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Abstract: We computationally investigate a novel temperature sensor that uses liquid-filled
negative curvature optical fibers. Both the core and cladding tubes are infiltrated with a liquid that
has a temperature-sensitive refractive index. The high-loss resonant wavelengths are sensitive to
the liquid’s change of the refractive index. The refractive index of the liquid decreases and the
resonant wavelengths increase when the temperature increases. The temperature sensitivity is 1.1
nm/ ◦C as the temperature changes from 15 ◦C to 35 ◦C using negative curvature optical fibers
that are filled with liquid that has a refractive index of 1.36. The temperature sensitivity rises
from 0.82 nm/ ◦C to 2.48 nm/ ◦C when different liquids are used with a refractive index from
1.30 to 1.42, and we use the third resonant peak in the fiber. The temperature sensitivity can be
increased by 38% by using the second resonant peak. An analytical formula for the temperature
sensitivity is derived, which can give an accurate prediction for the temperature sensitivity of
this sensor. The relatively large size of the air core and cladding tubes, on the order of 10 µm,
should make the infiltration procedure easier compared to other photonic crystal fibers with
smaller holes. With temperature sensors based on liquid-filled negative curvature optical fibers,
there is no need for any special post-processing, such as the liquid filling of selected air holes or
inscription of fiber gratings.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Fiber temperature sensors have been widely applied in civil, industrial, and military fields
due to their immunity to electromagnetic interference, suitability for remote sensing, chemical
inertness, light weight, compact size, high sensitivity, and broad bandwidth [1–3]. Different
strategies have been used to construct fiber sensors. Using a bandgap fiber with a high-index
liquid in the cladding holes, the temperature can be determined using the bandgap shift when the
refractive index of the liquid changes due to the change in temperature [4]. Interferometers can
be combined with liquid-filled photonic crystal fibers to make a temperature sensor [5–9]. In
interferometer-based fiber sensors, light is first coupled in the core and cladding regions, after
which the core and cladding modes propagate while interfering with each other. The interference
between the core and cladding modes makes it possible to track temperature changes [8,9]. Long
period gratings (LPGs) that are inscribed on liquid-filled photonic crystal fibers can also be used
to make temperature sensors. The coupling between the mode in the core and the mode in the
cladding will lead to a different resonant wavelength due to the change of the liquid index when
the temperature changes [10,11].

The development of air-core optical fibers makes it possible to infiltrate a temperature-sensitive
liquid into the fiber and to produce a fiber with a strong overlap between the liquid and the
optical modes in the fiber. Liquid-filled hollow-core fibers have been fabricated [12,13]. To fill
the holes with liquid, one end of the fiber must be immersed in the liquid. Negative pressure
is applied at the other end of the fiber until the air holes are filled. After that, both ends of the
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liquid-filled fiber are spliced to solid-core fibers to form an integrated all-fiber device [14]. In
addition, selectively filled photonic crystal fibers can induce resonant coupling between the mode
in the high-index liquid and the mode in the core. This resonant coupling is very sensitive to the
change of temperature, which can be used to make temperature sensors with a high sensitivity
[2,15,16]. However, this selective filling process is time-consuming and difficult due to the small
core size and hole size in the cladding [17,18].
Negative curvature air-core optical fibers have attracted a large amount of attention because

they make it possible to simultaneously obtain a low loss and a broad transmission band [19–26].
The guiding mechanism of this fiber is inhibited coupling [21,27]. The structure of these fibers
is usually simple, and the typical size of the air holes is much larger than is usually the case in
bandgap fibers. The process of liquid infiltration into the core of a negative curvature optical
fiber that typically has a hole size from 50 µm to 100 µm is expected to be easier than infiltrating
a liquid into bandgap fibers, where the hole size is typically less than 10 µm. In this work, we
computationally study a novel temperature sensor based on a negative curvature optical fiber that
is completely filled with a liquid that is sensitive to temperature changes. The resonant condition
will change due to the change of the liquid’s index of refraction that is induced by the temperature
variation. Therefore, the resonant peak can be used to track the change of temperature. In this
fiber sensor, there is no need for complicated device fabrication, such as grating inscription, and
there is no need for liquid filling of selected air holes. The infiltration procedure is also relatively
simple and efficient [25,28,29]. This work extends earlier work that appeared in [30], in which
we presented simulation results. In this work, we describe in greater detail our computational
procedures, we derive an analytical result for the temperature sensitivity, and we compare our
simulation and analytical results. This comparison validates the simulation procedures. In
addition, the simple analytical equation can be used to do the initial design of future experiments
before carrying out detailed simulations with the most promising parameters.

