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In this paper, we propose and experimentally demonstrate a compact optical fiber sensor based on a Mach-Zehnder in-

terferometer (MZI) cascaded with fiber Bragg grating (FBG) for simultaneous measurement of refractive index (RI)

and temperature. In order to get a proper spectrum, we discuss the effects of different structure parameters of MZI.
Using the resonant wavelength of the FBG (Dipggg) and the interference dip of the MZI (Dip1), the RI and tempera-

ture of the surrounding medium can be determined. The sensor has good operation linearity. The experimental results
show that the distinctive spectral sensitivities are 0.071 75 nm/°C and —91.766 67 nm/RIU (refraction index unit) for

Dipl and 0.009 09 nm/°C for Dipgpg.
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In the past several decades, optical fiber sensors based on
Mach-Zehnder interferometer (MZI) have attracted great
interest in manufacturing industry, environmental moni-
toring and bio-chemical reactions, for the advantages
such as flexibility, high sensitivity and compact size over
traditional sensors''”!. Owing to these, MZI gets a com-
prehensive research. And there are several methods to
fabricate MZI, including core-offset structure!™* sin-
gle-mode multimode single-mode (SMS) structure™® |
taper '"* and special fiber”.

Recently, the MZI cascaded with fiber Bragg grating
(FBG) has been popular for its high sensitivity to meas-
ure many parameters, such as temperature, refractive
index (RI) and so on. In 2011, an in-fiber structure based
on a hybrid fiber grating was proposed and demonstrated
experimentally by Dong et al''”.. The hybrid fiber grating
is formed by superimposing a short FBG on the rear part
of a much longer tilted-FBG (TFBG). Its maximum RI
sensitivity is 228.24 dB/RIU (refraction index unit). In
2012, Tao Qi et al''!! presented a new sensor for simulta-
neous measurement of strain and temperature based on
core-offset inter-modal interferometer with an embedded
FBG. The displacement of core-offset at both sides can
affect the interference spectrum and the sensor’s sensi-
tivity. In 2013, a compact fiber sensor based on FBG
embedded in a fiber modal interferometer (MI) for si-
multaneous measurement of strain and temperature was
proposed by Zhigang Cao et al''?!, where the Bragg grat-

ing is written in photosensitive fiber (PSF) and then the
end of PSF is spliced to the single mode fiber (SMF) by
fiber fusion splicer. The sensitivities of temperature and
strain are 0.049 nm/°C and 1.09 pm/pe, respectively. In
2014, Yunlong Bai et al'"®! proposed and demonstrated an
all-fiber sensor for simultaneous measurement of tem-
perature and RI, which is based on a no-core fiber (NCF)
and FBG. The sensitivities of temperature and RI are
0.014 nm/°C and —109.573 nm/RIU, respectively. How-
ever, a shortcoming of this sensor is that the NCF will
increase the cost and make the manufacture process
much more complex.

In this paper, we design and demonstrate an all-fiber
sensor based on MZI cascaded with FBG. The MZI is
made up of core-offset structure and spherical-shape
structure. This measurement is based on the different
responses of interference dips of MZI and FBG to tem-
perature and RI. Using sensitivity matrix, we can realize
the simultaneous measurement of temperature and RI.

Schematic diagrams of the experimental setup and the
sensor structure are shown in Fig.l. The light from
broad-band source (BBS) is launched into the sensing
head, and the transmission spectrum is recorded by an
optical spectrum analyzer (OSA).

An MZI can be realized by the core-offset structure
and the spherical-shape structure. The input optical sig-
nal is split into the core mode and the high-order clad-
ding modes at the core-offset structure, and then those
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are recombined together at the spherical-shape structure.
After the MZI interference, light passes through the FBG.
The light which satisfies the Bragg condition can be re-
flected, and the rest is transmitted through the SMF. By
measuring the shift of interference pattern and the Bragg
wavelength of FBG from OSA, we experimentally
achieve the response curves of the sensor about RI and
temperature.

SMF Sensor head SMF
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Fig.1 Schematic diagrams of the experimental setup
and the sensor structure

In this paper, the spherical-shape structure is made by
a commercial fusion splicer. A section of single-mode
fiber is cleaved and put into the fusion splicer to make
this structure. The detailed production parameters are as
follows: the discharge time is 1300 ms, and the dis-
charge intensity is 200 bit. After the discharge, the end of
the fiber becomes soft, forming a spherical-shape struc-
ture.

