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Graphical abstract 
 

 

Abstract 
 

A temperature sensor using single-mode tapered fiber is presented. To 

better understand the behaviour of a tapered optical fiber, transmission 

experiments with different taper profiles, specifically waist length were 

performed. The effects of taper profiles on the sensitivity of the sensor 

were also investigated. It is demonstrated that careful selection of the 

taper profile can increase the sensitivity of the sensor. In our experiment, 

a good temperature sensing result was achieved using the optimum 

parameter. The best sensitivity achieved was 45.5 pm/°C that measured 

the range of temperature from 30°C to 120°C. The fabricated sensors are 

easy to fabricate and relatively low cost. Our results indicate that the 

tapered fiber based temperature sensor has high sensitivity and good 

repeatability.   

 

Keywords: Fiber optic sensor, tapered fiber, temperature sensor 

 

Abstrak 
 

Suatu sensor suhu menggunakan gentian mod tunggal tirus 

dibentangkan. Untuk lebih memahami tingkah laku gentian optik tirus, 

eksperimen penghantaran dengan profil tirus yang berbeza, khususnya 

panjang pinggang telah dijalankan. Kesan profil tirus ke atas sensitiviti 

sensor juga disiasat. Ia menunjukkan bahawa pemilihan yang teliti profil 

tirus boleh meningkatkan sensitiviti sensor. Dalam eksperimen kita, 

hasilnya suhu penderiaan yang baik telah dicapai menggunakan 

parameter yang optimum.  

 

Kata kunci: Sensor gentian optik, serat tirus, sensor suhu 
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1.0  INTRODUCTION 
 

Fiber-optic sensors have attracted a lot of attention 

due to their excellent properties compared to the 

traditional electrical-based sensors. Their immunity to 

electromagnetic interference, small size, easy to 

integrate with other devices and simplicity in 

fabrication made them a preferred choice in sensor 

fabrication [1]. To date, various types and designs of 

fiber-optic based sensors have been proposed and 

demonstrated [2]–[4]. Most of the sensors are 

fabricated using fiber Bragg gratings (FBGs) [5], long-

period gratings (LPGs) [6], Mach-Zehnder 

interferometer [7] and micro-structure fibers such as 

photonic crystal fibers [8]. 

Tapered fibers-based sensors have emerged as a 

notable replacement over other fiber optic-based 

sensors due to their low cost, easy fabrication and 

compact structure. Temperature, displacement, and 

refractive index are the common parameters that 

can be effectively measured by tapered fiber sensors 

[9]–[11]. In recent years, the application of tapered 

fibers is also extended to biosensors [12], [13] and 

sensors based on surface plasmon resonance [14]. 

Tapering of an optical fiber results in an increased 

evanescent field thus enhances the interaction of 

light with the surrounding medium. Consequently, it is 

expected that the sensitivity of the sensor will be 

greatly increase. Temperature monitoring requires a 

reliable and highly sensitive sensor to record 

accurate readings over a large temperature 

gradient especially in harsh environments. In recent 

years, a number of studies have been dedicated to 

develop an optical fiber based temperature sensor. 

For example, temperature sensor based fiber Bragg 

gratings (FBGs) has been proposed [15]. Another 

study proposed a fiber fiber-optic Mach–Zehnder 

interferometeric (MZI) sensor for highly-sensitive and 

high temperature measurement with a sensitivity of 

85.8 pm/°C in the temperature range of 100-400°C 

[16]. Though most of these sensors have good 

performance, they require complex fabrication 

methods and are also relatively expensive. Thus, 

better alternative temperature sensors that offer 

simpler fabrication method at a relatively lower cost 

are greatly needed.  

In this work, we propose a tapered fiber-based 

temperature sensor which is easy to fabricate. 

Furthermore, it does not require complex grating 

carving and optical fiber etching technologies. Other 

advantages of the proposed sensor are compact 

size, high sensitivity and easy interrogation. These 

properties offer great prospects of developing 

practical high temperature sensors for extremely 

small space and large temperature gradient in harsh 

environments.  

The proposed sensor is fabricated by using a 

biconical tapered fiber with waist diameter of 10 μm. 

We are interested to investigate the response of the 

sensor with the changing temperature. The 

temperature response of the sensor is indicated by its 

sensitivity. It is predicted that the taper profile such as 

taper length, taper angle and waist diameter have 

significant effects on the sensitivity of the device. 

