
Abstract—A small size and compactly packaged optical sensor 

for high temperature measurements is reported. The sensor 

consists of a short piece of multi-core fiber (MCF) spliced to the 

distal end of a single mode fiber (SMF). The packaging consists 

of an inner ceramic shield that prevents bending, curvature and 

vibration effects on the MCF, and an outer metallic shield that 

protects the device against impacts. The interaction between 

specific supermodes excited in the MCF creates an interference 

pattern that shifts linearly with temperature. The sensor was 

calibrated in the range from 200 to 1000 ºC and a K-type 

thermocouple was used as a reference. The average temperature 

sensitivity was found to be 24.8 pm/ºC with a response time of 15 

s. Our results indicate that our MCF interferometric

thermometer is as accurate as an electronic one with the

advantage that it is passive. Therefore, we believe that the

proposed sensor is suitable for industrial applications.

Index Terms—Optical sensors, multi-core fibers, supermodes, 

high temperature measurement, mode interferometers, optical 

thermometers. 

I. INTRODUCTION

N the industrial sector, there are several environments and 

applications where high temperature is present. For 
example, in engine tests, metallurgical processes, in gas and 
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oil facilities, etc. In such harsh environments, temperature can 

reach very high values (up to 1000 ºC, and even higher). Thus, 

accurate measurement of temperature is crucial.  

Currently, the technology commonly accepted and well 

established for high temperature measurement is based on 

thermocouples [1]-[5]. However, due to their electronic 

nature, thermocouples may not be a viable solution for 

applications or environments where electromagnetic or 

microwave radiation is present. In such cases, optical fiber 

thermometers are a good alternative since they are totally 

passive. 

Optical fibers exhibit an intrinsic sensitivity to temperature, 
which makes them ideal for temperature sensing. In fact, 

throughout the years, many different optical fiber temperature 

sensors have been demonstrated [6]-[10]. Most optical fiber 

thermometers operate in a limited temperature range. 

However, the use of specialty optical fibers and innovative 

approaches and techniques have allowed expanding the 

temperature range up to 1000 ºC. Thus, optical fiber 

thermometers may reach the performance and capabilities of 

thermocouples and be a real alternative for high temperature 

sensing, hence for industrial applications. 

The most common approach for high temperature sensing 
consists of using regenerated fiber Bragg gratings (rFBGs), 

also called chemical composition gratings [11]-[14]. The 

operating principle of such sensors is based on the thermo-

optic effect that modifies the period of the grating. rFBG-

based sensors have temperature sensitivity of around 10 

pm/ºC, and their response time is of several seconds [15]-[18]. 

The disadvantage of rFBGs sensors is their high cost, as their 

fabrication and interrogation require expensive setups, lasers, 

and picometer-resolution detectors. 

Fabry-Perot interferometry has been widely studied for high 

temperature sensing as well. In this technique, the sensitive 

element is a cavity that can be fabricated from temperature-
resistant materials such as pure glass or sapphire [19]-[24]. 

The advantages of the Fabry-Perot interferometers (FPI) 

include high sensitivity and small size. However, their 

performance is directly linked to the uniformity of the cavity, 

which is not easy to achieve. 

Other alternatives for high temperature sensing are based on 

long period gratings (LPGs) [25]-[27] and different types of 

interferometers [28]-[31]. The drawback of LPGs is their 

sensitivity to the surrounding medium, which imposes proper 

isolation to measure temperature only. On the other hand, 

most interferometers provide relative temperature 
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measurements, as they are codified in the shift of interference 
patterns. As a result, LPG -and interferometer- based high 

temperature sensors have not reached the market yet. 

As an alternative to the existing optical fiber thermometers 

for high temperature, in this work, we propose a sensor that 

may overcome the main limitations and drawbacks mentioned 

above. Our device consists of a short segment of MCF spliced 

to the distal end of a typical SMF. The fabrication of our 

device is easy, reproducible, and inexpensive. The temperature 

sensitive region of our device is the segment of MCF that can 

withstand high temperatures (up to 1000 ºC) as demonstrated 

in [32]-[34]. In our case, the sensor operates in reflection 
mode. In addition, we have packaged our device with a double 

shielding (ceramic and metallic). The packaging eliminates the 

effects of strain, bending, curvature, or vibrations on the MCF 

interferometer as it is sensitive to such parameters [35]-[38].  