In a standard FBG, according to the coupled mode
the[%y, the center-reflection wavelength of FBG is given
by

A,=2n, A, €))

where A3 is the center-reflection wavelength of FBG, n.g
is the effective RI of the core, and 4 is the grating period.
The center-reflection wavelength of FBG (4p) is sensi-
tive to temperature but insensitive to RI. When an ambi-
ent temperature change is applied to the FBG, the trans-
mission dip will shift. By differentiating Eq.(1), we get
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where a:%g—/; is the thermal expansion coefficient,
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is the thermo-optic coefficient, and AT is
eff
the change of temperature.

Due to the phase difference between the core mode
and the cladding mode, the MZI can be used to measure
many environmental parameters. Here, the phase differ-
ence can be approximated as!'”’
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where An,'=n% —nS is the effective RI difference
between the core mode and the cladding mode of the
SMF, L is the interaction length between the two spheri-
cal-shape structures, and 4 is the wavelength in vacuum.

When
@ =02m+n, 4)

where m is a positive integer, the wavelength values with
minimum output light intensity are located at

2An 'L
— eff . (5)

2m+1

Dip

The free spectrum range (F'SR) can be shown as
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According to Eq.(5), the wavelength shift AL caused
by the variation of temperature is

co cl
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where a is the coefficient of thermal expansion, &, and
& are the thermo-optic coefficients of core and cladding,
respectively.

From Eq.(7), we can see that with the increase of
temperature, the spectrum shifts as a result of thermal
expansion and thermo-optic effect. Furthermore, the
wavelength shift grows linearly with the change of tem-
perature.

The change of external RI 5. causes the change of
Aneg, and then leads to the shift of the interference peak.
The relationship between the wavelength shift and the
change of RI can be shown as
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With the change of external RI, the cladding’s effec-
tive RI changes, which results in the wavelength shift.
Also, there is a linear relationship between the shift and
the change of RI.

It can be concluded from all the analyses above that
the interference peak shift has a linear relationship with
temperature and RI. There is a linear relationship be-
tween the shift of transmission peak of FBG and tem-
perature, and it’s insensitive to RI. Therefore, this kind of
sensor can realize the simultaneous measurement of
temperature and RI.

To get a proper transmission spectrum, we deeply re-
search the effects of different structure parameters of
MZI cascaded with an FBG. First of all, different
core-offsets generate different interferences between core
mode and cladding modes. Therefore, there should be a
best core-offset position to obtain a clear spectrum. We
get the transmission spectra with different core-offset
positions as shown in Fig.2. According to Fig.2, we
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know that the best offset position to get the maximum
extinction ratio is 4 pm.
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Fig.2 Transmission spectra with different offset posi-
tions

Fig.3 shows the spectra with different interference
lengths. With the increase of the interference length, the
spectral separation between the core-offset structure and
the spherical-shape structure interference fringes de-
creases approximately in an inverse proportion. When
the separation section is too short, it gets few interfer-
ence dips and is difficult to carry out the experiments.
When the long separation section generates too many
dips, it also makes the experiment difficult. In addition,
considering the limit of BBS with flat range of
1 525—1 560 nm, the best length between core-offset
structure and spherical-shape structure is 2 cm.
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Fig.3 Transmission spectra with different interference
lengths

Furthermore, we also study the sensor’s characteristics
with different diameters of spherical-shape structure.
Fig.4 shows the images of spherical-shape structures 1-4
which are made by different discharge intensities of
140 bit, 160 bit, 180 bit and 200 bit, respectively.

The greater discharge intensity brings the greater di-
ameter of spherical-shape structure. The increasing di-
ameter of the spherical-shape structure makes more light
in fiber cladding transmitted into the core and leads to
the increase of sensitivity. The temperature and RI re-
sponse characteristics are shown in Figs.5 and 6, respec-
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Fig.4 The images of the spherical-shape structures
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Fig.5 Temperature response characteristics with dif-
ferent diameters of spherical-shape structure
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Fig.6 RI response characteristics with different di-
ameters of spherical-shape structure
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In order to study the relationship between interference
length and sensor’s sensitivity, we also have performed
some experiments as follows. According to the analyses
above, Eqgs.(7) and (8) can be rewritten into another form
as

AL
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From Egs.(9) and (10), with the same parameters ex-
cept the interference length, the longer the interference
length, the higher the sensitivity. The experimental re-
sults are shown in Figs.7 and 8. And the experimental
results agree with the theoretical results very well.
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Fig.7 Temperature response characteristics with dif-
ferent interference lengths
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Fig.8 RI response characteristics with different inter-
ference lengths

We can increase the length between the core-offset
structure and spherical-shape structure to enhance the
sensor’s sensitivity. This is a good way to improve the
sensitivity. But the long sensor head can lead to low me-
chanical strength and make the experiment more diffi-
cult.