Therefore, we believe that by choosing the optimum 

taper length, the sensitivity of the sensor can be 

improved. In our proposed sensor, it is demonstrated 

that the sensitivity is influenced by the taper length. 

The temperature range in this study is between room 

temperature to 120oC. 

 
 
2.0  EXPERIMENTAL 
 

In this study, tapers are fabricated from a single-

mode fiber with a core diameter of 8 μm and an 

overall diameter of 125 μm. After stripping off the 

outer jacket, the fiber was cleaned with isopropanol 

alcohol and then placed on the fiber holding blocks 

(FHBs) of a fiber processing platform (Vytran GPX-

3400) for tapering. The Vytran GPX-3400 machine is a 

highly precise, computer-controlled glass processing 

machine that utilizes filament as a heat source. The 

FHBs pulled the fiber to create taper according to 

the selected profile. The advantages of using this kind 

of machine compared to the traditional heat-and-

pull rig are the uniformity of the waist region. The 

machine also offers high reproducibility of the taper 

and the convenience of changing the profile of the 

tapered fibers. To ensure the uniformity of the taper 

fabricated in this experiment, the pulling speed of the 

FHBs was kept at a constant rate of 1 mm/s while the 

heat transfer rate was set at 38 W.  

 

 
Figure 1 A schematic diagram of a non-adiabatic tapered 

fiber 

 

 

Figure 1 shows a schematic diagram of a non-

adiabatic tapered fiber which is used as the sensor. 

The downtaper and uptaper regions, a and c, are 

the transition regions where the coupling and 

recombination of modes occur. The waist diameter, 

d is uniform along the tapered fiber region. In this 

experiment, the taper length was varied by 

increasing the waist length, b from 4 mm to 12 mm. 

Note that the overall length of the taper includes the 

uptaper and downtaper lengths. 

To investigate the temperature response with 

varying taper profile, we fabricated four tapered 

fibers with different waist lengths. The uptaper and 

downtaper regions were kept constant at 4 mm so 

that any changes in the transmission spectrum can 

be attributed only to the change of waist length. The 

waist diameter was also fixed at 10 µm. The 

fabricated sensor was then placed in an oven which 
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had a temperature range between room 

temperature and 250oC. After the oven reached the 

desired temperature, we waited for about 30 minutes 

for the temperature to stabilize before launching a 

probe light from an Amonics C+L broadband source 

(BBS). The transmitted probe light was then detected 

at the other end by an optical spectrum analyzer 

(OSA). A transmission spectrum was recorded for 

every 5oC increase from room temperature to 120oC. 

Figure 2 illustrates the experimental setup of the 

fabricated temperature sensor 

 

 

Figure 2 Schematic illustration of the experimental set-up 
 
 
3.0  RESULTS AND DISCUSSION 
 

Tapering a single-mode fiber involves reducing its 

diameter by heating a section of the fiber while 

pulling both its ends, thus creating a biconical 

transition regions and a relatively long waist region. 

The waist diameter can be made to be only a few 

microns over a length of a few centimeters. Under 

these conditions, the original fiber core becomes so 

small that it has no significant influence any more, 

and the light is guided only by the air-glass interface. 

This enables the light propagating inside the core to 

penetrate the cladding and subsequently create an 

evanescent field. 

Tapered fibers can be categorized as adiabatic 

and non-adiabatic depending on the taper angle. If 

the angle is small enough which enables smooth 

transition of the optical power, it is categorized as 

adiabatic taper. In contrast, an abrupt transition due 

to the large taper angle will produce a non-

adiabatic taper. Within non-adiabatic conditions, the 

taper normally supports more than one mode due to 

the large difference of the refractive indexes of air 

and glass. The interference between modes results in 

the oscillations in the output spectrum. The change 

of the ambient temperature can significantly change 

the effective propagation constant of the cladding 

modes. Thus, tapered fiber can be used as a 

temperature sensor by monitoring the phase shift of 

interference fringe. 

