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Study of single mode tapered fiber-optic interferometer
of different waist diameters and its application as a
temperature sensor
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We have proposed a study on single-mode tapered optical fiber for temperature sensing application. A theoretical analysis and its ex-
perimental validation were carried out to study the taper profile for highly sensitive temperature sensor. Experiments were performed
to observe a wavelength shift of transmission spectra with different taper profiles. The effects of taper profiles on the sensitivity of the
sensor were also investigated. Our results indicate that the tapered fiber-based temperature sensor has sensitivity in the range of 0.01143
to 0.03406 nm/◦C. The findings also demonstrate that the sensor sensitivity can be adjusted with variation to the taper profile.
[DOI: http://dx.doi.org/10.2971/jeos.2014.14024]
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1 INTRODUCTION

Optical fiber has been widely studied owing to its potential
application not only in communication but also in instru-
mentation, laser, nonlinear devices and sensing [1]–[4]. A
number of optical fiber temperature sensors have been de-
veloped so far based on fiber Bragg gratings [5], long period
gratings [6, 7], and photonic crystal fiber [8, 9] because of its
light weight, accuracy, compact size and immunity to electro-
magnetic, radio-frequency, and microwave interferences
[10]–[14]. More recently, single-mode tapered fibers (SMTFs)
have attracted great attention from researchers as an al-
ternative for a variety of sensors. In general, SMTF-based
sensors are more sensitive than typical cladding-removed
fiber sensors [15]. Moreover, they are more compact and
simple to make. Most of the SMTF-based sensors reported so
far employ non-adiabatic biconically tapered fibers [10]–[14].
The modeling and fabrication of such sensors have been
discussed at great length by several authors [12, 13].

SMTF is fabricated by reducing the core diameter via heating
a section of the fiber while pulling both of its ends, creating bi-
conical transition regions with 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 orig-
inal fiber core becomes so small that it has no significant influ-
ence any more and the light is then guided solely by the air–
glass interface. If the taper angle is large, the fundamental core
mode couples power to one or more cladding modes guided
by the cladding air interface due to the large refractive index
difference between air and glass. If we assume that the taper is

axially symmetric, then the fundamental mode LP01 can cou-
ple only to the higher order modes with the same azimuthal
symmetry that is LP0m modes. The interference between these
modes results in oscillations in the output spectrum. A num-
ber of sensors using conventional single mode fibers utilizing
interferometry have been reported [16, 17]. In particular, the
single mode tapered fiber interferometer-based sensors have
the advantages of compact structure, good stability, and easy
fabrication [18]. The change of the ambient temperature can
significantly change the indices of propagating modes and
length of the tapered fiber, consequently changing the phase
shift of the interference fringe pattern. Thus, the change in
temperature can be measured by the shift in the interference
fringe pattern and allows tapered fiber to be used as a temper-
ature sensor.

In the present work, our focus is to study the effect of variation
to the waist diameter of a tapered single mode optical fiber
functioning as a temperature sensor. In this sensor, spectrum
of the transmitted light is measured and the effect of tempera-
ture change is observed as a spectral shift of the transmission
dips associated with the coupled modes. The measurement of
this wavelength shift due to change in temperature is the basis
of SMTF temperature sensor. To optimize the best geometry of
the proposed device, we have studied six tapered single-mode
optical fiber of different waist diameter i.e., 12, 10, 9, 8 and
7 µm for one taper profile. In our proposed device, the shift in
the pattern strongly depends on the temperature changes. The
temperature range in this study is between 30◦C to 150◦C.
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FIG. 1 Schematic diagram of single mode tapered fiber, which is used as the sensor.

The downtaper and uptaper regions, a and b, are the transition regions where the

coupling and recombination of modes occur. The waist diameter is d and L is the

waist length.

2 THEORETICAL DESCRIPTIONS

When the fundamental core mode propagates in single mode
optical fiber from untapered region to tapered region, it ex-
cites the higher order modes in the tapered region. It is clear
from the geometry of the tapered fiber as shown in Figure 1
that the fundamental modes and higher order modes are cou-
pled together in the untapered region, forming interferometric
pattern (Mach-Zehnder interferometer) due to large difference
in indices of air and glass and the waist length corresponding
to the physical length of the interferometer.

