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Abstract: We propose and demonstrate a cross-talk free simultaneous 
measurement system for temperature and external refractive index (ERI) 
implemented by dual-cavity Fabry-Perot (FP) fiber interferometer. The 
sensing probe consists of two cascaded FP cavities formed with a short 
piece of multimode fiber (MMF) and a micro-air-gap made of hollow core 
fiber (HOF). The fabricated sensor head was ultra-compact; the total length 
of the sensing part was less than 600 �m. Since the reflection spectrum of 
the composite FP structures is given by the superposition of each cavity 
spectrum, the spectrum measured in the wavelength domain was analyzed 
in the Fourier or spatial frequency domain. The experimental results showed 
that temperature could be determined independently from the spatial 
frequency shift without being affected by the ERI, while the ERI could be 
also measured solely by monitoring the intensity variation in the spatial 
frequency spectrum. The ERI and the temperature sensitivities were 
approximately 16 dB/RIU for the 1.33-1.45 index range, and 8.9 nm/°C at 
low temperature and 14.6 nm/°C at high temperature, respectively. In 
addition, it is also demonstrated that the proposed dual-cavity FP sensor has 
potential for compensating any power fluctuation that might happen in the 
input light source. 
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1. Introduction 

Varieties of fiber-based sensors have been proposed and developed for the measurements of 
physical, chemical and biological parameters [1–4]. Compared with traditional electric 
sensors, fiber optic sensors offer lots of advantages including electromagnetic interference 
immunity, multiplexing capability of several sensors in series, and resistance to harsh 
environment such as high temperature and big pressure. In particular, fiber optic sensors have 
received much attention recently because they can offer the advanced sensing ability which is 
able to simultaneously measure multi-parameters including strain, pressure, temperature and 
external refractive index (ERI) [5–8]. Simultaneous monitoring of temperature and ERI is one 
of the most important issues for applications in chemical, environmental and biomedical 
industries. 

Sensors based on fiber Bragg gratings (FBGs) and long period fiber gratings (LPGs) have 
been typically used for temperature and ERI measurement [9–11]. However, grating-based 
sensors have inherently cross-sensitivity problem and also require expensive fabrication 
equipments, which restrict their practical applications. The interferometer techniques using 
the configurations of Mach-Zehnder [12,13], Fabry-Perot (FP) [14,15] and Michelson [16,17] 
are also well-known approaches to implement the fiber-optic sensors. However, they have 
also some drawbacks that need to be overcome. For example, some interferometer sensors are 
fragile, unstable, or not cost-effective. Nevertheless, sensors based on all-fiber interferometer 
are definitely the most attractive ones owing to high sensitivity and un-limited measuring 
wavelength range. Among them, the FP interferometer sensors are particularly attractive 
owing to simple configuration, small cross sensitivity and miniature sensor head [18–21]. 
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Most recently, hybrid-structured FP interferometric sensors have been introduced and used for 
simultaneous temperature and ERI measurement [22,23]. Even though, the reported schemes 
were suitable for simultaneous measurement and could improve the sensitivity, they needed 
expensive and complicated fabrication processes due to the reflection-mode LPG [22] and the 
chemical etching process [23]. An air-cavity temperature sensor was reported by splicing a 
hollow-core photonic crystal between two SMF fibers [24]. Although it overcomes 
complicated fabrication processes by using splicing, it still requires relatively expensive 
photonic crystal fiber. Further, it measures the temperature and not ERI. 

In this paper, we report an ultra-compact, cross-talk free sensor suitable for simultaneous 
temperature and ERI measurements. A short piece of multimode fiber (MMF) is fusion 
spliced to a conventional single mode fiber (SMF) with a tiny air gap made by inserting a 
small piece of hollow core fiber (HOF) between them. The air gap and the MMF form 
independent FP cavities. The air gap cavity is affected only by temperature, in this scheme, 
while the MMF cavity is affected by temperature and the ERI at its end face, so that the two 
measurands can be separated without cross-talk at least in principle. With the reflection 
spectrum of the proposed hybrid FP sensor, by taking the fast Fourier transformation (FFT), 
we could separate them successfully. One further advantage of this technique is that the 
unwanted power fluctuation of the light source can be compensated with the signal originated 
from the air gap cavity. It is also notable that only simple and cost effective fabrication 
processes are used. 

