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An all-fiber sensor based on a cascaded optical fiber device is proposed and demonstrated, and its sensor head is com-
posed of a core-offset Mach-Zehnder interferometer (MZI) and a long-period fiber grating (LPFG). In the experiment,
two dips shaped by the intermodulation between the interference fringe of MZI and the resonant wavelength of LPFG
are monitored. Experimental results show that temperature sensitivities of two dips are 0.060 7 nm/°C and 0.056 3
pm/°C, and the refractive index (RI) sensitivities are —18.025 nm/RIU and —55.06 nm/RIU, respectively. The simulta-
neous measurement of the temperature and external RI is demonstrated based on the sensitive matrix. Its low fabrica-
tion cost, simple configuration and high sensitivity make this sensor have potential applications in chemical and bio-
logical sensing.
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Fiber sensors are widely used in sensing measurement
fields, such as temperature, strain, micro-displacement
and refractive index, because of their unique advantages
of small size, light weight, immunity to electromagnetic
interference, resistance to high pressure and high tem-
perature, corrosion-resistance and so on!' .

Optical fiber sensors based on interference principle
have the advantages of high sensitivity and flexible
structure. In recent years, various on-line optical fiber
interferometric sensors have been reported, such as sin-
gle mode-multimode-single mode (SMS) structure!”,
single-mode fiber cascaded with thin-core fiber”™, ta-
pered fiber or peanut-shape Mach-Zehnder interferome-
ter (MZI)!®, laser drilling and core-offset splicing!”. In
2012, Liu et al®® proposed a single mode-multimode-thin
core multimode-single mode (SMTMS) sensor to
achieve simultaneous measurement of the temperature
and the refractive index (RI). The low-cost structure has
high practical value, but the sensitivity needs to be im-
proved. In 2014, Dong et al® proposed a highly sensitive
micro-displacement sensor based on MZI by a bowknot
type taper. The intensity demodulation method is used to
avoid the influence of temperature, and a higher sensitiv-
ity is obtained experimentally.

In addition, some scholars embeded fiber gratings into

the above interferometers to achieve a composite pa-
rameter sensing by simultaneously monitoring the reso-
nant wavelengths of both fiber grating and interferometer.
In 2013, Zhang!"” proposed a cascaded optical fiber de-
vice composed of a long-period fiber grating (LPFG) and
an S-type fiber taper MZI (SFT-MZI). The crosstalk
problem is solved because different resonance peaks of
LPFG and MZI possess different RI and temperature
sensitivities. In 2014, Meng!""! proposed a new-type
sensor which contains a core-offset MZI and a fiber
Bragg grating (FBG). The interference fringe of MZI and
the Bragg wavelength of FBG would shift with the varia-
tion of ambient RI and temperature. The structure has
some advantages, such as low fabrication cost and simple
configuration, but its sensitivity still needs to be im-
proved.

LPFG has been widely used in optical fiber sensing
and optical fiber communication because of its low in-
sertion loss, wide bandwidth and high sensitivity in re-
sponse to the external environment'”. Even so, LPFG
still has some drawbacks, such as the discrimination of
the cross-sensitivity between the surrounding refractive
index (SRI) and temperature. Therefore, LPFG and
core-offset MZI are combined in this paper. The inter-
ference fringe of MZI and the resonance peak of LPFG
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possess different temperature and RI sensitivities, so the
simultaneous measurement of temperature and RI can be
achieved. The design is simple and low cost, and the
introduction of LPFG improves the sensitivity of sensor.

The experimental device is shown as Fig.1. The light
emitted from the broadband light source (BBS) is trans-
ferred into single mode fiber (SMF), and then the inter-
ference is formed by the mode coupling when light
passes through the sensor head. Finally, these modes are
transmitted to optic spectrum analyzer (OSA) through
the SMF.
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Fig.1 Schematic diagram of the experimental device

By offsetting two SMF cores by several micrometers
(usually less than 9 pm), a common design as shown in
Fig.2 can achieve fixed attenuation.
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Fig.2 Structure of the core-offset MZI

According to the conservation of energy!"”, the light
from the transmission fiber (SMF1) is split into two
paths. One path is coupled to the core mode of the sens-
ing SMF2, while the other path is transferred to the clad-
ding and subsequently propagates as cladding modes.
Owing to the attenuation at the interface of cladding and
coating, the cladding modes cannot propagate over a
long distance. In this case, another core offset of only
several centimeters is introduced after the first one, so
the light in the cladding can be recoupled to the core with
ignorable loss. Due to the phase difference of cladding
and core modes, an MZI is realized by the second offset.

In the core-offset structure!”), the strongest interfer-
ence occurs between the fiber core mode and the domi-
nant cladding mode. The phase difference between the
core mode and the cladding mode is

@=2nAnL/ A, (D)

where An is the effective index difference between core
and cladding, 4 is the wavelength in vacuum, and L is the
length of interferometer arm SMF2. The wavelength of
maximum interference is

ll

j'cors-oll'sel = A_}’ZL ° (2)
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When environmental temperature or RI is varied, An
and L will be changed. Consequently, wavelength shift of
the interference pattern will occur, and then the variation
of RI and temperature can be monitored.

In a standard LPFG!"Y, according to the coupled mode
theory, the phase matching between the core mode and
the m-order forward-propagating cladding mode is
achieved at resonant wavelengths, which can be given as

j'LPFG = (n:lol - n5111m )A 5 (3)

where nS and nf" are the effective refractive indices
of the core and the m-order cladding mode, respectively,
A is the period of LPFG, and A ppg is the resonance
wavelength of LPFG.