To further understand this coupling phenomenon, let us as-
sume that only two modes exist in the uncollapsed section of
the SMF and the effective indices of these modes are n1 and
n2. Thus, the resultant intensity at the end of the SMF is [19]

IT = Ico + Icl + 2
√

Ico Icl cos φ, (1)

where Ico and Icl are the intensities of the two interfering
modes and φ is the phase difference between the two interfer-
ing modes, i.e. the phase of the resultant interferometric inten-
sity pattern. Since only one cladding mode is excited, we will
have an interferometer whose physical length (waist length L
as shown in Figure 1) is exactly the same but with different
optical lengths to each other due to the difference in indices
of core and cladding. Multiplying it with the difference in in-
dices (∆n = n1 − n2) of each excited mode gives the optical
path difference of the two interfering modes. Thus the rela-
tive phase difference between the two interfering modes can
be described by

φ =
2π

λ
∆nL, (2)

where λ is the central wavelength of the light source. Since
the refractive index changes with temperature (thermo-optic
effect) and length of the optical fiber also changes with tem-
perature (thermal expansion), the phase of the interferometric
pattern will consequently change. If L(T) and ∆n(T) represent
the waist length and the difference of indices of two interfer-
ing modes at temperature T respectively, then Eq. (2) will take
the form

φ =
2π

λ
∆n(T)L(T) (3)

and
∆n(T) = ∆n(T0)[1 + η · ∆T] (4a)

L(T) = L(T0)[1 + α · ∆T] (4b)

where ∆n(T0) = ∆n at room temperature T0,
η = (∂∆n/∂T)T=T0

is the thermo-optic coefficient of sil-
ica glass, L(T0) is the waist length at room temperature T0

and α (= 5.5 · 10−7 K−1) is the thermal expansion coefficient
of the silica glass [20].

Eqs. (4a) and (4b) show that variation in temperature changes
∆n and L, which will change the phase of the interferome-
try intensity accordingly. Consequently, there will be a wave-
length shift, ∆λ, in the interference spectrum. The expression
for relative wavelength shift ∆λ/λ caused by a temperature
change ∆T can be derived simply by using Eqs. (3), (4a) and
(4b), and can be expressed as

∆λ

λ
= − 1

∆n(T0)L(T)

(
∂∆n
∂T

)
T=T0

· L(T0)∆T (5)

Eq. (5) establishes a direct relationship between the wave-
length shift and the temperature variation with respect to the
initial temperature T0. The variation of the temperature im-
plies a shift of the pattern with the pattern at initial tempera-
ture, which can be evaluated by writing the peak wavelength
as a function of the temperature. Similar to our predicted re-
lation in Eq. (5), E. Li et al. have also established the relation
for wavelength shift caused by change in temperature in their
article and is expressed as [21];

∆λ

λ
≈ (α + n)∆T (6)

The free spectral range (FSR) is one of the best example of the
interference pattern and is defined as the distance between
two adjacent peaks/valleys in the spectrum pattern. The ex-
pression for FSR is written as [22];

FSR ≈ λ2

∆n · L
(7)

From Eq. (7), it is clear that the FSR strongly depends on the
change in refractive indices as well as on the waist length. The
change in temperature affects the refractive indices of the core
and the cladding modes (thermo-optic effect) as well as the
fiber length (thermal expansion), thus the interference fringes
will shift accordingly.

3 EXPERIMENTAL SET-UP AND
FABRICATION OF TAPERED FIBER

For the fabrication of tapered fibers, a highly precise,
computer-controlled machine having a filament as a heat
source, Vytran GPX-3400 is utilized. After stripping off the
outer jacket of a single mode fiber of length about 30 mm,
the stripped fiber is cleaned with isopropanol alcohol and
is then placed on the fiber holding blocks of the Vytran
GPX-3400 for the tapering process. In general, a traditional
method of heat-and-pull rig for tapering is deployed. The
main advantage of this Vytran machine over the traditional
method is the uniformity of the waist region. This machine
also offers high reproducibility of the tapered fibers and the
convenience of changing the design profiles. To ensure the
uniformity of the taper fabricated in this experiment, the
pulling speed of the fiber holding blocks is kept at a constant
rate of 1 mm/s while the heat is set at 38 W.
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FIG. 2 Schematic diagram of experimental setup for the proposed temperature sensor.

FIG. 3 Transmission spectra for untapered and tapered fibers profile 5-10-5 mm with

waist diameter of 12 µm.

The experimental setup to study the temperature effect over
the transmission spectrum of the SMTF is depicted in Fig-
ure 2. The characterization system consists of a broadband
light source from 1525 to 1568 nm. Firstly, a reference spec-
trum is measured by connecting the light source directly to an
optical spectrum analyzer (OSA). Then the fabricated SMTF
(sensor) is inserted in between the light source and OSA to
measure the sensing performance against surrounding tem-
peratures. To create a controlled surrounding temperature, the
SMTF is placed in an oven. The oven temperature is varied
from 30◦C to 150◦C with steps of 5◦C.

4 RESULTS AND DISCUSSION

The typical normalized transmission spectrum of the tapered
fiber with profile of 5-10-5 mm (10 mm taper length and 5 mm
downtaper/uptaper regions) having waist diameter 12 µm is
shown in Figure 3, and the transmission spectrum of the un-
tapered fiber is also shown as a reference. From the figure it is
clear that, the tapered fiber displays a periodic interferometry
pattern that is nonexistence in the spectrum of the untapered
fiber. The relative transmission spectrum of tapered fiber with
respect to transmission spectrum of untapered fiber is also il-
lustrated in Figure 3. The OSA spectral resolution was set at
0.1 nm throughout the experiment.

