance tubes with diameters of d1 and d2 are then combined into a conjoined 
tube, and six groups are produced by the same method. Finally, the conjoined tubes are uniformly arranged in the large glass tube with 
an inner radius of R1. The preform is produced and the optical fiber is drawn, and then cut off both ends of the ARF to obtain the 
structure of the middle part. Place the gold wire at the capillary port, use tungsten wire to push the gold wire into it, and melt it 
together [36]. Heat the splicing part to the melting point of the gold wire (approximately 1064 ◦C), and utilize high-pressure helium to 
push the liquid gold medium into the anti-resonance tube. Finally, using the method given in reference [37], a pulsed laser was used to 
drill holes on the side of the ARF and inject a temperature sensitive liquid. The process of temperature detection by the ARF-SPR sensor 
is shown in Fig. 8. 

The SMF is connected to both ends of the sensor by an optical fiber fusion splicer, and connected to the light source and optical 
spectrum analyzer (OSA), respectively. The sensor is placed in the environment where the temperature is to be detected. The light 
source is turned on. The wave reaches the ARF-SPR sensor through the SMF and then the OSA through the SMF at the other end and is 
converted into an electrical signal. Finally, the electrical signal is recorded by a personal computer (PC) through a data line for analysis. 

Fig. 8. Schematic showing the detection of temperature by the ARF-SPR sensor.  

Fig. 9. Loss spectra and mode field distributions of the two polarizations at 45 ◦C and 50 ◦C.  
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After identifying the corresponding resonance wavelength, the temperature can be determined. 

3. Results and discussion 

3.1. Coupling properties 

The properties of the ARF-SPR temperature sensor are mainly characterized by the loss spectrum of the fundamental mode in a 
certain band. The fundamental mode of ARF has two mutually orthogonal polarization directions, i.e. x-pol and y-pol. The electric field 
directions of the two polarizations are perpendicular to each other, and the sensing performance always shows a discrepancy. Hence, it 
is particularly momentous to select a reasonable polarization direction. Fig. 9 presents the loss spectra of the two polarizations at 45 ◦C 
and 50 ◦C together with the correlative mode field distributions. The x-pol has not only the perfect resonance peak and obvious 
resonance wavelength difference, but also the core with concentrated photon energy. There is no available formant in y-pol and there is 
leakage of guided mode energy. Hence, x-pol is selected in the performance analysis. 

After ascertaining the polarization direction, the electric field distributions of the fundamental mode and SPP mode at the reso
nance wavelength and its vicinity are analyzed as shown in Fig. 10(a)–(f): 

Fig. 10 (a)–(c) and (d)–(f) are the fundamental and corresponding SPP modes at the three wavelengths, respectively, and 2.418 µm 
is the resonance wavelength. Before reaching the resonance wavelength, the photon energy is mainly concentrated in the fundamental 
mode, while the energy in the proximity of the metal surface is less. With a redshift of the wavelength, the energy of the fundamental 
mode is gradually transferred to the SPP mode, so that the number of photons on the surface of the gold medium increases dramatically 
and reaches the resonance wavelength to excite SPR. When the resonance wavelength is exceeded, the energy is gradually transferred 

Fig. 10. Mode field distributions: (a)–(c) Fundamental mode and (d)–(f) Corresponding SPP mode at 2.305 µm, 2.418 µm, and 2.514 µm when 
T = 45 ◦C. 

Fig. 11. Relationship between the real part of the refractive index of the basic and SPP modes; Loss of the fundamental mode and resonance 
wavelength for T being 45 ◦C. 
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Fig. 12. (a) Loss spectra of the fundamental mode for T = 5–60 ◦C; (b) Resonance wavelength and loss peak at different temperatures, and (c) Temperature sensitivity.  
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to the core again. The principle of SPR can also be explained by the mode coupling properties shown in Fig. 11. 
When λ < 2.418 µm, the real part of the effective refractive index of the SPP mode is larger than that of the fundamental mode. 

When λ = 2.418 µm, the fundamental mode energy is continuously absorbed by the SPW near the gold medium, so that the SPP mode 
energy increases. When λ > 2.418 µm, the real part of the refractive index of the fundamental mode is higher than that of the SPP 
mode. Before the resonance wavelength, a large number of electrons are attracted to the region of excess positive charge and 
neutralized due to the presence of Coulomb force, and resulting in ascending loss. When the Coulomb force and the repulsive force 
between electrons are balanced, the loss peak appears. If the wavelength is greater than the resonant wavelength, the repulsion be
tween electrons adds sharply and drives electrons out of the region, thereby reducing losses. This is why the loss is first proportional to 
the wavelength and then inversely proportional. 

