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Abstract. A simple Mach-Zehnder Interferometer
(MZI) based on a standard single-mode fiber for simul-
taneous strain and temperature sensing was proposed
and demonstrated experimentally. The interferome-
ter was fabricated by electrical arc discharge method
in which a part of the standard single-mode fiber was
heated and stretched. Any special type of fiber or a par-
ticular splicer was mot required to form the MZI and it
indicated high resolution. To find the modes that con-
tributed to the interference spectrum, Fourier analysis
was done and the spatial frequency versus normalized
intensity plot showed that LP02 was the excited domi-
nant higher order cladding mode. Coefficient matriz
was realized for simultaneous measurement of strain
and temperature ability of such an MZI. For discrete
measurements, a resolution of 0.79 °C and 1.18 micro-
strain can be achieved for 10 pm wavelength resolution.
This extremely simple, low-cost sensor easily fabricated
with good repeatability is a good candidate in diverse
sensing applications.
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1. Introduction

Tapered fiber sensors have some superior features com-
pared to electrical sensors such as small size, immunity
to electromagnetic interference, remote sensing, sim-
ple fabrication, low cost, ability to operate in harsh
environments and simultaneous measurement of more
than one parameter. Refractive Index (RI) [I] and [2],
pressure [3] and [4], temperature [B] and [6], stress [7]
and [8] and chemical and biological sensing [9], [10],

[I1] and [12] are the most commonly studied param-
eters in the literature to characterize the sensor’s re-
sponse. Recently, Lu et al. [5] proposed a tapered MZI
for simultaneous measurement of RI and temperature.
A commercial splicer was used to fabricate the sensor,
which had a waist diameter of 65 pm and a length
of 525 um. They achieved temperature and RI sen-
sitivities of 0.077 nm-°C~! and —26.087 nm-RIU!,
respectively. Tian et al. [I3] proposed an MZI with
two abrupt single-mode fiber tapers for strain measure-
ments. They fabricated the sensor by a commercial fu-
sion splicer with the following parameters: waist diam-
eter and length were 40 pm and 707 wm, respectively.
Strain sensitivity of 2 pm-pe~! was obtained; it is low
because of the limitations of the splicer both in waist
diameter and length. In another study by Andre et al.
[14], a coreless multimode fiber was spliced between
single-mode fibers and tapered. The sensors with dif-
ferent waist diameters of 15 pm, 25 pm, 55 pm, 74 pm
and 87 pm were analyzed in terms of their strain and
temperature response. The highest strain sensitivity
of —23.7 pm-ue~! was obtained for the thinnest waist
diameter. Temperature sensitivities of 16.56 pm-°C~*
and 13.95 pm-°C~! were obtained for 87 pm and 25 pm
tapers, respectively. Kieu et al. [I5] fabricated a bi-
conical fiber taper from a standard telecom single-mode
fiber with diameter of about 10 pm to sense displace-
ment, temperature and RI. The sensor was thin enough
to sense displacement and RI. They obtained resolu-
tions of 0.1 um, 1 °C and 1.42 - 10~° RI unit for dis-
placement, temperature and RI, respectively.

In this study, an MZI based on a standard telecom
single-mode fiber is investigated for simultaneous mea-
surement of strain and temperature. The interferom-
eter was fabricated by arc discharge method in which
a section of fiber was heated and pulled by a com-
pletely computer-controlled setup. Excited higher-
order modes and fundamental mode contribute to in-
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terference spectrum. For discrete measurements, res-
olutions of 0.79 °C and 1.18 pe were determined for
strain and temperature, respectively.

2.  Sensing Principle

Schematic illustration and microscopic image of the ta-
pered fiber were shown in Fig. and Fig. re-
spectively. When light propagating in untapered fiber
meets up the first transition region, a part of its en-
ergy will split into two parts; one as a cladding mode,
second as a core mode. Waist region behaves as an in-
teraction region in which light interacts with surround-
ing medium. The second transition region acts as an
optical coupler whose role is to modulate interference
pattern between core and cladding modes. Due to the
optical path difference between core and one of the
cladding modes, a phase difference occurs [16]:
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where Angypp = ngG —nﬁlf 7 is the effective RI difference
between core and the cladding mode, L is the waist
length, A\ is the wavelength. When phase difference
becomes equal to (2m + 1)\, destructive interference
occurs so expression for resultant corresponding dip
wavelength follows as [17]:
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Different types of modes supported by the taper will be
excited because of change in the environmental condi-
tions of the surrounding medium so either blue-shift or
red-shift will be observed depending on the surround-
ing parameter.
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Fig. 1: Schematic illustration @ and microscopic image of
the tapered fiber.

