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 

Abstract—We have demonstrated a novel scheme for 

simultaneous measurement of temperature and refractive index 

by using an exposed core microstructured optical fiber (ECF). The 

ECF allows for high sensitivity to refractive index due to the small 

exposed-core, while being supported by a standard fiber diameter 

cladding making it robust compared to optical micro-fibers. The 

sensor combines a fiber Bragg grating (FBG) inscribed into the 

core of the ECF and a multimode Mach-Zehnder interferometer 

(MZI). Both the FBG and MZI are sensitive to refractive index 

(RI) and temperature through a combination of direct access to 

the evanescent field via the exposed-core, the thermo-optic effect 

and thermal expansion. The FBG and MZI respond differently to 

changes in temperature and RI, thus allowing for the simultaneous 

measurement of these parameters. In our experiment RI 

sensitivities of 5.85 nm/RIU and 794 nm/RIU, and temperature 

sensitivities of 8.72 pm/°C and -57.9 pm/°C, were obtained for the 

FBG and MZI respectively. We demonstrate that a transfer matrix 

approach can be used to simultaneously measure both parameters, 

solving the problem of temperature sensitivity of RI sensors due to 

the high thermo-optic coefficient of aqueous samples. 

Index Terms—Optical interferometry, optical fibers, optical 

sensors.  

 

I. INTRODUCTION 

ARIOUS optical fiber refractive index (RI) sensors 

have been proposed and developed due to their 

advantageous properties, such as small size, high sensitivity, 

bio-compatibility, suitability for remote operation and in harsh 

conditions, and immunity to electromagnetic interference. A 

series of techniques for RI sensing with optical fibers have been 

demonstrated, such as fiber Bragg-gratings [1, 2], Mach-
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Zehnder interferometers (MZIs) [3], Fabry-Perot 

interferometers (FPIs) [4], Sagnac interferometers [5], and 

Surface Plasmon Resonance (SPR) [6]. However, a common 

drawback of RI sensors is that they are also sensitive to 

temperature. In particular, water has a relatively large thermo-

optic coefficient, thus RI based biochemical sensors require 

either highly stable temperature environments to operate 

accurately or the ability to compensate for the temperature 

effect via simultaneous measurement of RI and temperature. 

Therefore, several methods have been designed to achieve the 

simultaneous measurement of RI and temperature.  

Several hybrid interferometers have been proposed, such as 

two different Mach–Zehnder interferometers [7], a Mach–

Zehnder interferometer combined with a Fabry–Perot 

interferometer [8, 9], and a Sagnac interferometer combined 

with a Mach–Zehnder interferometer [10, 11]. Multimode 

interferometers with standard diameter fibers have been 

demonstrated for the simultaneous measurement of RI and 

temperature by utilizing different order modes have different 

sensitivities to the external RI and temperature, and other 

parameters [12-14]. However, such interferometers suffer low 

RI sensitivity and thus it is common to taper or etch the fiber to 

produce an optical microfibers, which are typically fragile and 

susceptible to mechanical effects such as bending. For example, 

a dual long-period grating (LPG) sensor for simultaneous 

measurement of the RI and temperature was thinned via etching 

to achieve simultaneous refractive index and temperature 

sensing. [15]. A dual MZI by inserting a section of multimode 

microfiber (with 11.24μm diameter) in the sensing arm of a 

MZI setup was demonstrated, providing simultaneous 

measurement of RI and temperature with high sensitivities [16]. 
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However etched or tapered fiber can easily be damaged, 

particularly if made micron-scaled to achieve high refractive 

index sensitivity.  

Alternatively, a dual-channel SPR-based optical fiber sensor 

for simultaneous monitoring of temperature and refractive 

index has been proposed and demonstrated. The sensor 

consisted of a multimode - single mode - multimode structured 

fiber with a double-sided gold layer where half of the gold-

coated SMF section was covered with a high thermo-optic 

coefficient polymer. Simultaneous measurement was achieved 

by monitoring two independent SPR resonance dips [17]. 

However, this method relies on metal films and polymers that 

can suffer instability issues and high loss in an optical fiber 

configuration.  

Various optical fiber temperature sensors have also been 

proposed and developed [2, 18-21]. Fiber Bragg gratings 

(FBGs) are well known for their use in optic fiber temperature 

sensing, though when in a conventional step-index fiber they 

are not sensitive to refractive index without further post-

processing such as tapering or etching. FBGs can be combined 

serially with interferometric RI sensors [22, 23], but this results 

in the refractive index and temperature sensing being spatially 

separated and again requires a means of fabricating a sensitive 

interferometric RI sensor.  