2. Fabrication of dual-cavity Fabry-Perot interferometer 

The fabrication of sensor tip or head was performed with a commercial fusion splicer 
(S183PM, FITEL Co.) and an in-house designed fiber cleaving system, shown in Fig. 1. The 
cleaving system consists of three parts; left and right fiber-holding assemblies and a fiber 
cleaver positioned between them. The left fiber holding assembly is composed of a fixed fiber 
holder and a movable (sliding) holder, while the right fiber holding assembly is composed of 
only one fixed fiber holder. The movable holder aids in removing the fiber from the cleaving 
assembly for splicing, while the fixed holder helps in marking the initial position of the fiber. 
The fiber cleaver in the middle is mounted on a 3-axis translation stage with a digital read-out 
of the x-axis movement for accurately adjusting the desired length of the fiber. 

 

Fig. 1. Schematic of the cleaving system specially designed for the proposed sensor. It consists 
of three parts; two fixed fiber holders and a fiber cleaver that is mounted on a 3-axis translation 
stage. For the fiber splicing a movable holder, in addition to the fixed holder, is introduced at 
the left assembly. SMF: Single mode fiber. HOF: hollow optical fiber. 

First, a piece of conventional SMF, which is held by the movable fiber holder, was placed 
in the cleaving system and cleaved. After the cleaving, the SMF was removed from the 
cleaving system together with the movable holder for the fusion splicing with a piece of HOF. 
After the splicing, the movable fiber holder along with the SMF-HOF piece was placed back 
in the same position of the cleaving system. The fixed fiber holder on the left fiber holding 
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assembly helps the movable fiber holder to find its original position. Then, the cleaver was 
precisely translated by the translation stage in order to get the desired length of HOF. The 
SMF-HOF structure was cleaved and spliced with a MMF to form the final composite. 
Finally, the other end of the MMF was cleaved at a certain length also, which forms the final 
sensing probe. With the in-house fabricated cleaving system described above, we could 
acquire the cleaving length with an error less than ±5 �m. 

During the fabrication process, the reflection power and/or the spectrum were monitored 
with an optical spectrum analyzer (OSA) (Agilent, 86142B) to check the quality of the fiber 
cleaving and the contrast of the interference fringe. The reflectivity at the fiber-and-air 
interface can be calculated simply using the well-known Fresnel formula [25] 
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−
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where, n0 and n1 are the refractive indices of air and the fiber core, respectively. The measured 
reflectivity with the SMF and the MMF were about 3.4% and 3.7%, respectively. Owing to 
the appreciable reflectivity at the fiber-and-air interface, by locating a short piece of HOF 
between the SMF and the MMF piece as shown with Fig. 2, we could form two FP cavities in 
series; the air gap cavity composed only with the HOF and the fiber piece cavity composed 
with only MMF piece. 

 

Fig. 2. Microscope image of the fabricated FP sensor. The HOF cavity and the MMF cavity 
lengths were designed to be 70 �m and 500  �m, respectively. The inset is the cross-section 
image of HOF. 

However, since HOF is not a well-defined optical waveguide, it causes additional 
transmission loss in the system. Therefore, the length of HOF piece must be optimized to 
obtain interference fringes with high contrast. To get the optimization, we have fabricated 
several cavities with different lengths of HOF, and experimentally measured the reflection 
spectra as shown in Fig. 3. With the HOF length of 50 �m, as shown with Fig. 3(a), we had 
the reflection spectrum of Fig. 3(b). It had a good fringe contrast but sparse fringe appearance 
(about 8 fringes over 200 nm span). However, with the 150 �m long air-cavity, Fig. 3(e), we 
could have a dense fringe appearance (about 24 fringes over 200 nm span) but the contrast 
became poor, as shown with Fig. 3(f). With the moderate air-cavity length of about 100 �m, 
as shown with Fig. 3(c) and (d), we had a good fringe contrast and also moderate fringe 
appearance (about 16 fringes over 200 nm span). Therefore, we have considered 50-100 �m 
as the optimum HOF length and maintained in the experiment. A too much long HOF length 
gave a much poor interference fringe contrast. It was due to the large insertion loss of the long 
HOF or air-cavity. It is noted that HOF is not a well-defined waveguide; at the core of it, a 
beam propagates with an appreciable divergence angle. 