3. Results

In this experiment, tapered fiber was fabricated by us-
ing arc discharge method which is mainly based on
stretching a portion of fiber while heating it to its soft-
ening temperature. Experimental setup used to fabri-
cate a tapered fiber is shown in Fig. [2] After stripping
the primary coating of the fiber, one end of the fiber
was fixed by a fiber holder. The other end of the fiber
is mounted on a moving stage which is responsible for
stretching the fiber when it is heated. The moving
stage is controlled by a stepper which generates axial
motion resolution of 1.25 um at each step. Electrodes
are placed on another moving stage whose motion is
controlled by another identical stepper. To reach the
softening point of the fiber, a series of arc pulses are ap-
plied for a short time via electrodes. Meanwhile, step-
pers start to move in opposite direction; one stretching
the fiber at a higher speed and the other moving the
electrodes at a lower speed. Computer software con-
trols acceleration and speed of moving stages, pulse
duration and instantaneous arc power so that a sensor
with desired waist diameter and length can be fabri-
cated. When compared against fabrication via com-
mercial splicer, there is no restriction on length of the
sensor but steppers in fusion splicers are capable of
moving about 1 mm.

SLD

)

Electrodes

ol

<= Translation stages =>

Fiber holder

Fiber holder

Fixed
Fig. 2: Experimental setup for sensor fabrication.

Referring to Fig. [T} the sensor head had the follow-
ing parameters; waist diameter (r,,) and length (L,,)
were 25 um and 29 mm, respectively. The reason for
the choice of that waist length is to decrease fringe
spacing so that more than two dips will be formed to
measure the resolution of sensor in strain and temper-
ature measurements. In the case of waist diameter,
setup in Fig. 2] can achieve uniform waist diameter
down to 6 um. Further decrease in chosen waist di-
ameter, 25 um, becomes core region substantially lost
and repeated experiments have shown that sensor’s re-
sponse to temperature has been adversely affected. In
the setup, the desired waist length is well controlled
by the micrometer steps of the motor on the right
stage. The uniform waist diameter simultaneously re-
quires not only to set the speed of the motors with
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appropriate values, but also to ensure the stability of
the arc power. The waist diameter is an important
parameter to form wavelength spectrum so it directly
affects the sensitivity. To evaluate the reproducibil-
ity, 10 samples were fabricated with waist diameter
of 25 um and relative standard deviation was calcu-
lated as 2.2 %. It should be noted that reproducibil-
ity is strongly affected by the precise measurement of
waist diameter from microscopic image. To character-
ize the MZI, light from a Super Luminescent Diode
(SLD) source with a range of 1450-1650 nm was in-
jected to the sensor and the interference spectrum was
recorded by an optical spectrum analyzer. At room
temperature, typical transmission spectrum in the air
was shown in Fig. 3] Spectrum shows sinusoidal os-
cillations due to strong interference between cladding
mode and the fundamental mode. For strain and tem-
perature measurements, three peaks called dipA, dipB
and dipC located at 1555.8, 1580.9 and 1607.6 nm were
followed.
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Fig. 3: Typical transmission spectrum of the sensor in the air.

Fast Fourier transform of the transmission spectrum
given in Fig. [3] was taken to determine the dominant
cladding mode that contributed to interference. The
spatial frequency spectrum of the interference pattern
was shown in Fig.[4] Line with peak amplitude of 1 cor-
responds to the fundamental mode and the following
peak indicates the existence of a dominant cladding
mode. To decide on the type of the excited cladding
mode, effective RI difference between cladding and fun-
damental mode can be compared analytically and ex-
perimentally. To do this, Beam Propagation Method
(BPM) simulations were carried out and compared
with experimental results. Taylor expansion of Eq.
at the center wavelength of ., wavelength spacing be-
tween two adjacent dips, can be expressed as [I§]:

)\2
= R )
By taking L = 29 mm, A\, = 1568 nm and the aver-
age spacing A = 25.6 nm, experimental effective RI
difference was calculated as 3.32 - 1073, On the other
hand, BPM analysis showed that effective RI differ-
ence between the fundamental mode and LP02 mode

was equal to 3.39 - 1073, Therefore, it is verified that
LPy> mode is the dominant mode that interferes with
the fundamental mode.
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Fig. 4: Fast Fourier transform of transmission spectrum in the
air.