We have previously fabricated FBGs in exposed-core 

microstructured optical fibers, which were demonstrated to 

respond to both refractive index and temperature in a 

configuration more robust than a tapered fiber [24]. While it is 

in principle possible to measure both parameters 

simultaneously using the higher order mode FBG reflections, 

the sensor had relatively poor sensitivity to RI the order of only 

1-5 nm/RIU [1, 24]. We have since shown that interferometric 

based exposed-core fiber sensors can offer high RI sensitivity 

[25, 26], such as 667 nm/RIU in a multimode Mach-Zehnder 

configuration [25].  

In this work, we have designed and demonstrated a novel 

scheme for co-located simultaneous and high sensitivity 

measurement of temperature and external RI by combining the 

RI sensitivity of an interferometric-based ECF sensor with the 

temperature sensitivity of an FBG (ECF-FBG). 

II. OPERATING PRINCIPLE  

Fig. 1(a) shows a schematic diagram of the ECF-FBG sensor. 

It contains a Mach-Zehnder interferometer, fabricated by 

splicing a section of few-mode ECF between two single mode 

fibers, and an FBG that is inscribed into the core of the ECF. 

Fig. 1(b) shows a cross-sectional image of the ECF, which has 

the core exposed to the external environment on one side. The 

high numerical aperture of the ECF allows for propagation of a 

number of higher order modes. Thus, when the light from a 

broad-band source enters the ECF from the lead-in single mode 

fiber, higher order modes are excited and propagate along the 

ECF core. Mach-Zehnder interference occurs between the 

different order modes due to different propagation constants. 

Meanwhile, a narrow wavelength band is reflected by the FBG. 

For the Mach–Zehnder interferometer, the transmission 

spectrum can be analyzed using a simple two-mode interference 

model, 

 

2 cos )(out j ii jI I I I I    ,      (1) 

 

where Ii and Ij are light intensities of two different modes, and 

 is the phase difference between them. Assuming negligible 

dispersion over the measured wavelength range, the phase 

difference, , can be expressed as,  

 

2 ECF

eff

L
n





  ,        (2) 

 

where λ is the free space wavelength, LECF is the length of the 

ECF, and neff is the effective index difference between the ith 

and jth modes. neff can be expressed as,  

 

( , ,T) ( , ,T)ef

i j

eff ext eff extf n nn n n   , (3) 

 

where 
i

effn and 
j

effn are the effective indexes of the ith and jth 

modes, which are affected by ambient temperature, T, and 

external RI, next, due to the thermo-optic effect and the exposed 

core design of the fiber allowing direct access to the evanescent 

field. The effective indexes changes of the different modes are 

different when the external environment changes. Thus neff 

will change due to changes in the external environment. With a 

change in the external RI or temperature, the changes in phase, 

φ, caused by the change of neff, (neff), can be expressed as,  

 

2
( )ECF

eff

L
n


 


  .      (4) 

 

Fig. 1.  (a) Schematic diagram of an ECF-FBG Mach–Zehnder 

interferometer. (b) Scanning electron microscope (SEM) image of the 

exposed-core microstructured optical fiber. h-modes refers to higher order 
modes. 
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Note that the change of the ECF length with temperature is very 

small compared to the thermo-optic coefficient of water, thus 

the change in phase due to thermal expansion is negligible. 

Further, the wavelength shift of the interference fringes can 

be expressed as  

 
2

2 2eff ECF

FSR

n L


 

 
  


,    (5) 

 

where FSR is the free spectral range. 

The values of phase change () and FSR can be obtained by 

applying a fast Fourier transform (FFT) on the transmission 

spectra. Note that the FSR (interference period) of the 

wavelength spectrum is a function of wavelength, while it is 

independent of wavelength/frequency in the optical frequency 

spectrum. Thus, for our experimental results that follow we first 

converted the wavelength on the x-axis to optical frequency 

before applying an FFT. 

FFT techniques are widely used for de-multiplexing 

interference spectra [25, 26], which is more precise than other 

methods of tracking interference spectrum shifts, such as peak 

tracking or function fitting [27]. The value of the phase () is 

taken from the complex value at the FFT peak. The value of 

FSR is taken from the x-coordinate value of the FFT peak. The 

phase change () with respect to changes in the ambient 

medium are then determined by subtracting the phase value of 

an initial spectrum. Finally, the wavelength change of the 

interference spectrum can be calculated using (5). 