The transmission spectrum of the tapered fiber is 

governed by the following equation [17], 

 

   2 cos ,
T co cl co cl
I I I I I     (1) 

 

where IT 
is the intensity of the transmission output, Ico 

and Icl are the intensities of the core and cladding 

modes, respectively. According to Eq. (1), the 

transmission profile exhibits a series of periodic 

maxima and minima. Figure 3. shows the spectral 

response of a tapered fiber with waist length of  4 

mm. The transition lengths for both ends are kept at 4 

mm each. As predicted, the spectrum of the tapered 

fiber followed the pattern described by Eq. (1) and it 

can be seen clearly from the figure that tapering 

causes the oscillatory behavior of the spectrum. As a 

reference, the secondary vertical axis displayed the 

relative transmission spectrum of the tapered fiber. 

The relative transmission spectrum is defined as the 

spectrum of tapered fiber subtracted from that of the 

untapered fiber. 

The interference fringe displayed in the spectrum 

can be explained using the theory of the modal 

interferometer. When the fundamental mode LP01 of 

the core passed through the down-taper region, it is 

coupled into the cladding modes LP0m (m is positive 

integer) thus making a taper to behave like a 

multimode fiber [15]. However, in the waist region, 

higher-order LP0m mode suffered greater loss, 

whereas the lower-order LP0m suffered lower loss 

during propagation. Consequently, as they enter the 

up-taper region, the modes recombine into the core 

mode and the interference between LP01 and lower-

order LP0m became more dominant. As a result of the 

coupling and recombination process, the 

transmission of the taper as a function of the 

wavelength is oscillatory [18]. Based on the sinusoidal 

pattern obtained from the tested tapered fiber, it is 

clear that the interference occurred primarily 

between the fundamental core mode and only one 

cladding mode. Higher order modes are filtered out 

in the waist region because of sharp decrease in the 

core-cladding diameters. The interference between 

modes was also reported in a previous study on the 

properties of tapered fiber [19].  

 

Figure 3 Transmision spectra of the untapered and tapered 

fibers. Relative transmission of the tapered fiber shows a 

sinusoidal pattern which indicates the coupling are primarily 

occurred between the fundamental and the next higher 

order modes propagating in the tapered fiber 
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The accumulated phase difference between the two 

interfering modes is given by the following equation 

[20]: 

 

                   (2 )/ ,
eff

n L                                  (2) 

 

where L is the length of tapered fiber,  is the 

wavelength of the optical source and the effective 

index difference, eff co cln n n   . The distance 

between two adjacent peaks/valleys in the spectrum 

pattern, also known as the free spectral range (FSR), 

is approximately dependent on the waist length, L as 

[20]:  

                       





2

.
eff

FSR
n L

                                    (3) 

 

It is worth noting that temperature has a distinct 

effect on refractive index (RI), thermal expansion and 

thermo-optic properties of the optical fiber. As such, 

Eq.2 needs to be rewritten as 

 

                      2 (T) (T) / ,
eff

n L                            (4) 

 

 

where  ( )effn T  and L(T) represent the different RI and 

waist length at temperature T, respectively. Both 

variables are further defined in Eq. 4(a) and 4(b) [21] 

 

                     0( ) 1 ,L T L T T                                  (4a) 

 

                   
    

  
0

0
1 . ,effn T n T T

T T
                  (4b) 

 

where L(T0) is the waist length at room temperature T0,  

 is the thermal expansion coefficient of the fiber 

material, which in the case of silica is 5.5 x 10-7/oC 

[22],  0( )n T  
is n  at room temperature (T0), and  is 

the thermo-optic coefficient. These two equations 

suggest that when ambient temperature changes, 

the length of the fiber will change accordingly. This 

results in the shift of the the interference spectrum, 

. The relative wavelength shift  caused by a 

temperature change T can be expressed as [23]; 

 

                     


 



  ( ) T                               (5) 

 

Table 1 Taper profiles with waist diameters fixed at d = 10 m, their FSR and sensitivity are also presented. 