When the temperature is changed by AT and the re-
fractive index varies from n; to n,, the resonance wave-

length of LPFG is changed by

co clm
A= | (n —n )%+ Ay I 4 I AT s
d7 \ dT dT
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n°1b3k3 \/”c]2 _nlz \/ncl2 _nz2 ’

where b is the radius of the cladding, n is the refractive
index of the cladding, and U, is the m-order root of J
which is the zero-order Bessel function of the first kind.

It can be concluded that the interference fringe of MZI
and the resonance wavelength of LPFG have different
sensitivities of RI and temperature. As a result, simulta-
neous measurement of RI and temperature can be real-
ized by using sensitive matrix.

As the experimental arrangement shown in Fig.1, a
BBS and an OSA (MS9710b) with a wavelength resolu-
tion of 0.07 nm are used. The SMF is made by YOFC,
where diameters of core and cladding are 8.3 um and 125
um, respectively. The LPFG used in our experiment is
written by CO, laser. The grating pitch is 620 pm, and
the length of the grating is 3.72 cm. The length of core
offset is 4 cm, and the offset is about 4 pum. Then com-
bine the MZI with LPFG. The transmission spectra of the
cascaded device in pure water at room temperature are
shown in Fig.3.
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Fig.3 Transmission spectra of core-offset MZI, LPFG

and cascaded sensor in pure water at room tempera-
ture
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As shown in Fig.3, the interference spectrum of MZI
is modulated by LPFG. Therefore, three resonance peaks
are displayed around the resonance peak of LPFG. Dipl
(1 533.9 nm) and Dip2 (1 547.8 nm) which are close to
the resonance peak of LPFG are selected to be monitored
when considering the precision of measurement result. The
two resonance peaks are formulated by intermodulation
between LPFG and MZI, so they have the sensitive features
of the two structures when outside parameters change.

Fig.4 shows the schematic diagram of the temperature
characteristic experiment. For the temperature measure-
ment, the sensor head is fixed in the pure water. The wa-
ter temperature changes from high (75 °C) to low (25 °C)
to avoid bending caused by thermal expansion. Mercury
thermometer is used to read the value of temperature.
The shifts of two dips are recorded every 5 °C. The out-
put spectra at 25 °C and 75 °C are shown in Fig.5(a).
After test, the temperature response characteristic curves
for two dips are achieved as shown in Fig.5(b). It can be
seen that the two dips both show blue shift with the de-
crease of temperature. So, when temperature increases,
Dipl and Dip2 both move towards longer wavelength
linearly, and the temperature sensitivities of Dipl and
Dip2 are 0.060 7 nm/°C and 0.056 3 nm/°C, respectively.
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Fig.4 Schematic diagram of the temperature charac-
teristic experiment

Fig.6 shows the schematic diagram of the refractive
index characteristic experiment. To get the RI sensitivity
of the sensor, we use a commercial Abbe refractometer.
By increasing the concentration of NaCl, liquid samples
with refractive indices varying from 1.33 to 1.38 are ob-
tained. Then the sensor head is placed into the NaCl so-
lution. Fig.7(a) shows the output spectra of liquid sam-
ples with refractive indices of 1.33 and 1.38, and Fig.7(b)
shows the RI responses of the sensor head. Obviously, a
blue shift happens to both two dips when RI increases.
The fitting results show that the shift is linear, and the RI
sensitivities of Dipl and Dip2 are —18.025 nm/RIU and
—55.06 nm/RIU, respectively.
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Fig.5 (a) Output spectra at 25 °C and 75 °C; (b) Tem-
perature response characteristic curves
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Fig.6 Schematic diagram of the refractive index
characteristic experiment
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Fig.7 (a) Output spectra of solutions with refractive
indices of 1.33 and 1.38; (b) Refractive index response
curves

It can be concluded from the measurement results of
the above experiments that the sensitivity coefficients are
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different when the shifts of Dipl and Dip2 are controlled
by temperature and RI. The responses of the sensor to RI
and temperature can be expressed in matrix form as

A4, | Ky K, ||AT )
AL | K, K, ||An ]’
where A4, and Al, are the shifts of Dipl and Dip2, re-
spectively, AT is the change of temperature, An is the
change of RI, K7, and K,,; are the thermal coefficient and
RI coefficient of Dipl, and Ky, and K, are the thermal
coefficient and RI coefficient of Dip2, respectively.

According to the two separate temperature and RI
measurements, the sensor matrix can be obtained as

AT| 1|K, -K, A, ©)
An _Dl _Krz KT] A/?'Z '
where D1:KT1K,,2*K72K,,1.
Then substitute the experimental data into Eq.(6) and

get
AT 1 |-55.06 18.025 A4, 7

{An} —2.32{ —0.056 3 0.060 7} AL | ()

Therefore, the cascaded device composed of LPFG
and core-offset MZI can be used to measure the changes
of the liquid’s temperature and refractive index simulta-
neously.

In conclusion, an all-fiber sensor device composed of
core-offset MZI and LPFG is developed and investigated
for simultaneously measuring temperature and RI. In the
experiment, we select two different dips in the transmis-
sion spectrum formed by the intermodulation between
LPFG and core-offset MZI, and then get the temperature
sensitivities of 0.607 nm/°C and 0.056 3 nm/°C and the
RI sensitivities of —55.06 nm/RIU and —18.025 nm/RIU,
respectively. Experimental results confirm the feasibility
of this design. The whole experimental system has high
sensitivity, simple structure and low cost, which makes
the proposed cascaded device be used in various applica-
tions.
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