In addition to the air-cavity length, the splicing conditions of the HOF also affected the 
performance, especially the interference fringe contrast. When a high arc power or/and long 
arc duration time were employed for SMF-HOF splicing, the reflectivity was found to reduce 
drastically due to the hollow-core collapsing of the HOF and give poor fringe contrast. After 
several trials, the optimum arc-power and arc-time were found to be 100 units and 400 ms, 
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respectively. Optimum splicing conditions for HOF-MMF case were found to be same as that 
of HOF-SMF case. 

 

Fig. 3. Microscopic images of HOF cavities and the measured reflection spectra; for the air-gap 
of (a) 50 �m, (c) 100 �m and (e) 150 �m. 

The HOF used in the experiment was in-house fabricated, drawn from a silica tube with a 
standard optical fiber drawing tower. The inner diameter of the hollow core and the outer 
diameter of the solid silica cladding of the HOF were 40 �m and 125 �m, respectively, as 
shown in inset of Fig. 2. Figure 4(a) shows the measured reflection spectrum of the 
implemented dual-cavity interferometer. The spectrum has two main fringe patterns; a fast 
varying fringe pattern from the MMF (named as sensing fiber) cavity and a slowly varying 
one due to the air-cavity. Of course, the overall envelope of the spectrum is governed by the 
power spectrum of the light source itself. To analyze the behavior of the interference fringes 
in detail, the spatial frequency spectrum of the interference fringes was calculated by taking 
FFT and shown in Fig. 4(b). The spatial frequency of the interference spectrum is defined as 
the number of fringes appeared within a unit spectral width (1 nm for the Fig. 4(b) case). 

 

Fig. 4. (a) The reflection spectrum of the fabricated dual-cavity FP interferometer and (b) its 
spatial frequency spectrum obtained by taking fast Fourier transformation (FFT). 

The spatial frequency spectrum as shown in Fig. 4(b) had four dominant frequency 
components. The DC peak (zero-th peak) and the neighboring first peak correspond to the 
light source spectrum and the HOF cavity, respectively. The second and third peaks 
correspond to the only MMF cavity and the composite cavity formed by MMF and HOF, 
respectively. With this matching, the actual HOF and the MMF lengths were found to be 
around 71 �m and 503  �m, respectively, which are close to the designed values of 70 �m and 
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500 �m, respectively. It is noteworthy that there was no appreciable multi-mode effect of 
MMF due to the short length of HOF. 

3. Experimental results and discussion 

ERI and temperature measurements are made with the implemented composite-cavity sensor 
shown in Fig. 2. The ERI measurements were made by dipping the sensor head in standard 
index liquids (Cargille Laboratories Inc.), which had a quoted accuracy of ± 0.002. The 
temperature measurements were performed in a range of 40-500 °C with steps of 20 °C. 

 

Fig. 5. (a) Reflection spectra of the FP sensor measured with several ERIs. The inset is the 
close-up of the interference fringes in the dotted red box. (b) Spatial frequency spectra 
calculated from Fig. 5 (a). The inset is the enlarged one of the red box. 