The reflection spectrum of our device is sinusoidal and 

shifts when temperature changes. The interference pattern of 

our MCF sensor is easily traceable, thus, it is easy to establish 

a relationship between the absolute maximum of the 

interference pattern and temperature. With our packaged MCF 

sensor, temperatures up to 1000 ºC, response times at different 

temperature gradients and its robustness against vibrations 

were measured. For comparison, similar experiments were 
also carried out with a bare MCF interferometer. The results 

suggest that the proposed packaging does not compromise the 

temperature sensitivity of our device. In addition, our 

packaged sensor is as accurate as a K-type thermocouple, 

which is widely used and accepted as reference in the industry. 

II. OPERATION PRINCIPLE, DESIGN AND FABRICATION

In the device reported here, the MCF is the key element. 

The MCF, fabricated at the University of Central Florida 

(Orlando, USA), has a particular structure based on seven 

identical hexagonal cores. Six of them are concentrically 

arranged in a ring-like shape around a central one. The mean 

diameter and distance among adjacent axes is 9.2 µm and 11 

µm, respectively, see Fig. 1(a). All the cores are made of 

germanium doped silica glass and are inlayed in pure silica 

cladding. The numerical aperture (NA) of each core is 0.14 at 

1550 nm that is the same NA of a typical SMF. The outer 

diameter of the fiber is 130 μm. 

A scheme of the MCF interferometer is shown in Fig. 1(b). 

The device consists of a short MCF segment fusion spliced to 

a conventional SMF. A fiber fusion splicer (Fujikura 100 P+) 

was used to fabricate the device. Such a machine aligns 

precisely the single core of the SMF with the central core of 

the MCF. Due to that, the insertion loss of supermode 

interferometers is minimal (typically 0.1 dB or below) as 

reported in [35]. 

The MCF described above is called strongly-coupled 
multicore fiber, which means its cores are close enough to 

each other to allow interaction among them. The modes 

supported by such an MCF are called supermodes [39], [40], 

which are the linear combination of individual LP modes of 

each core of the MCF. In our device, schematically shown in 

Fig. 1(b), the excitation of the MCF is with the LP01 

(fundamental) mode of the SMF. This, combined with the 

axial symmetry of the SMF-MCF structure, causes only two 

specific supermodes to be excited in the MCF. The profiles of 

such supermodes are shown in Fig. 2.  

The effective refractive index of each supermode is 
different, thus, a phase difference between them can be 

expected as they propagate through the length of the MCF 

(Lf). The phase difference (Δφ) will be Δφ=4πΔnLf /λ, where 

Δn = n2-n1, with n1 and n2 being the indices of the supermodes 

SP01 and SP02, respectively, and λ the wavelength of the light 

source. According to our simulations, the value of Δn was 

7.8x10-4 at λ=1545 nm. The phase difference will cause a 

coupling between both supermodes, which will generate a 

sequence of maximum and minimum values in the reflection 

spectrum of our MCF interferometer. When the reflection 

reaches a maximum value to a given wavelength, the 

interference is constructive, which means that the two 
supermodes are in phase and, therefore, their coupled power is 

maximum for that wavelength. The maximum values appear 

when the phase difference equals an integer multiple of 2π 

(m2π, where m=1,2,3…). Thus, by considering that the 

reflected light travels twice the length of the MCF (2Lf), the 

maxima are located at the following wavelengths: 

m f2 Δ /L n m  (1) 

In general, in an optical fiber, the thermo-optic effect 

prevails over the thermal expansion effect. Thus, for 

temperature measurements, only the changes in the refractive 
index of the fiber core (or cores) are considered [28], [32]. In 

our case, such changes induce a variation in the effective 

indices of the interfering supermodes, and hence, a shift in the 

interference pattern. Therefore, by monitoring λm, the 

temperature around the MCF can be known. It is important to 

Fig. 2.  Simulations of the 3D and 2D profiles of the two supermodes 

excited in the MCF. In (a) the supermode SP01 is shown, and in (b) the 

supermode SP02. The inset 2D profiles have an area of 60x60 m2. 
Fig. 1.  (a) Picture of the cross-section of the MCF used to build the 

temperature sensor. (b) Schematic representation of the sensor 

architecture. Lf is the length of the MCF. The cleaved end reflects less 

than the 4% of the emitted light. 



point out that with our MCF interferometer the measurement 

of temperature is absolute, as it will be codified in wavelength. 