2. Simulation results and analysis

In this section, we review the work in [30]. Figure 1 displays the cross section of a negative
curvature optical fiber with air holes that are filled with liquid. The glass is represented by gray
regions, and the liquid is represented by blue regions. In our simulation, the core diameter,
Dcore, the gap between tubes, g, the wall thickness of cladding tubes, t, and the number of tubes,
p, are set to 30 µm, 6 µm, 2 µm, and 6, respectively. This fiber transmits light at visible and
near-infrared wavelengths. We selected these parameters based on previous experimental and
theoretical results [28,31–33].
We calculate the fiber modes and their propagation constants using Comsol Multiphysics, a

commercial full-vector mode solver based on the finite-element method. Anisotropic, perfectly
matched layers (PMLs) are positioned outside the cladding in order to reduce the size of the
simulation window [34]. The chromatic dispersion for both the silica glass material, nG [35], and
the commercial liquid material (Series AAA, n = 1.36) from Cargille Lab, nL [36], is included in
our simulation. The liquid has a refractive index of 1.36 when the wavelength is 0.589 µm and
the temperature is 25 ◦C [36]. This liquid has a low-loss transparent window that covers both the
visible and infrared wavelengths [36] and that matches the resonance condition for the negative
curvature optical fiber sensor that we propose here. The thermal coefficient of a liquid, CL, is
defined as the ratio of the change of refractive index unit (RIU) to the change of temperature
in degrees. The thermal coefficient used in our simulation is −3.41 × 10−4 RIU/ ◦C [36]. The
thermal coefficient of the liquid is 10 times larger than that of silica, so that the change of the index
of refraction for silica when we vary the temperature is negligible [2,36]. In Figs. 2(a) and 2(b),
we show the effective index and leakage loss of the fundamental core mode when the wavelength
ranges from 0.55 µm to 1.2 µm. The loss peaks in Fig. 2(b) correspond to the avoided crossings
in Fig. 2(a). When the temperature increases, the resonant wavelengths also increase. Due to
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Fig. 1. Cross section of a negative curvature optical fiber filled with a liquid that is sensitive
to temperature changes.

the negative value of the thermal coefficient of the liquid, the refractive index of the liquid nL
decreases, when the temperature increases. From the resonance condition, λ = 2t(n2G − n2L)

1/2/m,
where m represents resonance order [21], we find that the index nL decreases, when the resonant
wavelength increases, as shown in Fig. 2(b).

Fig. 2. (a) Effective index and (b) leakage loss of negative curvature optical fibers that are
filled with liquid. The refractive index of the liquid is 1.36 when the wavelength is 0.589
µm and the temperature is 25 ◦C. (c) Shift of the reference wavelength of the third resonant
peak, λref = (λ1 + λ2)/2, when the temperature increases from 15 ◦C to 35 ◦C.

To accurately measure the increase of the resonant wavelength, we take the average of two
wavelengths, λref = (λ1 + λ2)/2. The wavelengths λ1 and λ2 correspond to the wavelengths at a
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loss of 1 dB/m on the both sides of the third resonant peak around 0.7 µm, as shown in Fig. 2(b).
Fluctuations exist in the high-loss region during experiments [23,37]. Using the average of the
wavelengths at a loss of 1 dB/m at the reference wavelength is expected to have a higher accuracy
than the reference wavelength corresponding to the maximum loss. In Fig. 2(c), the blue circles
show the increase of the reference wavelength of the high-loss peak, λref, as the temperature
increases, based on the simulation results from Fig. 2(b). The blue solid line shows a linear fit.
Here, the slope in Fig. 2(c) corresponds to the temperature sensitivity, dλ/dT , which is defined
as the ratio of change in wavelength to the change in temperature. The temperature sensitivity is
1.1 nm/ ◦C.

