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A Mach-Zehnder interferometer (MZI) for simultaneously measuring refractive index (RI) and temperature is pro-

posed and verified in this paper. The sensor head is composed of thin core fiber (TCF) S-taper structure and spherical

structure. By monitoring two interference dips, experimental results show that the RI sensitivities are —70.392 nm/RIU

and —60.08 nm/RIU in the RI range of 1.3384—1.3500, respectively. And the temperature sensitivities are

0.050 72 nm/°C and 0.071 7 nm/°C in the temperature range of 30—70 °C, respectively. The simultaneous measure-

ment of the temperature and external RI is demonstrated based on the sensitive matrix. The sensor also has the advan-

tages of low cost, simple structure and high sensitivity.
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Optical fiber sensors have been widely used in many
fields such as physics, chemistry, biology and so on, be-
cause of their unique advantages of low transmission loss,
small size and simple fabrication. The traditional cou-
pling structures used to construct Mach-Zehnder inter-
ferometers (MZIs) include single mode-multimode-single
mode (SMS) structure!)] core-offset structure!”, taper
structurel®!] fiber grating!”, etc, which are exploited to
monitor temperature'®, humidity'®), strain'”, magnetic
field™, refractive index (RI)® and other parameters. In
recent years, S-taper has attracted numerous research
interest due to its low cost, compactness, and good fiber
compatibility. In 2015, LIU et al''” presented an optical
fiber humidity sensor based on the S-taper fiber coated
with SiO, nanoparticles, whose wavelength and intensity
sensitivities reach 1.171 8 nm/%RH and 0.441 dB/%RH,
respectively. In 2018, CHEN et al''! proposed an RI
sensor based on the reflection-type S-taper with a sensi-
tivity up to 268.8 nm/RIU. In the same year, ZHAO et
all'"? proposed an S-taper cascaded on fiber Bragg grating
(FBG) sensor with a maximum RI sensitivity of
269.76 dB/RIU. In 2020, LI et al'"* fabricated an optical
fiber sensor based on an S-taper embedded in
long-period grating for measurement of strain and tem-
perature, whose sensitivities reach 53.6 pm/pe and
70 pm/°C, respectively. With the rapid development of
optical fiber sensing technology, a variety of new struc-
tures and technologies were proposed!'*'”). The research
of interferometric optical fiber sensor is more in-depth

and diversified.

In this paper, an MZI based on thin core S-taper and
spherical structure for simultaneous measurement of RI
and temperature is proposed. Thin core fiber (TCF) has
weak light binding ability, which is more likely to excite
higher-order cladding mode. Compared with the S-taper
structure made on the traditional single-mode fiber, the
S-taper structure made on the TCF integrates the advan-
tages of these two components. The transmission spec-
trum will shift with the variation of temperature and RI.
The sensitivity of RI and temperature can be calculated
respectively based on the shift of spectrum, and the si-
multaneous measurement of the temperature and external
RI is demonstrated based on the sensitive matrix. The
sensor has the advantages of simple structure, small size
and high sensitivity. It would be widely used in physical,
chemical and biological sensing fields.

The schematic diagram of the proposed sensor is
shown in Fig.l. The sensing structure is composed of
S-taper in the TCF cascaded spherical structure. Because
of the weak confinement ability of the TCF to light, the
S-taper structure located in the TCF is easier to excite the
cladding mode. The spherical structure partially couples
the cladding mode from the TCF back to the fiber core,
and the mode interference will appear at the output end
of the cascaded fiber structure.

The fabrication method of spherical structure is arc
discharge. A segment of single-mode fiber with the
coating layer removed is fixed in the central discharge
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part of the fusion splicer. The discharge intensity is
200 bit, and the discharge mode is set to “arc”. A spheri-
cal structure is obtained after one discharge.

The thin-core S-taper is also manufactured by apply-
ing electrical discharge on the TCF using a fiber fusion
splicer. First, the manual splicing mode of the fusion
splicer is chosen, and the left and right motors of the
fusion splicer are adjusted to achieve the minimum dis-
tance between the two. A segment of TCF with the coat-
ing layer removed is placed on the fusion splicer. Second,
the lateral offset in the x-direction is introduced by
manually modulating the movement of one fiber clamp.
The discharge mode is set to "clean mode" and the dis-
charge intensity is set to 85. The discharge operation of
the TCF is started. After one discharge, the left and right
motors of the fusion splicer are manually controlled to
make the TCF in a straightened state again. The above
operations are repeated until thin-core S-taper with ideal
geometric parameters could be acquired. Finally, the thin
core S-taper and spherical structure are spliced together
with fiber fusion splicer.