3.2. Temperature sensing 

Different temperatures result in different loss curves. As the temperature changes according to a certain law, the resonance 
wavelength of the loss spectrum also shifts red or blue according to the corresponding trend. The temperature sensitivity determined 
by Eq. 10 can be obtained by calculating the resonance wavelength difference of the loss function at adjacent temperatures. In 
addition, the loss curve of the ARF-SPR sensor in the temperature range of 5–60 ◦C is analyzed by COMSOL using the parameter 
scanning method as shown in Fig. 12(a). The resonance wavelength and temperature sensitivity are summarized in Fig. 12(b)–(c). 

As expressed in Fig. 12, the ARF-SPR sensor can detect temperatures in the range of 5–60 ◦C. With the enlargement of wavelength, 
the loss of the basic mode at any temperature increases first and then decreases. When the temperature rises continuously, the 
resonance wavelength moves to the long wavelength direction, and the height of the loss peak descends incessantly. The minimum loss 
is 24.603 dB/cm at 60 ◦C, which is conducive to long-distance detection. Moreover, the temperature sensitivity of the ARF-SPR sensor 
is inversely proportional to the temperature and is all above 13.6 nm/◦C. When t = 5 ◦C, the temperature sensitivity of the sensor 
shows the maximum value (19.4 nm/◦C) and the average temperature sensitivity is as high as 16.055 nm/◦C, which is higher than 

Fig. 13. Linear fitting of the resonance wavelength with respect to temperature.  

Fig. 14. Linear fitting of the resolution of the ARF-SPR temperature sensor.  
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Fig. 15. (a) Amplitude sensitivity curves and (b) Summary of the maximum amplitude sensitivity from 5 ◦C to 55 ◦C.  
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Fig. 16. Structural parameter sensitivity: (a) Core diameter, (b) Thickness of the negative curvature tube, (c) Inner diameter of the inner tube, and (d) Inner diameter of the outer tube at 45 ◦C.  
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described in Refs. [23,24]. We derive the relationship between the resonance wavelength of the ARF-SPR sensor and the temperature 
by linear fitting as shown by Eq. (11): 

λR = 1.693+ 0.016T, (5◦C < T < 60◦C), (11)  

where λR is the resonance wavelength and T is the temperature. The fit in Fig. 13 shows excellent linearity with an adjusted R2 of 99.66 
%. 

The resolution that is inversely proportional to the temperature sensitivity refers to the ability of the sensor to detect the smallest 
change. If the resolution of the ARF-SPR sensor is poor, it cannot sense small temperature changes in the environment and produce big 
errors under certain circumstances. The resolution of the ARF-SPR temperature sensor is described by Eq. (12) [38]: 

Rn =
ΔnaΔλmin

Δλpeak
=

Δλmin

Sn
, (12)  

where Sn is the temperature sensitivity and △λmin is the minimum measured value of OSA, which is generally related to the instrument. 
Under these conditions, △λmin = 0.1 nm. In the same way, the resolution of the ARF-SPR sensor is linearly fitted by Eq. (13). Fig. 14 
indicates that the linearity is also excellent with an adjusted R2 of 99.55 %. The resolution is proportional to the temperature, and the 
optimal resolution is 5.15 × 10− 3 ◦C. 

Rn = 4.97 × 10− 2 + 4.47 × 10− 5T,
(
5◦C < T < 55◦C

)
, (13)  

3.3. Amplitude sensitivity 

Although wavelength interrogation is widely used in SPR sensors, the spectra need to be operated to measure the sensitivity making 
the process quite complex. In engineering, there is also a sensitivity measurement method with a lower cost and simpler operation by 
observing the change of the optical power transmitted at different temperatures at certain wavelengths. This is called the amplitude 
sensitivity and is obtained by Eq. (14) [27]: 

SA = −
1

α(λ, T)
∂α(λ,T)

∂T
, (14)  

where α(λ, T) is the loss at a specific wavelength and ∂α(λ, T) and ∂T are the differences in the loss and temperature, respectively.  
Fig. 15(a) and (b) present the amplitude sensitivity function of the ARF-SPR temperature sensor and summarize the maximum 
amplitude sensitivity at each temperature. 

For the amplitude sensitivity curve at a certain temperature, the variation trend with wavelength first increases and then decreases. 
With increasing temperature, the amplitude sensitivity curve gradually moves to the long wavelength direction, and the maximum 
amplitude sensitivity gradually falls. In addition, the maximum amplitude sensitivity at all temperatures is above 0.398 ◦C− 1, and the 
maximum amplitude sensitivity of the temperature sensor is 1.089 ◦C− 1 when T = 5 ◦C. 