For first order FBG, the reflected wavelength, λB, known as 

the Bragg wavelength, is defined by the relationship [24],  

 

, ,b( , ,T) ( , T (T)[ , )]extB eff f eff extn nn n    ,(6) 

 

where neff,f  and neff,b are the forward and backward effective 

indices of any two modes in the fiber core, respectively. The 

Bragg wavelength is affected by ambient temperature and 

external RI, while the grating period, Λ, is sensitive temperature 

via thermal expansion. That is, the Bragg wavelength changes 

with different external RI and temperature. Note that there will 

be several FBG peaks in the reflection spectrum due to the 

higher order modes present in the ECF, as previously observed 

in both ECF [1, 24] and similar suspended-core microstructured 

optical fiber [19, 28]. 

Thus, both the Mach–Zehnder interferometer and FBG are 

sensitive to external RI and temperature, and can thus achieve 

the simultaneous measurement of temperature and external RI 

by simultaneously monitoring the wavelength shifts of the FBG 

reflection spectrum and the Mach–Zehnder interference 

transmission spectrum. The use of two wavelength-based 

(intensity independent) measurement techniques also aids in 

forming a stable and repeatable sensor as the sensor will be 

minimally sensitive to changes in the fabrication process such 

as fibre loss, cleaving and splicing. 

III. EXPERIMENTAL SETUP AND RESULTS 

A. Experimental setup and spectral analysis 

Fig. 2 shows a schematic diagram of the proposed sensing 

system using the ECF-FBG Mach–Zehnder interferometer. 
First, an 11 cm length of ECF was fusion-spliced between 

two single mode fibers using an arc splicer (Fujikura FSM-

100P) with the same splicing conditions previously reported in 

[1]. The ECF was fabricated by using a two-step technique. 

Briefly, a preform was first fabricated by using ultrasonic 

drilling and cutting. The preform was then drawn into fiber 

using a 6 m tall drawing tower with a graphite resistance 

furnace and positive internal pressure. Further details on the 

fabrication technology of the ECF has been described in [1, 29]. 

A first-order FBG was then written into the core of the ECF 

using two beam interference and a 5 minute exposure to a deep 

UV (267 nm) femtosecond laser source, as previously described 

[30]. Two channels of an FBG interrogator (National 

Instruments PXle-4844), which had a resolution of 4 pm, were 

used to measure both reflection and transmission spectra of our 

sensor.  

The ECF-FBG was packaged within a silica capillary flow 

cell (inner diameter of 650 μm) and then placed into a 

temperature controlled water bath (Memmert Waterbath WNB 

7) with a resolution of 0.1°C to achieve simultaneous change of 

the external RI and temperature, as shown in Fig. 2. RI was 

changed by flowing NaCl solutions of different mass 

concentration through the flow cell via a pump (LongerPump 

BT100-1F) and the temperature was changed by varying the 

water bath temperature.  

Four example reflection spectra and transmission spectra are 

shown in Fig. 3(a) and 3(b), respectively. Fig. 3(c) shows a FFT 

of the first interference spectrum shown in Fig. 3(b). Multiple 

peaks are observed, which indicate that at least three modes 

were strongly excited in the ECF. In our work, we selected the 

peak of 0.3750 nm-1 as the Mach-Zehnder interference sensing 

peak and the highest FBG peak at 1542 nm in Fig. 3(a) as the 

FBG sensing peak.  

B.  Simultaneous measurement of temperature and refractive 

index 

The reflection and transmission spectra were recorded as the 

Fig. 2.  Schematic diagram of the proposed sensor system. 
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flow cell was filled with solutions of sodium chloride in DI 

water (0-0.9% with 0.3% steps), at different ambient 

temperatures (24-30°C with 2°C steps), with four example 

spectra shown in Figs. 3(a) and 3(b), respectively.  

The value of the FBG wavelength shift was tracked using a 

Gaussian fitting method. Meanwhile, the wavelength change of 

the Mach-Zehnder interference spectrum can be calculated 

from (5), where the values of phase change (∆) and FSR were 

obtained by applying an FFT on the transmission spectra. Fig. 

4 shows that the FBG peak shifts to longer wavelengths with 

increasing concentration and temperature, while the Mach-

Fig. 4.  Wavelength shifts of the (a) FBG peak and (b) MZI 

transmission spectrum with different concentrations in 
different temperatures. Wavelength shifts of the (c) FBG 

peak and (d) MZI transmission spectrum with different 

temperatures in different concentrations. 