For strain measurements, the temperature of the
surrounding medium was kept constant. One end
of the sensor was fixed and the other end was at-
tached to a stepper motor. In order to apply stress
on the sensor by micro-step distances, sensor end con-
nected to the stepper motor was moved and a strain
of 124 pe was created at each time. As strain was in-
creased, the spectrum exhibited blue-shifts as shown in
Fig. Enlarged views of wavelength shifts in dipA,
dipB and dipC were shown in Fig. [f} Correspond-
ing total spectral shifts of dipA, dipB and dipC were
9.1, 9.2 and 9.3 nm, respectively, when strain in the
range 0-1116 pe was applied. Sensitivities of
8.4665 pm-pe~!, 8.1892 pm-pe~!, 8.4604 pm-pe !
were obtained for dipA, dipB and dipC, respectively

(Fig. (b))

Since the sensor was too sensitive to strain, during
temperature measurement experiments, the sensor was
laid freely on a flat surface not to change the strain
because of thermal expansion. In this way, strain ef-
fect was eliminated during temperature measurements.
Temperature response of the sensor was examined by
inserting the sensor in an oven which was capable of
controlling temperature in the range between room
temperature and 150 °C with a resolution of 0.1 °C.
Figure shows the sensor’s response to tempera-
ture. It is clearly seen that all spectrum dips expe-
rience red-shift linearly with increasing temperature.
Enlarged views of sensor dips were plotted in Fig. [§
where all the dips showed similar behaviour. Tempera-
ture sensitivities were obtained by linear fitting to mea-
sured data points and sensitivities of 12.496 pm-°C~1,
12.623 pm-°C~! and 11.028 pm-°C~! were obtained for

dipA, dipB and dipC, respectively (Fig. [7(b)).
To examine the effect of applying the strain and tem-

perature simultaneously, it is necessary to monitor the
wavelength shift of two dips. Since each dip has a dif-
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Fig. 5: Transmission spectruml@land sensitivityl@lof the sen-
sor with different strain.

ferent response to strain and temperature, these pa-
rameters can be discriminated by calculating coefficient

matrix [I9] given in Eq. @):
2B
A)\Q - T2 €9 Ae |’
where A\; and AXg are the wavelength shifts of dipl
and dip2, Ty, Ty are temperature sensitivities and e,
€- are strain sensitivities of dipl and dip2, respectively.
AT and Ae are variations of ambient temperature and
applied strain, respectively. Ty, Ts, €1, €5 are experi-
mentally measured sensitivities. If AX; and A\ are
taken 10 pm for an OSA with 10 pm resolution, the
spectral resolution of the sensor can be calculated by

the inverse matrix method. For dipB and dipC, the
coefficient matrix can be written as:

- [2 2 (5] o

11.028 —8.4604 Ae
where AAp and AMl¢ represent wavelength shifts of
dipB and dipC, respectively. For an OSA with reso-
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Fig. 6: Enlarged views of wavelength shifts for @ dipA, @
dipB anddipC due to strain.

lution of 10 pm, the resolution of the sensor was cal-
culated as 10.09 °C and 14.34 pe for temperature and
strain, respectively. It is likely that high-temperature
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spectively. Similar results were obtained for dipB and
dipC. The results indicate that the proposed sensor has
good repeatability.

A comparison is carried out between the proposed
sensor and the sensors in references which measure ei-
ther strain or temperature. Unlike the sensors in [5],
[8] and [13], waist diameter of the proposed sensor is
thinner, which makes it more sensitive to strain be-
cause strain depends on cross-sectional area of waist re-
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Fig. 8: Enlarged views of wavelength shifts for @ dipA, @
dipB and dipC due to temperature.

gion. Those sensors were fabricated by a fusion splicer
whose stepper has restricted to move 1 mm and elec-
trodes were stationary. On the other hand, unlike the
fusion splicer, electrodes are movable with appropriate
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Fig. 9: Results of repeated @ strain and @ temperature ex-
periments.

speed and acceleration, which allows fabricating a sen-
sor with uniform and longer waist. Reference [6] em-
ploys a commercial tapering machine which increases
cost. Besides, relevant sensors mentioned above can
measure either strain or temperature. Although the
sensor in [I5] can measure both strain and tempera-
ture, the proposed sensor has better resolution. There-
fore, superiority of fabrication details mentioned above
and enhanced resolution in strain and temperature im-
proves performance, especially in terms of strain.

4. Conclusion

A simple MZI based on a standard telecom single-
mode fiber for simultaneous measurement of strain
and temperature was investigated and demonstrated
experimentally. Experimental results indicated that
temperature resolution of 0.79 °C and strain resolu-
tion of 1.18 pe were achieved for discrete measure-
ments. For simultaneous measurements, resolutions of
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10.09 °C and 14.34 pe were calculated by using the ma-
trix method for temperature and strain, respectively.
The interferometer does not require any special type
of fiber and particular splicer for fabrication so it is
cost-effective and simple to fabricate. In that respect,
it can be a good choice both in discrete and simultane-
ous measurements of strain and temperature in various
fields of related applications.
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