In this experiment, the parameters of thin core S-taper
and spherical fiber are as follows. The core and cladding
diameters of TCF are 5 um and 125 pum, respectively. ¥,
is the waist diameter of thin core S-taper, #,=98.7 um.
L, is the length of taper, L,=441.3 um. Ad is the dis-
placement, Ad=27.9 um. W, is a spherical diameter,
W,=149.7 um. The micrographs of the thin core S-taper
structure and the spherical structure are shown in Fig.2.

Fig.3 describes the simulation of the beam propagation
field in the sensing structure according to the beam
propagation method (BMP). It can be seen from the
simulation that because of the thin core S-taper is used as
a beam splitter, when the incident light just enters the
S-taper, part of the light will be coupled into the cladding
to excite the cladding modes, resulting in the light inten-
sity weakening in the core. As the light continues to
propagate in the S-taper, a small part of the cladding
modes light will be coupled back to the core due to the
structure effect, resulting in the increase of light intensity
in the core. When the light reaches the spherical structure,
part of the cladding modes excited by the thin core
S-taper are coupled back to the core. Due to the phase
difference between the fiber modes, mode interference
occurs.

TCF Sphere
S-taper TCF i SMF

Fig.1 Schematic diagram of the proposed sensor
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Fig.2 (a) The micrograph of the S-taper structure; (b)
The micrograph of the spherical structure
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Fig.3 Simulated optical field distribution of the sensor

The transmission light intensity of the studied sensor is
described as

I=1_ +1,,+21 .1, cosAp, (1)

core
where [ is the output intensity of the studied sensor, and
L.ore and I 1,4 are the intensities of the core and cladding
modes, respectively. Ag is the phase difference between
core mode and the m-order cladding mode, which can be
expressed as
2n

2
A(D :f(ncorc _nclad)L :TAncﬁL H (2)

where 7. and ng,g represent the effective indices of
core mode and the m-order cladding mode in TCF, re-
spectively, An is the difference of effective RI between
core mode and cladding mode, 4 is the wavelength, and L
is the length of the interference arm. When Ap=(2k+1)n
with k=0, 1, 2, 3,.... The wavelength at the interference
dip can be expressed as

Ap =20 L/(2k+1). 3)
When the external RI of the sensor changes, the n¢jag

would alter correspondingly, but ng. has almost no
change, so the An.s would alter. According to Eq.(3), it
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is obvious that the dip wavelength would shift.

Transmission spectral characteristics may be also sen-
sitive to the variation of environment temperature owing
to thermo-optic and thermal expansion effects. As the
ambient temperature increases, both ng,gy and ngye in-
crease. The n. changes more, since the thermo-optic
coefficient of fiber core is higher than that of the fiber
cladding!"®). In addition, the interference length will also
increase due to the thermal expansion effect of the fiber.
So the Ane; and L would both increase. According to
Eq.(3), it is obvious that the dip wavelength would show
some red shift with the increase in temperature.

Therefore, we can measure the change of temperature
and RI by monitoring the shift of the dip wavelength of
the interferometer.

Fig.4 shows the sensing system of measuring RI. The
experimental system mainly includes an optical spectrum
analyzer (OSA, AQ6370) and a broadband light source
(BBS) with a range from 1 250 nm to 1 640 nm.

The NaCl solutions with different concentrations are
prepared as the RI samples, and the RI of the solutions
varies from 1.338 4 to 1.350 0, which are certified by an
Abbe refractometer. The sensor structure is immersed
into the NaCl solutions with different concentrations, and
the two ends of the sensor are connected to the BBS and
the OSA. The transmission spectra of the sensor are re-
corded by OSA. After the output spectrum was recorded,
the sensor structure was cleaned with 99% industrial
ethanol and deionized water and dried. The procedure
was repeated to measure the other RI solutions.