Fig. 3.  (a) Reflection spectra and (b) transmission spectra of the sensor 

with different external RI and ambient temperature. (c) FFT spectrum 
of the first interference spectrum shown in Fig. 3(b) (black curve). 
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Zehnder interference spectra shifts to longer wavelengths with 

increasing concentration and decreasing temperature. Further, 

the concentration values were converted to RI by using the 

following equation,  
3 20.08 0.074 0.162 1.3162n C C C     ,           (7) 

where n is the RI of the NaCl solutions and C is the 

concentration [31]. From Figs. 4(a) and 4(b), the concentration  

sensitivities of the FBG,
C

FBGS , and Mach-Zehnder 

interferometer,
C

MZS , are estimated to be 9.37 pm/% and 1.273 

nm/%, respectively. Converting to RI sensitivities [31], the  

sensitivities, 
RI

FBGS and 
RI

MZS , are 5.85 nm/RIU and 794 nm/RIU, 

respectively. The temperature sensitivities of the FBG,
T

FBGS , 

and Mach-Zehnder interferometer,
T

MZS , are 8.72 pm/°C and -

57.9 pm/°C, respectively, as shown in Figs. 4(c) and 4(d). The 

temperature sensitivity of the FBG is approximately equal to 

values previously reported [24]. Table 1 shows a summary of 

standard diameter (≥125 µm) optical fiber interferometric 

and/or grating sensors for simultaneous measurement of RI and 

temperature. It can be seen from Table 1 that our sensor shows 

a significantly higher RI sensitivity compared with LPGs, FBG 

and similar interferometers without post-processing such as 

tapering and etching.  

 

 

Table 1 Summary of optical fiber sensors with standard diameter fiber (≥ 125 µm) for simultaneous measurement of RI and 

temperature. 

Category Sensing theory 

Temperature 

Sensitivity 

(pm/°C) 

RI 

sensitivity 

(nm/RIU) 

Reference 

Hybrid 

interferometers 

Different configurations of interferometers have 

different sensitivities to RI and temperature. 

139, 454, 27.5. 

1700 

101, 179, 

108, 219 
[7-10] 

MZ mode 

interferometers 

Different order modes have different 

sensitivities to RI and temperature. 
52.2, 59.0, 131 

37.9, 86.7, 

111 
[12-14] 

FBGs combined with 

core-offset MZ 

interferometer 

FBGs were used to measure temperature, while 

the interferometric sensors were used for 

measuring RI. 

46.2 13.8 [23] 

FBG in a multimode 

ECF 

Different order mode FBG reflections have 

different sensitivities to RI and temperature. 
> 10 1.1 [24] 

FBG combined with 

ECF interferometer 

The FBG and MZ interferometer have 

different sensitivities to RI and temperature. 
-57.9 794 

This 

paper 

 

Based on external RI and temperature sensitivities obtained 

in Fig. 4, simultaneous measurement can be achieved by using 

the following matrix,  
1

RI T
FBG

FBG FBG

RI T
MZ

MZ MZ

C S S

T S S







     
     

     
.      (8) 

Further, we can get the matrix based on calibrated 

(experimentally measured) values, 
1

FBG

MZ

5.85 0.00872

794 0.0579

C

T






      

     
       

,       (9) 

where ΔλFBG and ΔλMZ are the wavelength shifts of the FBG 

peak and Mach-Zehnder interference spectrum, respectively. 

Using (9) we calculated the measured concentration and 

temperature. The measured values, target values and the 

measured differences between the measured values and target 

values were shown in Fig.5. It can be seen from Fig.5 that the 

measured values are in good agreement with a maximum 

measured difference between the target values and the sensor 

values of 0.0296% (4.81×10-5 RIU) and 0.214°C, for 

concentration and temperature, respectively. Thus, we can 

accurately obtain the unknown external RI and temperature 

variations by simultaneously monitoring the wavelength shifts 

of the FBG peak, and Mach-Zehnder interference spectrum and 

using (9).  
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IV. CONCLUSION  

A novel scheme for simultaneous measurement of refractive 

index and temperature using an ECF-FBG has been designed 

and demonstrated. By tracking the wavelength shifts of the 

FBG peak and Mach-Zehnder interference spectrum, RI 

sensitivities of 5.85 nm/RIU and 794 nm/RIU, as well as 

temperature sensitivities of 8.72 pm/°C and -57.9 pm/°C, can 

be achieved. The RI sensitivity of the proposed sensor is two 

orders of magnitude higher than the FBG sensor in [24]. When 

used for simultaneous measurement the measured values are in 

good agreement with the prepared values with a maximum 

measured RI difference of 4.81×10-5 RIU, and a maximum 

measured temperature difference of 0.214°C. The proposed 

sensor provides a higher RI sensitivity compared with other 

FBGs or interferometers without post-processing such as 

tapering and etching, while solving the issue of temperature 

sensitivity when measuring aqueous samples. The sensor has 

potential application in temperature-compensated chemical–

biochemical sensing applications, owing to its advantages of 

real-time measurement, bio-compatibility and small size. 
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