In addition, the proposed device can also be used for index sensing. If we divide the temperature
sensitivity of 1.1 nm/ ◦C by the thermal coefficient of −3.41 × 10−4 RIU/ ◦C, we find a refractive
index sensitivity of −3.23 × 103 nm/RIU for our proposed device.

3. Temperature sensitivity using liquids with different refractive indices

We now investigate the temperature sensitivity, dλ/dT , when different liquids with different
refractive indices are used. In Fig. 3(a), the blue crosses show the thermal coefficient, CL, for the
liquid with refractive indices ranging from 1.30 to 1.42. All these refractive index values are
measured when the wavelength is 0.589 µm and the temperature is 25 ◦C [36]. In our numerical
simulation and analytical calculation, liquid Series AAA from Cargille Lab covers refractive
indices from 1.300 to 1.395, and liquid Series AA from Cargille Lab covers refractive indices
from 1.400 to 1.458 [36]. Different liquid compositions have different thermal coefficients.
Because different materials have to be used to obtain different refractive index ranges [36],
there is a discontinuity in the thermal coefficient between the refractive indices of 1.38 and
1.40 in Fig. 3(a). For the liquids with a refractive index from 1.30 to 1.38, their composition is
perfluorocarbon and chlorofluorocarbon [36]. For the liquids with a refractive index from 1.40 to
1.42, their composition is siloxane and aliphatic [36]. We carried out the same simulation steps
as in the previous section. In Fig. 3(a), red circles show the resonant wavelengths of the high-loss
peaks at 25 ◦C for liquids with different refractive indices. The resonant wavelength decreases
from 850 nm to 430 nm as the refractive index of the liquid changes from 1.30 to 1.42. Using the
same procedure that we described in the previous section to track the resonant wavelength as
the temperature changes, we find the temperature sensitivity for liquids with different refractive
indices, indicated with red circles in Fig. 3(b). The temperature sensitivity can be improved from

Fig. 3. (a) Thermal coefficient of liquids with different refractive indices and resonant
wavelengths for negative curvature optical fibers filled with liquids that have different
refractive indices. (b) Temperature sensitivity of negative curvature optical fibers filled with
liquids that have different refractive indices. The order of the resonance, m, equals 3.
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0.82 nm/ ◦C to 2.48 nm/ ◦C when liquids are used with a refractive index that varies from 1.30 to
1.42.

These resonant wavelengths only appear in waveguides in the antiresonance condition, and the
refractive index of the liquid must be lower than the refractive index of the silica glass. When
the refractive index of the liquid is higher than the refractive index of the glass, the guiding
mechanism becomes total internal reflection, and these resonant peaks disappear.
There are also noticeable ripples on the short wavelength side of the loss curve in Fig. 2(b).

Once a fiber is made, one can always find a reference loss value away from these ripples to
accurately quantify the reference wavelength, which can then be used to track the increase of the
reference wavelength corresponding to the high-loss peak.

4. Comparison between simulation and analytical results

In this section, we compare the simulation results with the results of an analytical formula that
we now derive. We begin with the resonance condition [21,38,39],

λ =
2t
√

n2G − n2L
m

. (1)

Using Eq. 1, we plot the resonant wavelength, shown by the red curve in Fig. 3(a), which agrees
well with the simulation results, shown by red circles. From Eq. 1, we now obtain

dλ =
−2tnL

m
√

n2G − n2L
dnL. (2)

Using the definition of the thermal coefficient of a liquid, dnL = CLdT , we obtain the temperature
sensitivity of the resonance,

dλ
dT
=
−2tnLCL

m
√

n2G − n2L
. (3)