3.4. Structural parameter sensitivity 

In the manufacturing process of ARF, the size of ARF may not reach the predetermined value because of temperature, stress, and 
other factors, which may compromise the performance of the sensor. If a small size change results in a great discrepancy in perfor
mance, the ARF sensor is less practical. The structural parameter sensitivity is defined as the ratio of the change of the resonance 
wavelength to the change of structural parameters and can be utilized to evaluate the stability of ARF-SPR. Fig. 16(a)–(d) show the 
structural parameter sensitivity of the core diameter, the thickness of the negative curvature tube, as well as the inner diameter of the 
inner tube and inner diameter of the outer tube at 45 ◦C. 

It is obvious that as the four structural sizes increase, the sensitivity of the corresponding structural parameters decreases. 
Therefore, it is necessary to select a larger size as much as possible in order to meet the design requirements when preparing the ARF. 
The resonance wavelength blueshifts when D and d2 go up, and the resonance wavelength redshifts when t and d1 increase. In addition, 
the minimum sensitivity of the four structural parameters is 4.00 nm/μm, 1.25 µm/μm, 0.145 µm/μm, 1 nm/μm, which is far lower 
than those reported in Ref. [20]. Consequently, the ARF-SPR sensor has a large tolerance and good practicability. 

3.5. Detection distance 

In actual applications, the detected environment is sometimes complex. If manual detection is carried out, the sensor may have to 
operate from a long detection distance. The propagation speed of the x and y polarization of the fundamental mode in the ARF is 
different. If the distance between the two polarizations is too large in the transmission process, the basic mode will be distorted and 
cannot be detected. The detection distance of the sensor can be measured by Eq. (15) [39]: 

L =
c × 10ps

neven
eff − nodd

eff
=

3 × 10− 3

neven
eff − nodd

eff
(m), (15) 
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where c is the speed of light, and neven
eff and nodd

eff are the effective refractive indexes of the x-pol and y-pol of basic modes, respectively.  
Fig. 17 plots the detection distance of the ARF-SPR sensor at different ambient temperatures. All the detection distance is negatively 
correlated with the temperature and is above 5.11 m. In addition, the maximum detection distance of the sensor is 20.171 m when the 
temperature is 5 ◦C, which is sufficient for most applications. 

3.6. Figure of merit (FOM) 

The overall performance of the ARF-SPR temperature sensor can be analyzed by the FOM (Figure of merit) expressed in Eq. (16) 
[40], It is in fact one of the important performance parameters of optical fiber sensors. 

FOM =
Sn

FWHM
, (16)  

where Sn is the temperature sensitivity and FWHM is the corresponding full-width at half-maximum of the loss peak. Fig. 18 indicates 
that the FOM declines with increasing temperature and it is inversely proportional to the FWHM. The FOM at any temperature is higher 
than 140.79 ◦C− 1 and the maximum is 360.80 ◦C− 1 at 5 ◦C, which is better than those described in Ref. [41]. 

3.7. Performance comparison 

To illustrate the advantages of our ARF-SPR temperature sensor, the plasmonic materials, temperature range, temperature 
sensitivity, amplitude sensitivity, FOM, and other characteristics are compared to those of sensors reported recently as shown in  
Table 1. 

Fig. 17. Detection distance of the ARF-SPR sensor.  

Fig. 18. FOM of the ARF-SPR temperature sensor in 5–55 ◦C.  
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Compared with other optical fiber temperature sensors proposed recently, our ARF-SPR has a simpler structure and higher reso
lution. Furthermore, the temperature sensitivity and FOM are much higher than those of other sensors, making it suitable for envi
ronmental monitoring with high accuracy. 

4. Conclusion 

An ARF-SPR temperature sensor composed of six conjoined negative curvature anti-resonance tubes is designed and the structural 
parameters are optimized systematically. The core of the sensor is filled with a thermosensitive liquid of C2H5OH: CHCl3 = 1: 9. The 
numerical results illustrate that the ARF-SPR temperature sensor can detect the ambient temperature in the range of 5–55 ◦C, and the 
maximum temperature sensitivity and amplitude sensitivity are 19.40 nm/◦C and 1.089 ◦C− 1 at 5 ◦C, respectively. The minimum 
temperature change detected by the sensor is 5.15 × 10− 3 ◦C and the maximum detection distance is 20.17 m, making the sensor 
suitable for real-time environmental monitoring, military and industrial applications, as well as biological research. 
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