Fig.4 Schematic diagram of the proposed RI sensing
system

Fig.5 shows the changes in transmission spectrum
with the RI range of 1.338 4—1.3500. As the RI in-
creases, the wavelengths of dipl and dip2 have a blue
shift. Since the n,4 is very sensitive to the change of the
external environment RI, the 7,4 increases with the in-
crease of the external environment RI, which causes the
Anes decreases. According to Eq.(3), the interference
dips wavelength drifts to the direction of short wave-
length.

The RI responses of the studied sensor at two dips are
shown in Fig.6. For dipl, the wavelength shifts from
1 589.81 nm to 1 588.92 nm with a change of 0.89 nm,
and the RI sensitivity is —70.392 nm/RIU with a good
linearity of R*=0.977 9. For dip2, the wavelength shifts
from 1602.87 nm to 1602.13 nm with a change of
0.74 nm, and the RI sensitivity is —60.08 nm/RIU with a
good linearity of R?=0.990 4.
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Fig.5 Transmission spectra of the sensing structure
with different Ris
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Fig.6 Rl response characteristics of the (a) dip1 and (b)
dip2

Fig.7 shows the schematic diagram of the temperature
sensing system. The structure of optical fiber sensor is
fixed in the temperature controller. The external tem-
perature gradually rises from 30 °C to 70 °C, and the
change of the transmission spectrum is recorded for
every 5 °C change.

The transmission spectra of the sensor with different
temperatures are shown in Fig.8. It shows that the output
spectrum shifts towards long wavelength with temperature
increasing from 30 °C to 70 °C.
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Fig.7 Schematic diagram of the proposed temperature
sensing system
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Fig.8 Transmission spectra of the sensing structure at
different temperatures

The temperature responses of the studied sensor at two
dips are shown in Fig.9. For dipl, the wavelength shifts
from 1563.62nm to 1566.19nm with a change of
2.57 nm, and the temperature sensitivity is 0.050 72 nm/°C
with a good linearity of R*=0.998 4. For dip2, the wave-
length varies by about 2.79 nm, and the RI sensitivity is
0.071 7 nm/°C with a good linearity of R*=0.997 2.

It is easy to know that the RI sensitivity and tempera-
ture sensitivity at dipl are different from those at dip2.
The shifts of dipl and dip2 arisen by RI and temperature
can be described as

AAdipt Kr.apt  Krdpt || AT 4

AAdip2 Kr.ap2 Krap2 || AR |’ “)
where Algip and Adgy, refer to wavelength shifts of dipl
and dip2, respectively. And AT and AR respectively rep-
resent the variations of environmental temperature and
RI. Temperature sensitivity and RI sensitivity of dipl are
represented by K741 and K gip1, respectively. Ky gip, and
Krdip2 express the temperature sensitivity and RI sensi-
tivity of dip2, respectively.

All the sensitivity coefficients have been obtained
from the experimental results. We can use a sensitivity
matrix to obtain the variation in temperature and RI. The
sensitivity matrix is given as

AT B 1| Krdpz —Kzdpt | Aldipi )
AR| D —Kr,ap2 Kr,apt || Adap2 |
where DIZKT,dileR,dip27 KT,dipZKR,dip1~ Then substitute the
experimental data into Eq.(5), and we get

AT 1] =60.08  70.392 ][ Adap ]
AR| 2]-0.0717 0.05072 || Adap | ©)
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Therefore, the cascaded device composed of thin core
S-taper and spherical structure can be used to measure
the changes of the environmental temperature and RI
simultaneously.
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Fig.9 Temperature response characteristics of the (a)
dip1 and (b) dip2

In conclusion, an optical fiber sensor based on the thin
core S-taper and spherical structure is proposed, both RI
and temperature characteristics of this sensor are ex-
perimentally investigated. The two selected interference
dips exhibit different sensing characteristics, so simulta-
neous measurement of temperature and RI can be
achieved by calculating the sensing coefficient matrix.
The RI sensitivities of the two dips are —70.392 nm/RIU
and —60.08 nm/RIU, and the temperature sensitivities of
the two dips are 0.050 72 nm/°C and 0.071 7 nm/°C. In
addition, the proposed sensor has good stability and re-
peatability, which is suitable for practical production
applications without complex fabrication.
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