Figure 4(a) shows the transmission spectra of the fabricated
optical interferometer based temperature sensor with waist
diameter of 12 µm, which were recorded at different tem-
perature settings (30◦C, 50◦C, 70◦C, 90◦C, 110◦C, 130◦C and
150◦C). As theoretically expected, the experimental results
show a shift in the peak positions of the transmission spec-

FIG. 4 (a) Transmission spectra and (b) variation of wavelength shift with temperature

for taper profile 5-10-5 mm with waist diameter 12 µm.

trum to a lower wavelength region (blue shift) with respect
to the first peak as a consequence of the variation of tem-
perature i.e. negative wavelength shift due to the negative
thermo-optic coefficient of the silica glass (core of the fiber).
In this case, there are two parameters that characterize the ef-
fect of temperature on the transmission spectra of the SMTF;
the thermal expansion coefficient and the thermo-optic coef-
ficient in Eqs. (5) and (6) respectively. However, thermo-optic
coefficient is the more dominant effect in single-mode optical
fiber as compared to thermal expansion coefficient. The plot
of the experimental findings of wavelength shift with temper-
ature is illustrated in Figure 4(b). The sensitivity of the fab-
ricated temperature sensor device is also calculated by pit-
ting the change in wavelength shift with respect to tempera-
ture change i.e. the gradient of the linear curve plotted wave-
length shift against temperature. The sensitivity of the fab-
ricated device with waist diameter 12 µm was found to be
0.03319 nm/◦C.

To investigate the temperature response with varying taper
profile, we fabricated six tapered fibers with different waist

14024- 3



J. Europ. Opt. Soc. Rap. Public. 9, 14024 (2014) T. K. Yadav, et al.

Sensor ID Downtaper a Uptaper b Waist length L Waist diameter d Sensitivity
(mm) (mm) (mm) (µm) (nm/◦C)

S1 5 5 10 12 0.03319
S2 5 5 10 10 0.03406
S3 5 5 10 9 0.02149
S4 5 5 10 8 0.02673
S5 5 5 10 7 0.01143

TABLE 1 Comparative study of sensitivity of different taper profiles with waist length fixed at L = 10 mm.

diameter while keeping the uptaper and downtaper regions
constant at 5 mm. The waist length was also fixed at 10 mm.
The chosen taper profile of 5-10-5 mm having variation of
waist diameters 10, 9, 8 and 7 µm was tested at different tem-
peratures (30◦C, 50◦C, 70◦C, 90◦C, 110◦C, 130◦C and 150◦C).
The sensitivity was measured for these profiles from their cor-
responding wavelength shifts. For the comparative study of
the temperature sensors sensitivity, we have collected the sen-
sitivity with various taper profiles in Table 1. From these find-
ings, our results show a decrement of sensitivity with respect
to the fiber waist diameter. However, this observation contra-
dicts the effect of wavelength shift predicted in Eq. (5). From
thoretical aspect, the fiber waist diameter has no influence on
the wavelength shift sensitivity. Although the waist diameter
does not contribute directly in the modes coupling, it plays a
big role indirectly because the excitement of the higher order
modes depends on the V-number. In this case, the V-number is
the function of waist diameter. If the waist diameter is larger,
more cladding modes will be excited and thus, interferomet-
ric pattern will be less pronounced i.e., transmission spec-
tra due to coupling of these modes with fundamental core
mode. On the other hand, smaller waist diameters decrease
the V number thus reducing the number of excited cladding
modes, resulting in a clear interferometric pattern. Therefore,
the shift in peak or dips of transmission spectra can be eas-
ily justified. From this experiment, the impact of waist di-
ameter must be taken into account to ensure that the sensor
performance can be optimized. The sensitivity of the sensor
can be further improved by introducing temperature-sensitive
or thermo-chromic materials to the taper waist region, which
may be considered in our future research work on the temper-
ature sensors.

5 CONCLUSION

We have demonstrated the impact of waist diameter in the im-
plementation of single mode tapered optical fiber as a temper-
ature sensor. The sensitivity of the proposed device is found
to be good for the tapered profile 5-10-5 mm with waist diam-
eter 10 µm and 12 µm achieving sensitivity of 0.03406 nm/◦C
and 0.03319 nm/◦C respectively. The optimum profile accord-
ing to our results was achieved with the profile of 5-10-5 mm
having waist diameter of 10 µm. The main advantages of our
sensor are their simple fabrication procedures and high repro-
duction property as well as mechanical reliability compared to
the existing sensors based on tapered optical fiber. Despite its
simplicity, the temperature sensitivity exhibited by this sen-
sor is comparable with other tapered-fiber based temperature
sensors.
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