 

 

Sensor ID 

 

 

 

a (mm) 

 

 

 

b (mm) 

 

 

 

c (mm) 

 

 

 

d (µm) 

 

 

 

FSR (nm) 

 

 

 

Sensitivity 

(pm/oC) 

 

 

S1 

 

 

4 

 

 

4 

 

 

4 

 

 

10 

 

 

7.6 

 

 

45.5 

 

S2 

 

4 

 

8 

 

4 

 

10 

 

6.2 

 

32.1 

 

S3 

 

4 

 

10 

 

4 

 

10 

 

3.7 

 

28.0 

 

S4 

 

4 

 

12 

 

4 

 

10 

 

3.2 

 

14.1 

 

 
Figure 4 Spectral response of the sensors with variation of 

tapered fiber profiles. Note that the spectrum shifts are blue-

shifted 

 

Figure 4 illustrates the interference spectra of the 

sensor with tapered waist length and transition 

lengths of 12 mm and 4 mm, respectively, at different 

temperatures (30oC, 50oC, 70oC, 90oC, 110oC and 

120oC). Note that the interference peaks show a 

consistent shift towards the shorter wavelength region 

when temperature was increased. The result 

obtained is in good agreement with previously 

reported studies [24], [25]. The blue-shift observation is 

due to the negative thermo-optic coefficient value 

for air. The FSR and fringe visibility were measured to 

~3.42 nm and ~10 dB around 1565 nm, which are 

larger than some reported high-temperature sensors 

[23], [26], thus making the setup suitable for sensing 

applications. 

To further study the temperature responses of the 

sensor, three taper profiles with different L values, 

were prepared. Table 1 shows the dimensions of all 

taper profiles tested in the experiment. Similar blue-
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shifted wavelength shift trend was observed in the 

interference spectra when temperature was 

increased. The sensor’s performance of each taper 

profile was evaluated by calculating its temperature 

sensitivity. The temperature sensitivity, S, of the sensor 

is defined as the interference wavelength shift 

divided by the corresponding temperature change. 

It is represented by the gradient of the linear curve in 

the plot of wavelength shift versus temperature. As 

shown in Figure 5, all plots revealed a negative slope 

due to the wavelength blue-shift with R2 value of 

greater than 90%. It is also observed that S is inversely 

proportional to the L, as it decreases from 45.5 pm/°C 

to 0.0141 nm/°C for lengths from 12 mm to 4 mm.  

 

Figure 5 Sensitivity plots of the sensors. All plots show a 

negative slope as the spectrum shift to a shorter 

wavelength (blue-shifted) 

 

 

This observation can be explained by the Eq. (3), 

where L is inversely proportional to FSR, creating 

smaller wavelength shifts as the L increases, hence, 

the decrease in sensitivity. Therefore, L will be the 

main parameter to be manipulated during the 

sensitivity optimization of the sensor. Based on our 

results, taper profile S1 with the smallest waist length 

exhibited the best sensitivity at 45.5 pm/°C. Ideally, 

the temperature range that can be measured by the 

sensor is higher than 1200C as the fused silica fiber 

material is used to fabricate this sensor, which has 

high melting point. However, we are unable to test 

the sensor for a high temperature application due to 

the limited capability of the oven. The OSA 

wavelength resolution is 0.01 nm, so the temperature 

resolution of the sensor is 10C. 

Despite the simple fabrication of our sensor, their 

performance is comparable with previously reported 

temperature sensors. In fact, the sensitivity is better 

than the one reported in [27]. With this clear 

advantage compared to other fabrication methods 

that involve more complicated setups, our simple 

and reproducible fabrication method proves to be a 

better alternative. However, the sensitivity of the 

sensor can be further enhanced by depositing 

temperature-sensitive or thermochromics materials to 

the taper waist region. Sensor packaging is another 

important factor for high temperature measurement 

as it will increase the mechanical strength of the 

sensor for real applications. Surface modification and 

packaging will be investigated in our future work on 

temperature sensors. 

 

 

4.0  CONCLUSION 
 

In conclusion, we have shown that the waist length 

of the tapered fiber plays a crucial part in enhancing 

the sensitivity of the temperature sensors. The 

sensitivity increases from 0.0141 nm/oC to 0.0455 

nm/oC when the waist length was decreased from 12 

mm to 4 mm. The optimum profile according to our 

results was achieved with taper profile S1 that 

obtained a sensitivity value of 0.0455 nm/°C. Among 

the highlighted advantages of our sensor are its 

simple fabrication procedures and high 

reproducibility compared to the existing sensors 

based on tapered optical fiber. Despite its simplicity, 

the temperature sensitivity exhibited by this sensor is 

comparable with other tapered-fiber based 

temperature sensors. 
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