Figure 5 (a) shows the reflection spectra measured with several ERIs in a range of 1.0 to 
1.458. As shown in the inset, the fringe contrast was reduced with the ERI increment, which 
was mainly due to the reduced index difference between the fiber core and the ERI. It should 
be noted that the reflectivity of the air cavity might not be affected by the ERI change, which 
can be clearly seen from the spatial frequency spectrum. The spatial frequency spectrum was 
obtained by taking FFT of the measured spectrum. As shown in Fig. 5(b), the intensities of the 
second and third peaks were significantly decreased with the ERI increment, while the first 
peak due to the air cavity did not show any appreciable change. An important feature in the 
ERI measurement is that there is no shift in the spatial frequency, which is critical in 
simultaneous measurement of ERI and temperature. Another important feature to be noticed is 
that the ERI-unaffected peak 1, produced by the HOF cavity, can be used for compensating 
any undesirable input power fluctuation in principle. In the experiment, we could not see the 
change of peak 1, which means that the source power or measurement system was quite 
stable. However, since the light source’ power is dependent on the temperature, the 
compensation process is highly required in harsh environment. 

The intensity of the third peak in Fig. 5(b) was plotted in Fig. 6 in terms of ERI. It shows 
that the sensor response over a wide range of index is well fitted with a quadratic curve but 
has approximately linear response over the index range from 1.33 to 1.45 as shown in the 
inset of Fig. 6, which is usually being relevant for biomedical and chemical applications. In 
the proposed FP interferometer sensor system, the RI measurement is based on the variation 
of fringe contrast. Since one end of the sensing fiber is protected by the HOF, the ERI 
response of the sensor is related to the fringe contrast variation caused by changes in the 
Fresnel reflection at the other end of the sensing fiber exposed to the index specimen. 

Because the Fresnel reflection at the air-fiber interface is used to get the interference 
signal, the reflectance is in the order of a few percent. Further, since the HOF does not act as a 
waveguide due to the divergence of beam, coupling to the second fiber after passing through 
HOF is not good in general. However, as already discussed and shown in Fig. 3, for optimum 
HOF length obtained as 50-100 �m, the interference fringe has a contrast as deep as 10 dB. 
Therefore, we can say that insertion loss of the HOF will not be a main factor for determining 
the detection limit of the refractive index. Instead, the instability of the fiber configuration, the 
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input light source power fluctuation, and the measurement accuracy of the OSA are more 
dominant. When the system noise is negligible, from the RI sensitivity in the wavelength 
spectrum, around 16 dB/RIU (Refractive Index Unit), and the amplitude resolution of OSA, 
0.001 dB, the RI measurement resolution or detection limit is calculated approximately as 

6.2×10
−5

 [26]. 

 

Fig. 6. The magnitude of the peak 3 in Fig. 5 (b) measured and plotted in terms of ERI. It is 
well fitted with a quadratic curve (red line) rather than with a linear curve (blue line). The inset 
is the enlarged plot. ERI response can be approximated by linear one over index range 1.33-
1.45 (green line) 

For the temperature measurement, the proposed sensor was placed in a furnace and the 
reflection spectrum was measured in a temperature range from 26 °C to 500 °C. Figure 7(a) 
shows the interference fringe spectra, measured at several temperatures and plotted together. 
The corresponding spatial frequency spectra are shown in Fig. 7(b). 

 

Fig. 7. (a) The reflection spectra measured at several temperatures but plotted together, and (b) 
the corresponding spatial frequency spectra. The insets are close-up displays. 

It can be seen that only the fine interference fringes, due to the MMF cavity, were shifted 
horizontally without appreciable amplitude variations. On the other hand, the temperature 
sensitivity of the slowly varying fringes, due to the HOF cavity, was extremely small. This 
means that the temperature dependency of the HOF cavity was extremely small enough to be 
neglected in practical applications. The same think can be verified from the first peak of the 
spatial frequency spectrum. It is also important to note that there is no significant intensity 
change in the spatial frequency spectrum, which is the critical feature in simultaneous 
measurement of temperature and ERI. This is in contrast to the ERI measurements, where 
there is no appreciable shift of the spatial frequency but only intensity variations were 
observed (see Fig. 5(b)). 

Figure 8(a) shows the temperature-induced spatial frequency shift of the peak 3 in Fig. 
7(b). The solid line is the fitted curve; the curve fitting was made with a second order 
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polynomial. The spatial frequency shift was as small as 0.0026/nm with the temperature 
change of 474 °C (from 26 °C to 500 °C), but big enough to be measured. 