The absolute value of the temperature sensitivity, dλ/dT , is proportional to the thickness of
the glass tube, t, the refractive index of the liquid, nL, and the thermal coefficient, CL; dλ/dT
is also inversely proportional to the order of the resonance, m, and the difference between the
refractive index of glass, nG, and the refractive index of the liquid, nL. Using the refractive
indices of the glass and liquid at different resonant wavelengths, shown in Fig. 3(a), along with
the corresponding thermal coefficients, we can use Eq. 3 to calculate the temperature sensitivity.
The result is indicated by the red solid curve in Fig. 3(b). Additionally, to simplify the calculation
without considering dispersion, we also calculate the temperature sensitivity using the refractive
index value of glass and the liquid at a fixed wavelength of 0.6 µm, as indicated by blue dashed
curve in Fig. 3(b). All the sensitivity values using simulation results and the analytical equation
with and without dispersion effects agree well, showing that dispersion does not significantly
affect the sensitivity.

We also study the performance of temperature sensor using the second resonance, where m =
2 in Eq. 3, near the wavelength of 1.0 µm shown in Fig. 2(b). We carry out the same analysis
to find the temperature sensitivity. Figure 4 shows the temperature sensitivity, dλ/dT , which
changes from 1.3 nm/ ◦C to 3.4 nm/ ◦C when the refractive index of liquid changes from 1.30 to
1.42. To compare the difference between the temperature sensitivities using different resonance
orders, we also include the results from Fig. 3(b). The temperature sensitivity using the second
resonance is 38% higher than the temperature sensitivity using the third resonance. Equation 3
also shows that using a lower order of resonance m leads to a higher sensitivity.
Previously studied liquid-filled temperature sensors using fiber interferometers [5,7], long

period fiber gratings [11], and coupled fiber structures [2], have sensitivities of 0.35 nm/ ◦C to
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Fig. 4. Temperature sensitivity of negative curvature optical fibers filled with liquids that
have different refractive indices. We show the sensitivity of the m = 2 and m = 3 resonance
orders.

11.6 nm/ ◦C. The hole sizes are only a few microns in these structures. The relatively big air core
and tube diameters of 50 µm–100 µm [21,22] of negative curvature optical fibers are expected to
make it easier to fill the device with liquid than is the case in photonic crystal fibers, which were
used in other designs [2,5–7,10,11,15,16]. In addition, the proposed sensor does not require any
special processing, such as selective filling of specific holes with liquid or inscription of fiber
gratings. In Table 1, we show a comparison of different fiber temperature sensors.

Table 1. Performance comparison between different fiber temperature sensors.

Sensitivity Mechanism for temperature sensing Liquid infiltration Smallest air-hole diameter

Ref. [2] 11.61 nm/ ◦C Modes coupling A single hole 3.6 µm

Ref. [5] 6.6 nm/ ◦C Sagnac interferometer All holes 3.2 µm

Ref. [7] 0.35 nm/ ◦C Mode interference All holes 3.0 µm

Ref. [11] 1.58 nm/ ◦C Long period grating All holes 3.5 µm

This paper 2.48 nm/ ◦C Resonance in negative curvature fibers All holes 14.0 µm

5. Conclusions

In conclusion, we computationally and analytically study a fiber temperature sensor that uses
liquid-filled negative curvature optical fibers. When the temperature increases, the wavelength
of the high-loss resonant peak also increases. The temperature sensitivity can be enhanced by
using a liquid with a higher refractive index. The temperature sensitivity, dλ/dT , increases from
0.82 nm/ ◦C to 2.48 nm/ ◦C when the third fiber resonance and liquids with a refractive index
from 1.30 to 1.42 are used. The temperature sensitivity can be further increased by 38% by using
the second-order fiber resonance. The temperature sensitivity can be predicted using a simple
analytical formula, whose results agree well with the simulation results. The large core and
tube diameters should make the infiltration procedure easier and faster compared with solid-core
photonic crystal fibers. This temperature sensor only uses a regular negative curvature optical
fiber without any special post-processing, such as liquid filling of selected air holes or inscription
of fiber gratings. This simple temperature sensor based on liquid-filled negative curvature optical
fibers can also be applied as a refractive-index sensor or a tunable filter.
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