In order to measure the widest temperature range possible, 

the length of the MCF segment is crucial. On the one hand, the 

displacement of λm, which shifts around 30 pm/ºC without any 

packaging [32], must not overlap with the maximum located at 

λm+1 or λm-1. On the other hand, λm must be within the 

wavelength range of the sensor interrogator, which in our case 

was between 1510 and 1595 nm, at any temperature of the 

measuring range. Thus, to achieve the aforementioned 

requirements, two different simulation programs (Matlab 

MathWorks and PhotonDesign) were used in which Eq. (1) 

was implemented with the parameters of the MCF and the 

desired initial position of λm established to obtain the MCF 

length. It was calculated to be 2.545 cm. However, due to the 

difficulty for obtaining an MCF segment of that precision with 

a conventional cleaver, we fabricated a device with Lf = 2.54 

cm with an error of approximately 200 μm. 

Figure 3 shows the spectra of the designed and fabricated 

interferometers at room temperature. For the calculated MCF 

length, the difference between the maxima and minima 

(visibility) is of 0.9. The difference between the simulated and 

observed pattern is due to the impossibility of reproducing the 

ideal conditions of the simulation in real-life conditions, such 

as the fact that the simulation programs use a flat spectrum 

light source whereas the manufactured sensor uses a Gaussian-

like emission light source. It can be noted that the peak at 

which simulated and manufactured sensor´s patterns match is 

located at 1520 nm. As temperature increases, such a peak is 

expected to shift to longer wavelengths [32]. Hence, the peak 

located at 1520 nm (λm) was selected to be monitored and 

correlated with temperature. 

In order to make the MCF interferometer sensitive 

exclusively to temperature, it was packaged as follows: The 

bare SMF-MCF structure, whose total length was 

approximately 15 cm, was protected with a double shielding. 

The first layer was a double bore thin ceramic tube (Omega 

Engineering TRX-005132-6). Each bore had a diameter of 127 

μm ± 5%. In this manner, the MCF and part of the SMF were 

kept straight. Thus, bending effects on the interference pattern 

of the MCF were eliminated. The second layer was a stainless 
steel tube (Omega Engineering SS-116-6CLOSED) that 

covered the ceramic layer and provided physical protection 

against possible impact or shocks. A photograph of the final 

sensor prototype is shown in Fig. 4. As it can be noticed, the 

sensitive part of the sensor is only 2.54 cm long and located at 

the edge of the shielding. Thus, the sensor could be just about 

3 cm long. The reason for the extra 12 cm is to protect the 

SMF due to the configuration of the furnace. The latter has a 

circular hole (slightly bigger than the sensor in diameter) that 

only in the deepest part reaches temperatures of 1000 ºC. This 

causes that the packaged sensor has to be vertically inserted 
completely. As it can be seen in the blackening gradient in 

Fig. 4, the area where the MCF is located is the area that has 

been exposed to the highest temperatures. 

The interrogation of our MCF interferometer consisted of a 

broadband light source centered at 1550 nm, with Gaussian-

like emission, a 50:50 coupler and a small spectrum analyser 

(I-MON512-USB, Ibsen Photonics). The data processing was 

made with an ad hoc program developed in Matlab 

MathWorks. The data processing approach was as follows: 

Raw spectra provided by the spectrum analyser were collected 

at different temperatures; then, the spectra were averaged and 

normalized. After that, a Savitzky-Golay filter was applied to 
every spectra in order to smooth them. Finally, the highest 

peak (λm), or absolute maximum of the interference pattern, 

was found. The wavelength at which the maximum was 

located was correlated with temperature, which was measured 

with a K-type thermocouple used for temperature calibration 

measurements (Herten, K-type, SN TCP187). 

 

III. RESULTS AND DISCUSSION 

 

Fig. 3. Interference pattern obtained by simulation for a 2.54 cm-long 

MCF interferometer (dashed line) and with the fabricated device (solid 

line). 

 

 

 

Fig. 4. Picture of the manufactured MCF sensor after being exposed to 

1000 ºC. Notice that the metallic tube has a blackening gradient that 

indicates the different temperatures on the tube. The position and length 

(2.54 cm) of the MCF segment are indicated. The gap between the tip of 

the metallic tube and the stub of MCF is long enough to avoid a Fabry-

Perot cavity. 

 



The tests were performed at the Aeronautical Technologies 

Centre (CTA) facilities located in the Alava Technology Park 

(Spain). The heating/cooling processes were carried out with a 

programmable high temperature furnace (Isotech Pegasus Plus 

1200). Before running the calibration measurements, a curing 
process was carried out to eliminate as much as possible the 

hysteresis effect of the sensor [28]. The calibration was 

performed repeatedly in the range from 200 to 1000 ºC, in 

steps of 50 ºC that lasted 70 minutes each. Thus, overall, each 

calibration lasted 100 hours approximately. The sampling rate 

was 1 Hz. 