In all these experiments, standard SMF (8.3/125 pum)
and FBG are used. The FBG is inscribed in SMF by
femtosecond laser irradiation through a phase mask, and
its reflection peak appears at 1 555.8 nm at room tem-
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perature.

To characterize the MZI response, the light from BBS
is launched into SMF, and the transmission spectrum is
recorded by an OSA. The attenuation spectrum of the
device is obtained by subtracting the source’s spectrum
from the transmission spectrum of the device. Sensor
head is placed straightly at room temperature, and its
transmission spectrum is shown as Fig.9, where Dipl
and Dipgpg represent the interference dip of the MZI and
the resonant wavelength of the FBG, respectively.
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Fig.9 Transmission spectrum of the sensor at 25 °C

The temperature response characteristics are examined
by placing the sensor head in the pure water with tem-
perature range of 25—75 °C. Writing down the wave-
length shifts with interval of 5 °C, the transmission spec-
tra at 25°C and 75°C and the temperature response
characteristic curves are shown in Fig.10. It illustrates
the spectral response of the sensor to temperature. It is
seen from Fig.10(b) that both Dipl and Dipgpg increase
linearly with temperature. A linear fitting for the meas-
ured data gives the temperature sensitivities of
0.071 75 nm/°C for Dip1l and 0.009 09 nm/°C for Dipggg,
respectively.

Then the sensor head is placed in the NaCl solutions
with different concentrations at room temperature, and
these solutions are used to test the RI sensitivity.

To investigate RI response characteristics, the room
temperature of 25 °C is maintained, and the sensor head
is sequentially immersed into a set of index matching
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Fig.10 (a) Output transmission spectra of the sensor
in pure water at 25 °C and 75 °C; (b) Temperature re-
sponse characteristic curves for Dip1 and Diprec

NaCl solutions ranging from 1.336 to 1.380 with a step
of 0.05. The RI of NaCl solutions can be read through
Abel refractometer. It can be clearly observed that the
increase of the RI value leads to a blue shift of Dipl,
while Dipgpg is essentially unchanged. Fig.11(b) shows
that Dipl is extremely sensitive to the RI change with an
almost linear response, whereas Dipppg remains to be a
constant. The sensitivity of Dipl is =91.766 67 nm/RIU.
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Fig.11 (a) Output spectra of the sensor in NaCl solu-
tions with RI of 1.34 and 1.38; (b) RI response char-
acteristic curves for Dip1 and Diprsc

From the experiments above, we know that Dipl is
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sensitive to temperature and RI, while Dipgpg is only
sensitive to temperature. If there are some changes in
temperature (A7) and RI (An.y), the wavelength shifts of
Dipl (A4;) and Dipgpg (Alrsg) can be described as

|:Aﬂ1 :| B |:KT‘I Kn‘l :||:AT :|
Aﬂ‘FBG KT,FBG KH,FBG Anex ’
where K7, and Krppg are temperature sensitivity coeffi-
cients of Dipl and Dipggg, respectively, and K,; and
K, rac are RI sensitivity coefficients of Dipl and Diprgg,
respectively.

When RI and temperature are simultaneously applied

on the sensor head, RI and temperature changes of AT
and Ane, can be expressed by

|:AT :| _ i|:Kn,FBG _Kn,l :||:Aﬂ1 :|
Ancx D _KT,FBG KT‘I A/’LFBG ’
where D= Kr1.1'K,; rec K16 Kn,1-

Substituting the sensitivity coefficients into the sensi-
tivity matrix, we can get

(1)

(12)

AT ] 0 91.766 67 [ A4
An_ | 0.83416/-0.009 09 0.07175 || AL, |

(13)

As a result, when temperature and RI change simulta-
neously, we can easily calculate the changes of the
measured parameters according to the wavelength shift
and the sensitivity matrix. The sensing resolution of the
sensor is limited by the wavelength resolution of the
measurement equipment (i.e., OSA). When the resolu-
tion of OSA is 0.01 nm, the corresponding resolutions of
temperature and RI are 1.1 °C and 0.000 9 RIU, respec-
tively. It has proved the merits of this sensor structure.

An optical fiber sensor for simultaneous measurement
of temperature and RI is proposed by using MZI cas-
caded with FBG. The temperature and RI experimental
results both show good agreement with theoretical
analyses. Experimental results show that this sensor has a
linear temperature sensitivity of 0.071 75 nm/°C and an
RI sensitivity of —91.766 67 nm/RIU. Transmission dip
Diprpg, which is formed by FBG, is only sensitive to
temperature, and its sensitivity is 0.009 09 nm/°C. The
sensor works in transmission mode with a compact sens-
ing element, and is a potential candidate for chemical
and biological sensing applications.
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