For comparison, we replaced the sensor fiber from the MMF to SMF, and the temperature 
response of SMF sensing cavity was measured as shown in Fig. 8(b). The spatial frequency 
shift was reduced down to 0.0019/nm for the same temperature span. In addition to this, we 
have also noticed reduction in the fringe contrast. Comparison between SMF and MMF 
require further experiments and beyond the scope of this article. However, we believe that the 
coupling loss due to the smaller core size of SMF is one of the main causes of poor fringe 
contrast. From the experimental results, we can conclude that MMF acts as a better sensing 
element than SMF for temperature measurement. And also, the temperature sensitivity can be 
controlled by the core material of the sensing fiber. 

 

Fig. 8. The temperature responses of MMF cavity (a) and SMF cavity (b). The spatial 
frequency shifts of MMF and SMF cavity were approximately 0.0026/ nm and 0.0019/nm, 
respectively, for the temperature change from 26 °C to 500 °C. 

From the spatial frequency shift measurements of Fig. 8(a), the change in the round-trip 
optical path length (OPL) of the MMF cavity, due to temperature variation, can be simply 
calculated as [27]; 

 2

0OPL
l λ ξ� = �  (2) 

Where λ0 is the center wavelength of the light source and 
ξ�

 is the amount of spatial 
frequency shift due to temperature variation. In the experiment, measured at a center 

wavelength of 1535 nm, the maximum 
ξ�

 was 0.0026/nm with the change of 474 °C (from 
26 °C to 500 °C). Therefore, the corresponding temperature-induced round-trip OPL 
variation, or the optical path length difference (OPD), of the MMF cavity is 6.13 �m. 

Considering that the OPL is given by the multiplication between the physical length of the 
cavity and the refractive index of the cavity waveguide, we can estimate the amount of 
temperature-induced cavity length variation or the refractive index variation. At first, 
assuming that temperature change causes only the cavity length variation, the thermal 

expansion coefficient α of the MMF can be obtained from 
OPL OPL

l n l l Tα� = � = �  as 

68.9 10 / C
−× ° ; however, the actual thermal expansion coefficient of fused silica is around 

75.5 10−×  which is approximately ten times smaller than that of the measured value. 

Therefore, we need to think of the temperature-induced refractive index variation of the MMF 
cavity. When we assume only the refractive index variation without thermal expansion, from 

the relationship of 
OPL

l l n� = � , we have the refractive index variation as 36.13 10n
−� = × , 

which is reasonable amount. In the above calculation, we have used 1.45n =  and 

1000l m
=  (double-length of MMF cavity). From this rough calculation performed with the 
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interference fringe spectrum, even though it is well known, we can say that as a temperature 
sensor the MMF fiber piece is dominated not by the thermal expansion but by the 
temperature-induced refractive index variation. 

4. Summary and conclusion 

In the proposed dual-cavity FP scheme, the principle of simultaneous ERI and temperature 
measurement can be summarized as follows. The intensity change of the spatial frequency 
spectrum is caused by only ERI variation, meaning that ERI can be determined sorely by 
monitoring the intensity variation. And also, the shift of the spatial frequency spectrum is 
originated from only the temperature variation without being affected by ERI. Therefore, the 
cross-sensitivity problem between temperature and ERI measurements can be solved. 

From experimental results, it can be concluded that the proposed dual-cavity FP sensor is 
suitable for simultaneous measurement of ERI and temperature. The sensor showed an almost 
linear response to the ERI variation with a resolution (or ERI detection limit) of about 6.2 × 

10
−5

 in the range from 1.33 to 1.45, while the temperature response showed a quadratic 
behavior with a sensitivity of 8.9-14.6 nm/°C as the temperature was varied in 26-500°C. 
Since the temperature sensitivity and the ERI resolution of the proposed sensor highly depend 
on the structure, composition and the fabrication parameters (length of the MMF cavity, 
doping material of the fiber and splicing conditions), the customizing the sensor can be easily 
obtained also. 
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