Figure 5(a) shows the reflection spectra of our packaged 

MCF interferometer at different temperatures. It can be seen 

that the shift for the thermal range under study was around 20 

nm. The position of the maximum peak as a function of time is 

shown in Fig. 5(b). For comparison, the time evolution of the 

temperature measurement provided by the thermocouple is 
also shown. From the monitored λm and temperature data, the 

calibration curve of the packaged MCF sensor was obtained, 

which is shown in Fig. 6. In order to evaluate the effect of the 

shielding on the temperature sensitivity of the packaged MCF 

sensor, the calibration curve obtained from a 2.54 cm-long 

bare MCF device that was subjected to an identical calibration 

process as the packaged MCF sensor is also shown in Fig. 6. 
For the packaged MCF sensor, the Pearson squared 

correlation coefficient was found to be R2 = 0.9856 and the 

uncertainty of σ2 = 0.611 nm2 [41]. The correlation between 

temperature (in ºC) and λm (in nm) that was obtained from the 

experiments was: 

 

m39.929 60525T  
 

(2) 

This indicates that the temperature sensitivity of the 

packaged MCF sensor was 24.8 pm/ºC. From the calibration 

curve of the 2.54 cm-long bare MCF sensor shown in Fig. 6, 

we obtained a temperature sensitivity of 31.47 pm/ºC. The 

latter agrees with that (29 pm/ºC) of the MCF thermometer 

reported in [32] in the range between 100ºC and 300ºC, which 

was fabricated with bare MCF as well. Therefore, the 
packaging proposed here does not compromise the 

temperature sensitivity of the device. As a matter of fact, the 

main purpose of protecting the SMF and the MCF with a 

close-fitting ceramic tube was to keep the fibers tightly in the 

axial direction so that the measurements were strictly related 

to temperature and not affected by undesired effects of 

bending or vibrations, something that cannot be achieved 

when unprotected MCF is used. This may be the cause of the 

performance differences between the packaged MCF sensor 

and the bare MCF shown in in Fig. 6 and the one reported in 

[32] where non-linear response to temperature was observed. 

The response and recovery times of our packaged MCF 
temperature sensor and those of the device built with bare 

MCF were also evaluated as these are important parameters to 

be considered. The rising and falling times were measured 

several times at different temperature gradients. The 

measurements were carried out for 2 different thermal loops: 

from 25 ºC to 550 ºC, and back to 25 ºC, and from 25 ºC to 

900 ºC, and back to 25 ºC. In each case, the response time of 

both optical devices and that of the K-type thermocouple were 

    

Fig. 5.  (a) Spectra observed in the 200-1000 ºC temperature range. (b) Time evolution of our packaged MCF sensor compared to that of the thermocouple. 

Colored arrows indicate the corresponding vertical axe of each curve.  

 

Fig. 6. Calibration curve of the packaged MCF sensor (solid dots, solid line) 

and 2.54 cm of bare MCF (triangles, dashed line). Colored arrows indicate 

the corresponding axe of each curve. 



recorded. The response time (τ63%), or time constant, is defined 

as the time required to reach 63.2% of an instantaneous 

change in temperature [42]. 

The results for the 25 ºC-550 ºC-25 ºC loop are shown in 
Fig. 7. The results shown in Fig. 7 indicate that the shift of λm 

of the bare MCF device was more than expected according to 

the sensitivity obtained from its calibration curve shown in 

Fig. 6. This means that the shift of λm may not be strictly due 

to temperature as the MCF segment was also exposed to 

bending and/or vibrations induced by the furnace. The tracked 

peak of the packaged MCF sensor shifts 10.1 nm and shows a 

smoother and less noisy curve compared to that of the bare 

MCF. This shift agrees with the combination of the sensitivity 

of the sensor in the 200 ºC-1000 ºC calibrated range and the  

TABLE 1 

Response times (in s) of the packaged MCF sensor and the thermocouple 

Temperature gradient 

(ºC) 25 - 550 550 - 25 25 - 900 900 - 25 

Thermocouple 6 14 6 12 

MCF sensor 17 20 15 14 

 

lower temperature sensitivity of the MCF below 100 ºC as 

reported in [32]. 
For the results of the 25 ºC-900 ºC-25 ºC loop shown in Fig. 8 

only the curves of the packaged MCF sensor and the 

thermocouple are presented, since only the performance of 

these devices can be compared as their results are strictly 

related to temperature. 

 

 

Fig. 9.  Results of the effect of the vibrations in the measurements of λm at 

room temperature (25 ºC). The biggest deviation (8.49 pm) happened at 

650 Hz, where a resonance due to the 10 cm cantilever configuration took 

place. 

    

Fig. 7.  Response times for (a) heating from 25 ºC to 550 ºC and for (b) cooling from 550 ºC to 25 ºC of a packaged and bare MCF sensors. For 

comparison, the response and recovering times of a commercial thermocouple are shown. Notice the non-uniform shape of the curves of the bare MCF 

compared to that of the packaged MCF. Colored arrows indicate the corresponding vertical axe of each curve. The black asterisk (*) in each curve 

represents the τ63% of each sensor. 

 

 

 

Fig. 8. Heating and cooling response times of a packaged MCF sensor for 

the 25 ºC-900 ºC-25 ºC loop. Colored arrows indicate the corresponding 

axe of each curve. The black asterisk (*) in each curve represents the τ63% 

of each sensor. 



The results shown in Fig. 7 and Fig. 8 are summarised in 

Table 1. It can be noted that in all the cases, our packaged 

MCF temperature sensor responded slower than the 

thermocouple used as a reference. The results regarding the 

bare MCF are not shown in the table due to the fact that they 
are not related only to temperature, and therefore, not suitable 

for comparison. 

In order to evaluate the effectiveness of the packaging in 

terms of protection against vibrations, the packaged MCF 

sensor was placed in a cantilever configuration and attached to 

a piezoelectric actuator (STr-35, Piezomechanik GmbH) 

whose maximum vibration amplitude was 6 μm. The length of 

the cantilever was 10 cm. The sensor was then subjected to 

vibrations at different frequencies. In all the cases, the voltage 

applied to the actuator was the same (10 Vpp), and the 

measurements were carried out at room temperature (25 ºC). 

The sensor was interrogated with the spectrum analyser 
mentioned above (I-MON512-USB, Ibsen Photonics) and the 

data processing approach was as follows: in two consecutive 

days 17000 raw spectra for each frequency were acquired and 

then, the maximum of each spectra (m) was identified. These 

values were averaged for each point along with their standard 

deviation. 

In Fig. 9, it can be seen that vibrations introduce an average 

noise of 2.58 pm in the measurement of m. This turns into an 

uncertainty of 0.1 ºC according to Eq. (2). Considering that the 

noise for the case of 0 Hz is intrinsic to the measurement 

system and not caused by vibrations, this means our MCF 

sensor is robust and practically immune to vibrations in a wide 

frequency range.  

 

IV. CONCLUSIONS 

In this work, we have reported on a sensitive and compactly 

packaged fiber optic temperature sensor that is robust against 

vibrations. The sensor is based on an MCF with strongly 

coupled cores. The sensor consists of a short segment of MCF 

(2.54 cm) spliced to a commonly used in telecommunications 

SMF. The fabrication of the device is simple, fast, 

inexpensive, and reproducible. The packaging of the sensor 

was conceived to make the MCF exclusively sensitive to 

temperature, hence independent to other parameters that may 

be present during temperature measurements, as for example, 
strain, bending, curvature, or vibrations.  

The sensitive part of our sensor is the section of MCF. 

Temperature changes the effective indices of two supermodes 

that are excited in the MCF, causing a detectable shift in the 

interference pattern. The calibration of our MCF sensor was 

performed in the range from 200 to 1000 ºC and a K-type 

thermocouple widely used and accepted in the conservative 

aeronautical industry was used as a reference. Results show 

that the packaged MCF sensor has a sensitivity of 24.8 pm/ºC, 

high robustness against vibrations and a response time of 15 s. 

Thus, it may represent an attractive solution in several 

applications that require high temperature sensing, high 
resolution and sensitivity, small dimensions, and 

electromagnetic immunity. Some examples may include 

sensing in aeronautical engines, gas and oil facilities, etc.  

The packaged MCF sensor can be customised for the 

aforementioned and other applications. In addition, its 

interrogation is carried out with commercially available sensor 

interrogators.  Therefore, we believe that this prototype 

represents a substantial step forward in the direction of a 
commercially appealing optical temperature sensor. 
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